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Preface to the Second Edition
Two of the three main goals of ergonomics are comfort, and health and safety of workers.
These two goals are mutually complementary and address the progression of potential
undesirable consequences of hazards. If health and safety are in jeopardy, the feeling, in
most cases, will pass through a zone of discomfort. In a large number of occupational
settings such progression is commonplace. Work is unavoidable as it is essential to
maintain the socioeconomic fabric. With the advent, permeation, and proliferation of
technology in ever-increasing complexity of sociological structures, the magnitude and
duration of work-related activities and, hence, stresses have progressively increased. To
meet the increasing needs and demands of people, work activities need to be increasingly
repeated for enhanced productivity. This hybrid evolutionary context (biological and
socioeconomic) poses hazards of overexertion and injury by stressing the same structures
repeatedly. The precipitation of all injuries, in ﬁnal analysis, is a biomechanical perturbation of the tissue or the organ involved. Therefore for physical ergonomics, biomechanics
is an essential and integral part of the discipline. Application of biomechanics in ergonomics has been common at the entire organ or whole body level. Less commonly it has been
applied at the tissue level. Therefore, this book has taken the approach of progressing from
tissue to organ and organ structure, and ﬁnally to the entire organism.
In Chapter 1, Kumar presents his theories with respect to musculoskeletal injury
causation. It is hoped that this chapter will put forthcoming material in perspective by
discussing various variables that may have a role to play in injury causation. He distinguishes between injuries and disorders, indicating how genetic predisposition, morphological vulnerability, and psychosocial susceptibility may facilitate the causation of injury;
however, only biomechanical hazards help precipitate it. Following on from this theme, he
proposes a methodology to assess quantitatively the biomechanical factors and their
impact on the risk of injury. The same methodology can be used as a tool for control of
these occupational injuries. Such an initial conceptual perspective will help the reader to
piece together information in subsequent chapters for an integrated understanding. In this
general section (Section I), two other chapters with wide scope and general application are
presented. In Chapter 2, Kroemer weaves the human physical measures into the technology of biomechanics. Nearly all biomechanical situations have to take into account human
form and function. This chapter allows to enhance the ﬁdelity of biomechanical application. In Chapter 3, Neumann and Wells address the central ergonomics theme of assessment of biomechanical exposures to the human body.
Section II deals with tissue biomechanics. In Chapter 4, Woo et al. describe the structure
and mechanics of ligaments and tendons. These are the most commonly injured connective
tissues. While they mostly deal with complete injuries to these tissues, they also mention
the signiﬁcance of partial injuries. Boorman et al. on the other hand, in describing and
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discussing ligament sprains (Chapter 5), deal with partial injuries in greater detail along
with the mechanical behavior of partially injured tissues. A valuable component of this
chapter is clinical management options. Chapter 6, by Judex et al., describes the structure
and mechanical properties of bones and reviews biomechanical concepts and testing
procedures. Finally, in Chapter 7, Herzog discusses muscle mechanics in the ergonomic
context. He reviews and explains the properties of muscles and determinants of muscle
strength. For any human activity including work, involvement of muscles is central as they
are the force generators. Various considerations of muscle activity are of major concern to
ergonomists.
Section III is dedicated to the upper extremities. This begins with Chapter 8 in which Walji
presents a clear and comprehensive account of the functional anatomy of the upper extremity. The clarity of this chapter with elegant relevant diagrams will assist the reader to
understand the ergonomic subtleties and challenges faced by different tissues in many
upper extremity activities, as described in the chapters to follow. In Chapter 9, Imrhan
provides a detailed function of the hand and focuses on grasping, pinching, and squeezing.
Mital et al. (Chapter 10) further extend the discussion of use of hands with hand tools in
industrial application. In Chapter 11, Bishu et al. explore the biomechanical implications of
the use of gloves on performance. The work- and activity-related musculoskeletal disorders
of the upper extremity are discussed by Wells and Keir in Chapter 12. In Chapter 13 of this
section, Armstrong describes and discusses his ACGIH TLV method of risk assessment for
the hands. Finally, in the last chapter of this section (Chapter 14) Hughes and An describe
and discuss biomechanical models of the hand, wrist, and elbow. This strategic chapter will
assist the reader in quantitative assessment of biomechanical loading at speciﬁc levels. They
include optimization, electromyography, and belt-pulley models as well as strength prediction models. They also deal with multiple segment arm models and hand–arm vibration
models. Clearly, models do have a special use in ergonomic application.
Section IV deals with the shoulder and neck complex. Gielo-Perczak and Rasmussen
(Chapter 15) present the anatomy and mechanics of the shoulder and neck from a physiological and ergonomic perspective. In this chapter, they also deal with anthropometric
considerations and biomechanical modeling. The next chapter, by Yoganandan et al., deals
with whiplash injuries to the neck. The authors describe the biomechanical background,
current perspective, and understanding of whiplash injuries. It is fair to say that understanding of whiplash injuries is still relatively incomplete. While Yoganandan et al. discuss
cadaveric and in vitro studies (Chapter 16), Ferrari in Chapter 17 discusses many of the
studies that have been conducted on human volunteers. Of course, these studies simulate
the whiplash motions without causing injury by maintaining the magnitude below the
injury threshold levels.
Section V contains four chapters, each dealing with different aspects of the low back.
The ﬁrst chapter of this section, Chapter 18, by Vieira describes low back disorders, their
types, location with anatomical consideration of the back, and their general etiology. This is
followed by a comprehensive chapter by Woldstadt et al. on models in manual material
handling (Chapter 19). Regardless of industry, most industrial work requires manual
materials handling. It is also established that this activity is strongly associated with
many low back problems. Consideration of biomechanical, physiological, and psychophysical models allows us to obtain a quantitative assessment of these activities based on their
nature. Following the same theme, Chapter 20 by Waters describes the revised NIOSH
lifting equation. Lifting being the most stressful of all manual materials handling activities,
and the NIOSH lifting equation being the most commonly used model, this chapter
provides all aspects of this equation and their thoughtful consideration.
The last section (Section VI) of the book deals with whole body biomechanics in various
situations and mechanical exposures of different kinds. The ﬁrst in this section, Chapter 21
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by Morrison and Village, addresses the issue of whole body vibration in signiﬁcant detail.
Readers will ﬁnd both ergonomic and mechanical components complimenting each other
and providing good detail. Consideration of mechanisms, terminology, and standards will
be of particular value to the uninitiated. Kumar, in Chapter 22, presents a detailed
consideration of cumulative spinal loads and many issues of techniques in addition to
the rationale for the relevance of cumulative load. In the next chapter (Chapter 23), Konz
considers the pervasive role of the posture and its impact on health and safety of workers.
He describes the static and dynamic postures of the human body, measuring posture, and
external factors affecting it. Sitting is a common posture employed at work. Eklund
presents a biomechanical perspective of sitting postures and their analysis in Chapter 24.
In Chapter 25, Merryweather and Bloswick discuss climbing and walking on ramps and
other irregular surfaces, which are common activities of everyday living. They describe the
epidemiology, biomechanics, and ergonomic signiﬁcance of these activities. In the last
chapter (Chapter 26), Gronqvist deals with common hazardous events in many workplaces—slips, trips, and falls. He focuses on the biomechanics and prevention of falls
initiated by foot—slips and trips. He also discusses the criteria of static friction, and the
assessment of slip resistance of shoes and ﬂoors.
Thus, a review of the table of contents will reveal that the second edition of this book has
a signiﬁcant amount of new materials and many revisions. It is hoped that the second
edition will be considered a signiﬁcant improvement over the ﬁrst, providing considerable
amount of new information.
Shrawan Kumar
Physical Medicine Institute
Health Sciences Center
University of North Texas
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chapter one

Theories of occupational
musculoskeletal injury
causation
Shrawan Kumar
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1.1 Introduction
About 58% of the world’s population over the age of 10 years spend one-third of their time
at work (WHO 1995). This collective work generates U.S.$21.6 trillion as gross domestic
product that sustains the socioeconomic fabric worldwide. While there are many beneﬁcial
aspects of work, approximately 30%–50% of workers are exposed to signiﬁcant physical
occupational hazards, and equal number of working people report psychological overload
3
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resulting in stress symptoms (WHO 1995). Globally about 120 million occupational accidents and 200,000 fatalities were estimated to occur annually in addition to 68–157 million
new cases of occupational diseases due to various exposures (WHO 1995). Only 5%–10%
workers in developing countries and 20%–50% of workers in industrialized countries (with
very few exceptions) have access to occupational health services. Where present, they may
assist workers and organizations in remediation and management of manifested problems.
With the industrial revolution, population explosion, technological innovations, and
human need for merchandise and commodities, the world economic order has become
largely dependent on the industrial sector. The WHO (1995) published that ~45% of the
world’s population and 58% of population >10 years of age constitute the global workforce. Of these, ~50% of workers work in physically hazardous conditions requiring
unreasonably heavy work, exposing them to conditions hazardous to their health and
working capacities. Many individuals spend one-third of their adult life in such hazardous
work environments.
According to new estimates of International Labour Organization (ILO), the number of
job-related accidents and illnesses, which annually claim more than two million lives,
appears to be rising because of rapid industrialization in some developing countries
(WHO 2005). Each year there are some 268 million nonfatal workplace accidents in
which the victims miss at least three days of work as a result (WHO 2005). In China
alone, the estimated number of fatal accidents rose from 73,500 in 1998 to 90,500 in 2001;
while accidents causing three or more days absence from work increased from 56 to 69
million (WHO 2005). Similarly WHO (2005) reported that in Latin America, particularly in
Brazil and Mexico, fatal accidents have risen signiﬁcantly. In industrialized countries, such
as United States, there is a slow trend of decrease both in fatal and nonfatal accidents (BLS
2005). Thus, a strong association between musculoskeletal injuries (MSIs) and work is
unmistakable worldwide.
Humans have evolved over millions of years to be what they are today. The evolutionary pressures and consequent speciation resulted in an upright biped creature with
dextrous upper limbs and a highly evolved brain. For a large duration of its existence,
the species relied on hunting and gathering as its primary means of sustenance (Davis
1999). With the advancement of science, technology, and industrialization, the physical
occupational stresses have changed dramatically in an evolutionary ‘‘ﬂash.’’ Thus, none of
the body systems that one uses today occupationally was either designed or evolved for
the purpose. As such, demand for force exertion, repetition of activities, or assuming
postures for prolonged periods places stress on human physical systems, which is inherently unnatural. This is further aggravated by many psychological stresses emanating from
ﬁnancial or interpersonal relation factors.
Thus, humans are neither anatomically adapted to withstand the modern physical
industrial demands nor are they mentally suited to endure such psychological stresses.
In addition, most human occupations have become multifactorial and complex, requiring
signiﬁcant organization, and thereby enhancing the chances of errors. Thus, as a function
of a multivariate complex system (in many cases under multiple partial controllers)
signiﬁcant chances for unplanned events to happen emerge. These then result in various
kinds of accidents with property damage or personal injuries. For a meaningful attempt to
control such injuries, it is imperative to understand them.
According to WHO (1995), ~120 million occupational accidents with 200,000 fatalities
were estimated to occur annually worldwide. These estimates have been revised signiﬁcantly upward (WHO 2005). Up to 160 million new cases of occupational diseases may be
caused by various exposures at work. The number of people with access to remedial
occupational health services is also very limited. Even in industrialized and developed
countries, only 20%–50% may have such a privilege (WHO 1995). The corresponding
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ﬁgures in developing countries are 5%–10% where injury control and prevention, as an
organized effort, is considerably less and rare.
In fact, the occupational injury proﬁle of most countries (which keep statistics) is
staggering. The Bureau of Labor Statistics (BLS) (2005) reported that in 2004 there were
4.3 million loss time injuries in the United States. Of these, 32% of the incidences were in
the goods producing industries and 68% occurred in service providing industries. BLS
(1999) reported that sprains and strains were the most common cause of loss time cases
(43.6%), and most commonly these involved backs. Of sprain and strain injuries, 84%
occurred in agriculture, 32% in forestry and ﬁshing sectors, and 52% in transportation and
utilities. Operators, fabricators, and laborers were most frequently affected by such afﬂictions. The trunk (back) was the most affected body part for disabling work injuries in every
industry division. Most other injuries occurred to upper and lower extremities. Overexertion, while maneuvering objects, led to all other disabling events or exposures, constituting
up to one-third of cases in every major industry division. Statistics Canada (1995), in a
report on work injuries, reported that 48% of all injuries involved sprains and strains; 18%
contusion, crushing, and bruising; and 13% cuts, lacerations, and punctures. In Canada
also, the greatest number of injuries involved the back (27%); followed by the wrist, hand,
and ﬁgures (22%); and ankle, foot, and toes (10%). Overexertion was determined to be the
most common cause (31%), followed by being struck (19%) and falls (16%), of all events
that led to a work injury. For the proportion of injuries, fabricating, assembling, and
repairing occupations were highest, followed by service occupations and trades. Manufacturing industries accounted for 35% of all injuries, followed by service industries (19%),
and trade (15%). The foregoing account of the nature and type of injuries, people injured,
the part of their body affected, and the actions during which such injuries occurred leaves
little doubt but to conclude that the physical activities are the most dominant occupational
factors which mediate the occupational injuries.
A large majority of the Workers’ Compensation Board (WCB) compensated cases are
regional musculoskeletal problems. Workers in different industrial sectors generally have
injuries characteristic of those sectors. People in forestry, construction, and manufacturing
have a higher proportion of back injuries. Those working in forest products manufacturing,
tailoring, knitting, and ofﬁce-type jobs involving keyboarding have cumulative trauma
disorders (CTD, also called repetitive strain injuries [RSIs]). Since it does not happen the
other way round, i.e., the heavy physical workers developing CTD of the upper extremity
and the ofﬁce workers injuring their backs, it offers credence to the argument that the
nature of the physical stress and the region enduring the load largely determine
the affected area and probably the nature of injury. If, therefore, one could delineate the
mechanisms of injuries and the quantitative details of the relevant variables, one might
develop a more effective intervention. An effective intervention would result in a better
control of injuries, which clearly has a signiﬁcant payoff. Thus, the long-term success in
controlling these injuries depends on understanding their causation. A clear understanding
and establishment of the mechanism of injury causation has been somewhat elusive.
Therefore, an appropriate starting point is to examine the facts and to construct theories
of MSI causation.

1.2 Nature of injury
An injury, by deﬁnition, means mechanical disruption of tissues resulting in pain. Thus, it
is a traumatic event in which the integrity of the tissue in question is violated and its
mechanical order perturbed. The latter leads to pain in addition to inﬂammation and
other biochemical responses, hence the difﬁculty in deploying these structures in any
activity including occupational activities. The term ‘‘injury’’ is distinguished from that of
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‘‘disorder,’’ which is frequently used in any malfunctioning of an organ or an organism. In
contrast, to injury, a disorder can result without a mechanical perturbation of the tissues
involved. Examples of disorders can be arthropathies, myopathies, neuropathies, or several central nervous system problems resulting in improper functioning of the musculoskeletal system (e.g., multiple sclerosis, cystic ﬁbrosis, amyotrophic lateral sclerosis [ALS]).
Whereas an injury may result in a functional disorder that can be remedied by healing the
injury, the injury in itself is not a disorder in clinical sense.
Another difference between injury and disorder is that, while the onset of a disorder is
gradual and mediated by some pathogen or pre-pathological progression, the onset of an
injury is sudden and does not involve pre-pathogenesis. It may, however, involve mechanical degradation of the tissue due to repeated use=overuse. Subsequent to injury, inﬂammation and pathology of healing set in. In the case of occupational MSIs, the organs or
tissues are invariably exposed to factors that place mechanical stresses on the tissues. Most
frequently such exposure is repetitive and=or prolonged and forceful, and hence it is
considered a hazard or risk factor. The exposure to risk factors and subsequent injury
precipitation may follow a dose–response relationship. Numerous studies have reported a
strong association between exposure to risk factors and precipitation of injury (for neck
and shoulder region, see Hagberg 1984; Herberts et al. 1984; Fine et al. 1986; Silverstein
et al. 1986; Westgaard et al. 1986 and for low-back region, see Hult 1954; Magora 1970,
1972, 1973; Chafﬁn 1974; Andersson 1981; Heliovaara 1987; Kumar 1990a).
A clear and indisputable causal or dose–response relationship between any of the risk
factors and precipitation of injuries has not been established for any risk factor. Factors
likely to confound this situation are the tissue’s ability to undergo adaptation to stress and
to recover from the stress exposure. Repeated exposure over a prolonged period may
impede complete recovery, causing residual strain. This is most likely to occur when the
extent of adaptive changes is insufﬁcient to offset the adverse biomechanical effects of
stress exposure. An accumulation of residual strain over a prolonged period may set the
stage for injury even if the stress does not rise signiﬁcantly or noticeably (Figure 1.1). The
latter is due to progressive reduction in stress tolerance capacity due to steadily increasing
residual strain. Kumar (1990a,b) reported this concept of threshold level of cumulative
exposure before injury precipitation. Additional studies by Norman et al. (1998), Callaghan
et al. (2003), and Kumar and Narayan (2005) have produced additional evidence in
different occupations to support the phenomenon of cumulative load-mediated precipitation or MSIs.

Load

Work tolerance capacity

Injury precipitation
Constant workforce required

Time

Figure 1.1 Injury precipitation in relation to load–time history.
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The tissues that frequently get injured as a result of exposure to occupational biomechanical hazards are soft connective tissues—ligaments, tendons, and muscles. Nerves can be
affected, but only secondarily. Other connective tissues affected less frequently are cartilage
and bones. All biological tissues are viscoelastic; hence, their mechanical properties are timeand strain rate-dependent. The tissue viscoelastic property determines the duration
required for complete mechanical recovery. Any deformation or residual deformation alters
the mechanical response characteristics of the tissue in question, most frequently lowering
its stress-bearing capacity due to reduction in cross-sectional area and raising stress
concentration and injury potential. In contrast, muscles are active organs and undergo
voluntary contraction and relaxation rapidly to generate force. Therefore, the contractile
elements of muscles are rarely affected by unrecovered deformation. It is the passive
structures of muscles, i.e., the sarcolemma, or collagenous harness that can tear due to
very rapid contraction or excessive force generation.
Workplace MSIs are broadly divisible under two categories: (1) idiopathic and
(2) traumatic. The idiopathic injuries, though mediated through mechanical degradation
and possibly confounded by other factors, cannot be assigned to a speciﬁc act or incident.
The traumatic injuries, on the contrary, can be clearly associated with an incident or
an action. Since idiopathic injuries are not assignable to any factor, their further differentiation into subcategories is difﬁcult. However, the traumatic injury category is an assembly
of a variety of mechanisms through which injuries occur. Among these are (a) overexertion, (b) sudden imbalance, (c) pulling apart, (d) crushing, (e) impact, (f) slip and fall,
(g) cut, (h) abrasion and laceration, etc. In either of the two main categories and in all
subcategories, a dominance of biomechanical factors is obvious.

1.3 Injury risk factors
From an examination of the published literature, it appears that the epidemiological
literature can be quite diverse in its selection of factors and conclusions drawn therefrom.
Hildebrandt (1987) identiﬁed from the literature 73 individual and 25 work-related factors
that were considered as risk or potential risk factors for low-back injury (LBI). Taking the
degree of agreement between sources as a measure of signiﬁcance of the risk factors, only
11% of the individual factors and 25% of the work-related factors emerged as important
factors. Millard (1988) reported falling as a cause of back injury. Kumar (1990a,b) reported
cumulative load or lifetime exposure to biomechanical loads as an important risk factor for
low back pain. Most epidemiological studies are cross-sectional and do not allow a
conclusive assessment of cause and effect; hence, they do not have predictive value.
MSIs are under multifactorial control. Whereas most risk factors identiﬁed may inﬂuence
causation (some directly and others indirectly), the one that precipitates the problem must
reach its threshold level for the given individual. Since the lifestyle, occupation, leisure
activity, nutrition, and anthropometry all vary for different people, an array of results has
been reported with a variety of conclusions.
All risk factors can be placed in one of four categories: genetic, morphological, psychological, and biomechanical. While not much can be done about genetic and morphological
factors, knowledge of their role in causation of, or association with, MSI, combined with
strategies of management of biomechanical and psychosocial factors, could allow a signiﬁcant and effective control strategy. Unfortunately, however, a comprehensive study of
these factors with a view to controlling MSI has not been undertaken. Genetic and
morphological factors (as nonmanipulatable factors), and psychosocial and biomechanical
factors (as manipulatable factors) can be used for prediction. Such a combined approach is
necessary, especially when no single test or small battery of tests can be used to identify the
potential MSI.
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Disc herniation has been shown to have a genetic association (Lawrence 1977; Varlotta
and Brown 1988). Varlotta and Brown found evidence to support the Mendelian pattern of
inheritance in disc herniation cases. Annular ﬁssure with disc protrusion was also reported
to have a genetic association (Porter 1987). Some of the many common morphological
factors are age, body size, and spinal canal size. An increasing risk of LBI with age has been
reported in many epidemiological studies (Frymoyer et al. 1980; Biering-Sorenson 1982;
Burton et al. 1989). Similarly, several researchers have reported a disproportionate amount
of back pain among taller men (Tauber 1970; Gyntelberg 1974; Hrubec and Nashbold 1975;
Weir 1979). However, this has been refuted by Pope et al. (1985) and Heliovaara et al.
(1988). A reduced vertebral canal size has been attributed as an important predictor of low
back pain (Verbiest 1954; Ehni 1969; Porter et al. 1980; Rothman and Simone 1982;
Heliovaara et al. 1988).
Job dissatisfaction has been reported as an important psychosocial factor that has a
strong association with low back pain (Andersson et al. 1983; Vallfors 1985). Lloyd et al.
(1979) and Frymoyer et al. (1985) reported increased anxiety, neurosis, depression, and
heightened somatic awareness among low-back pain patients. Biering-Sorenson (1984)
found that previous hospitalization, surgery, restlessness, frequent headaches, living
alone, stomach ache, and fatigue were among the factors of psychosocial stress among
low-back pain patients. However, their causal association with the injury remains largely
speculative. Bigos et al. (1988) indicated that a signiﬁcant portion of the problem antedates
the actual disability.
A large array of variables constitutes biomechanical factors. Strength relative to job
demand has been reported as a factor for LBI (Chafﬁn and Park 1973; Ayoub et al. 1978;
Keyserling et al. 1980). Biering-Sorenson (1984) reported the protective effect of good
isometric endurance of spinal muscles for back problems. Porter (1987) stated that the
strength of the trunk muscles protects an individual from disc protrusion. However, heavy
manual work has been widely reported as associated with low-back pain injury (BergquistUllman and Larson 1977; Snook et al. 1978; Frymoyer et al. 1980, 1983; Schaffer 1982;
Manning et al. 1984; Ayoub and Mital 1989). Exposure to vibration is reported to be
contributory to low-back pain problems (Frymoyer et al. 1983; Svensson and Andersson
1983).
Similarly, a considerable body of work exists in the literature to indicate that many
factors with biomechanical impact are strong risk factors for MSI to the upper extremities.
Repetitiveness of the work activity has been shown to be a strong risk factor for CTD (RSI)
(Armstrong 1986; Stock 1991; Hales and Bernard 1996; Malchaire et al. 1996; Latko et al.
1999). Forcefulness of job activities has similarly been strongly associated with these upper
extremity injuries (Armstrong 1986; Stock 1991; Hales and Bernard 1996; Malchaire et al.
1996; Sjogaard and Sogaard 1998; Viikari-Juntura 1998). However, in a study designed to
assess the relative roles of repetitiveness and forcefulness, various combinations of high
and low repetitiveness and forcefulness were assessed (Silverstein et al. 1986). Silverstein
et al. determined that simultaneous exposure to high repetitiveness and high forcefulness
of job activities was most hazardous followed by high repetitiveness and low forcefulness,
low repetitiveness and high forcefulness, and low repetitiveness and low forcefulness. In
addition Schoenmarklin et al. (1994) reported that the angular velocities and accelerations
of the wrists during vocational activities were also risk factors for these injuries.
Duration of exposure was reported by Hales and Bernard (1996) and Spurgeon et al.
(1997) as an important variable in precipitation of MSI of the upper extremity. Hales and
Bernard stated that sustained activities with insufﬁcient recovery time led to such afﬂictions. Exposure duration has also been reported as an important factor in precipitation of
LBI by Waersted and Westgaard (1991), who found that people who worked at the same
jobs part-time had signiﬁcantly delayed injury onset when compared with those working
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full-time. Overall increased biomechanical loads whether due to posture (Armstrong 1986;
Hales and Bernard 1996; Malchaire et al. 1996; Li and Buckle 1999) or to differential
exposure due to handedness (Kucera and Robins 1989) or to other combination of factors
(Stock 1991; Fransson-Hall et al. 1995; Grieco et al. 1998) are signiﬁcant risk factors in
precipitation of MSI of the upper extremity.

1.4 Biomechanical basis of injuries
Occupational activities are generally kinesiologically complex, involving a large number of
muscles, bones, ligaments, tendons, and joints. However, to exemplify various actions
taking place simultaneously at multiple joints in a human body during an occupational
activity, a schematic diagram of one joint is presented in Figure 1.2. At the musculoskeletal
level, the motion of any segment at a joint is initiated by the contraction of a muscle or a
group of muscles. The rate of motion at the joint will be determined by the rate of muscle
shortening, and the strength of contraction determines the amount of force developed. If
muscle 1 contracts, its force will be transmitted through the tendon of that muscle. Bone D
will move along the path depicted by A. During this motion, bone D will glide on bone P at
the joint. To facilitate this gliding, the joint cavity is ﬁlled with a biological lubricant, i.e.,
the synovial ﬂuid. As the motion occurs at the joint, the ligaments that encapsulate and
surround the joint will undergo stretching in some parts and folding or buckling in others.
To control this or prevent a ballistic motion, muscle 2 will also contract but to a lesser

Bone P
Bone marrow
Synovial
membrane
Joint
cavity

Joint
space
Ligament
Cartilage

Muscle 1

Muscle 2

Cartilage

Contraction

Contraction

B

A
Tendon
Bone marrow
Bone moves
on the joint

Tendon
Bone D
Bone moves

Figure 1.2 Schematic joint. (From Kumar, S., Ergonomics, 44, 17–47, 2001.)

Kumar/Biomechanics in ergonomics, second edition

10

7908_C001 Final Proof page 10

30.10.2007 5:18pm Compositor Name: TSuresh

Biomechanics in ergonomics, second edition

extent than muscle 1, and only as much as is required for a smooth and controlled motion.
To return the bone D to its original position or to move it in the opposite direction, there
will be a role reversal between the muscles 1 and 2. With motion in the opposite direction, a
previously taut ligament will become lax and the other ligament will become taut. This
seemingly simple phenomenon is accomplished by the use of several complex biological
structures, each with their unique structures and mechanical properties interacting in a
kinesiological dynamic equilibrium.

1.4.1 Muscle
The challenge to describe mechanical characteristics of this contractile tissue is enhanced by
the range of elastic properties exhibited by each muscle. The differences are not only in gross
morphology, but also in ultimate structural proﬁles. Regardless of differences, Hill’s (1938)
model describes each muscle with a contractile element, a series elastic element, and a
parallel element (Figure 1.3). In the active state, the actin ﬁlaments slide on the myosin
ﬁlaments during contraction causing muscle length shortening. Skeletal muscles can shorten
up to 50% of their resting length. This shortening pulls the tendon, which in turn moves the
bone at the joint, causing the segment motion. The muscles have a viscous element as well. It
shows a transient tension when muscle is quickly extended from a relaxed state. This is
followed by tension decay with a rate constant closely related to intrinsic maximum speed
with which the muscle can shorten when tetanized (maximal contraction). The force of
contraction of muscles is dependent on their cross-sectional areas and the rate of the neural
input and is maximum when muscle is stimulated at 100 Hz. While shortening of the muscles
takes place due to contractile element behavior, the return to its resting position after the
contraction is achieved by the release of stored energy in the series elastic components.

1.4.2 Tendons and ligaments
The most frequently injured tissues are soft connective tissues (Praemer et al. 1992). Citing
data from National Health and Nutrition Examination Survey II, the authors reported that
the prevalence of back pain among U.S. men and women was 16%. Using the same data,

Contractile element
(actin and myosin complex)
Parallel element
Series elastic element

Figure 1.3 Hill’s three-element muscle model. (From Kumar, S., Ergonomics, 44, 17–47, 2001.)
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Deyo and Tsui-Wu (1987) found that 1.6% had back pain with features of sciatica. The
average annual number of persons reporting intervertebral disc disorders in the United
States was 1.7% (Praemer et al. 1992). Others (Leavitt et al. 1971; Vallfors 1985) reported
that in most back pain cases a speciﬁc cause or a lesion could not be determined. Dillane
et al. (1966) reported that in a study of low back pain examined by general practitioners in
London, no speciﬁc reason for pain could be identiﬁed in 79% of ﬁrst attacks of low back
pain in men and 89% in women. Bergquist-Ullman and Larson (1977) and Damkot et al.
(1984) also reported that the majority of patient with symptoms of pain had no radiation,
implying no disc involvement. Statistics Canada (1991, 1995) also reported that the most
frequent injury to Canadian workers was overexertion injury. Owing to their lower tensile
deformability, ligaments and tendons are most frequently affected. Both ligaments and
tendons are made of the same protein–collagen. The difference between them lies largely in
the density of the collagen ﬁbers and in their arrangement. In ligaments, a smaller number
of collagen ﬁbers are arranged largely in the form of a ﬂat sheet with ﬁbers running in
different directions. Ligaments are generally well supplied with blood vessels and nerve
ﬁbers. Tendons on the other hand are densely packed collagen ﬁbers running in one
direction in the form of a rope. Tendons are less vascular. Owing to the common building
block, they have similar mechanical properties but with a difference in magnitude. A brief
description of their mechanical properties is given here to emphasize the information
needed in integrating the theories of MSI.
Tendons are located between muscles and bones to transmit the muscle tension to the
bone with minimal loss of force. Hence, these structures have a very high modulus of
elasticity and very high tensile strength. However, the tensile strength may vary from
tendon to tendon depending on the tendon’ morphology and composition. Tensile strength
has been reported to range between 45 and 125 N mm2. Pure collagen has been estimated
to have an ultimate tensile strength up to 500 N mm2. Its modulus of elasticity is close to
that of mild steel but the material is soft and pliant. Despite collagen’s inert appearance,
its mechanical properties are quite complex and well adapted to a biological system’s
needs (Figure 1.4). Figure 1.4A demonstrates the viscoelastic property of collagen within its
physiological range, reaching yield point and undergoing plastic (unrecoverable) deformation before undergoing rupture. Figure 1.4B also demonstrates the hysteresis and progressively increasing deformation with repeated cycles of loading. Owing to its
viscoelasticity, collagen shows pronounced strain rate dependence (Figure 1.4C), creep
(Figure 1.4D), stress relaxation (Figure 1.4E), and load relaxation (Figure 1.4F). All these
properties and other mechanical behavior of collagen (not described here) are explained by
Viidik’s (1973) mechanical analog model (Figure 1.5).
Ligaments on the other hand provide joint support and stability, and hence have a
sheet-like arrangement of ﬁbers. They are designed to accommodate the normal range of
joint motion and to bear considerable load. High-density collagen tissues, such as tendons
and many ligaments, have a physiological and reversible range of deformation between
4% and 6%. Deformations beyond this value, even upon full recovery, show residual
deformation. Rupture of these tissues occurs at ~8%–10% of deformation. The combination
of the foregoing basic properties of collagen serves to explain most of the common
occupational injuries to the musculoskeletal system. Infrequently, the magnitude of a
single load is so high that it exceeds the ultimate tensile strength of the collagenous structure
and causes failure of the tissues. More commonly, repetitive exertions set the scene for
occupational injuries. With repeated exertions and inadequate time for recovery from the
deformation, there will be reduction in the cross-sectional area of the connective tissues
stressed, thereby increasing the stress concentration. This will lower the stress tolerance of
the tissue and heighten the chances of injury. Prolonged static loading resulting in creep will
also render these tissues vulnerable in a similar way, in addition to increasing joint play.
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Figure 1.4 Mechanical properties of collagen. (A) An idealized stress and strain plot for collagenous
tissues for a single cycle of load to ultimate tensile strength. (B) Stress–strain plot of collagen when
subjected to repeated cyclic loading. (C) Stiffness of collagen under different strain rates: 3%, 6%,
10%, and 20%. (D) Creep phenomenon of collagen at a constant level (CL) of load. (E) Creep in
collagen with application of a sudden ﬁxed load. (F) Stress relaxation by holding the strain constant.
(From Viidik, A., Int. Rev. Connect. Tissue. Res., 6, 127, 1973. With permission; Kumar, S., Ergonomics,
44, 17–47, 2001.)

1.4.3 Bone
Bone is an anisotropic, nonhomogenous, ﬂuid-ﬁlled (perhaps partially hydraulically
strengthened) composite material constituting the skeleton of all vertebrate animals.
Owing to its greatest requirement to support loads in compressive mode, it is strongest
in compression, followed by tension and shear. Like other biological components, bone
possesses viscoelastic properties. It has a very high modulus of elasticity and undergoes
plastic deformation after 1% strain (Evans 1973). Its mechanical behavior can be modeled
by spring, dashpot, and friction bodies (Sedlin 1965) (Figure 1.6A). On load application,
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Figure 1.5 Mechanical analog of collagen. (From Viidik, A., Int. Rev. Connect. Tissue Res., 6, 127, 1973.
With permission; Kumar, S., Ergonomics, 44, 17–47, 2001.)

spring A undergoes immediate elastic deformation proportional to the load. Dashpot C
alters the response of spring B when load begins to be transferred beyond spring A. The
friction blocks (D) do not move until the load exceeds some minimum level, which varies
with the condition of loading. The deformation obtained by the movement of friction
blocks is unrecoverable due to plasticity of deformation. The resulting mechanical behavior
of a bone is shown in Figure 1.6B (Evans 1973).

1.4.4 Cartilage
Cartilage is a tough and pliant material with its external surface very smooth and without
any geometrical irregularities. Pads of articular cartilages line the terminal ends of hard
and mineralized bones at their articulating ends with other bones. The geometrical
congruence of two opposing cartilage plates in any joint is extremely well adapted to
the functional movements. Mechanically, cartilages are adapted to resist and endure
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Figure 1.6 (A) Mechanical analog of bone. (From Sedlin, E.D., Acta Orthop. Scand., 83, 1, 1965;
Kumar 2001.) (B) Load deformation behavior of bone. (From Evans, F.G., Mechanical Properties of
Bone, Charles C. Thomas, Springﬁeld, 1973. With permission; Kumar, S., Ergonomics, 44, 17–47, 2001.)

compression and bending forces. Structurally, they are made of two major components.
First the collagen ﬁbers are arranged in wide arches with their domes directed outward
(Figure 1.7). The intervening space is densely packed with a protein–carbohydrate complex
(proteoglycan), which has enormous afﬁnity for water and, hence, maintains a high turgor
pressure. Owing to the structural arrangement, any compressive or bending force on the
collagen ﬁbers, which at the surface have a parallel arrangement, is felt as tensile load. Any
ensuing deformation is easily absorbed and supported by deformable proteoglycan. With
bending forces, one cartilage slides on the other, preventing any bone-on-bone grinding.

1.4.5 Synovial ﬂuid
Synovial ﬂuid is present in the capsules of all articulated joints and acts as a dynamic
lubricant. This ﬂuid is secreted by the synovial membrane, which lines the inside of the
joint capsule. The synovial ﬂuid is a thixotropic material and hence its viscosity is shear
rate-dependent (Figure 1.8). In rapid motions, its viscosity drops instantly to allow appropriately thinned lubrication, and in slower motions it maintains a high viscosity.

1.4.6 Joint capsule
Joint capsules are made of a strong sheet-like layout of collagen ﬁbers surrounding the
entire joint from all sides. These provide stability to the joint and limit the joint motion
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Figure 1.7 Schematic of cartilage structure. (From Kumar, S., Ergonomics, 44, 17–47, 2001.)

beyond the physiological range. They also serve to contain the synovial ﬂuid within the
joint cavity. These collagen ﬁbers are laid in a bed of proteoglycan, which serves to bind
the ﬁbers together, much like cement and concrete do for a net of metal rods or wire
mesh. The property of collagen in a joint capsule is the same as the mechanical properties
of collagen in ligaments and tendons. However, their arrangement is different and they
are interspersed with elastic ﬁbers, which together allow the joint to move within the
physiological range and subsequently restore the joint capsule’s morphology.

1.4.7 Motion at the joint
When a motion is to be performed at a joint, the muscle operating it contracts (the intensity
and velocity of contraction regulated by the neural input). During contraction, due to
shortening (up to 50% of the muscle’s resting length), a tension is generated in the springs
of the muscle by their stretching (Figure 1.9). This tension is transferred to the tendon,
which is much smaller in length and has a much higher modulus of elasticity than the
muscle. Owing to the laxity (through crimping of collagen), the initial extension of the
collagen ﬁbers will require little force, simply moving the front–end friction block (Figures
1.4A and 1.9). Once this slack has been taken up, the nonlinear springs of collagen will be
engaged, which will extend through the entire elastic region.

Viscosity

Thixotropic material

Newtonian material

Shear rate

Figure 1.8 Mechanical behavior of thixobopic synovial ﬂuid compared with Newtonian materials
such as water, oil, or other lubricants. (From Kumar, S., Ergonomics, 44, 17–47, 2001.)
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Figure 1.9 Mechanical analog of a joint. (From Kumar, S., Ergonomics, 44, 17–47, 2001.)

Most muscle contractions and joint motions stop in this range and return to neutral.
With continued contraction, the deformation proceeds into the viscoelastic and plastic
range. The initial (viscoelastic) part of the collagen is relatively small, beyond which the
forces are transmitted to the friction blocks. As the latter begin to move, the collagen would
have traversed the yield point and any additional deformation will be a permanent one.
Since the collagenous tendon is short in length and has a physiological range of reversible
deformation of 4%, very little, if any, shortening is absorbed. Most of it is then passed to the
bone to which the tendon is attached (Figure 1.9).
As one bone is pulled on the other across a joint, it begins to move by their cartilaginous
ends gliding on each other, facilitated by the lubrication from synovial ﬂuid. In motions
where one segment is moving on the other with load, the cartilages at the point of contact
will experience a compressive load. The latter, at the cartilage surface, with any deformation, is converted into a tensile load on the constituent superﬁcial collagen. The extent of
the motion is controlled by the degree of muscle contraction, the joint conﬁguration, and
the deformability of the ligamentous joint capsule that surrounds it. In any motion one part
of the joint capsule will undergo buckling (in the direction of motion) and the opposite part
will become taut as the collagen ﬁbers are stretched, controlling the motion beyond the
physiological range (Figure 1.9).
Given these structures and functions of muscles, collagen, bone, cartilage, synovial
ﬂuid, and the joint capsule, an injury may precipitate at many places along the chain.
This may include extremely rapid or powerful muscle contraction causing strain or
sprain to its series or parallel element. Similarly, due to the viscoelastic property, the
stress in collagen rises drastically for the same magnitude of deformation with a higher
strain rate. Thus, the deformation magnitude may remain within physiological limits
but the strain rate may exceed the tissue tolerance. The reverse may be true as well.
Load, well within the physiological range, applied for a prolonged period would cause
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a large deformation due to creep (Figure 1.4D). Such deformation will increase the
stress concentration in the tissue for the same load due to a decreased cross-sectional
area of the tissues. In addition, lengthening of the collagen may reduce the stability at
the joint, causing nonphysiological motion or motion beyond physiological range potentiating precipitation of injury (Figure 1.9). Since the bones are made of strong, hard,
mineralized material with an extremely high modulus of elasticity and physiological
range of deformation of only 1%, they rarely show any change in length or injury.
However, if the forces exceed the ultimate strength of the bone in the relevant mode
of loading, it will undergo fracture. Bone is strongest in compression, followed by
tension and shear. Repetitive or prolonged load may also affect the safety of bone by
cumulative changes leading to fatigue failure at a load commonly endured without
adverse consequence.

1.5 Theories of injury precipitation
Any well speciated and highly developed biological organism (e.g., human) is a consequence of a large number of variables interacting simultaneously in biological, mechanical,
and behavioral domains. In any such multivariate system, it is extremely unlikely that the
path or mechanism of failure will be singular, narrowly deﬁned, and controlled. The
musculoskeletal system, with its various components, varying composition, and complex
organization and function, can be perturbed and injured at many levels (Figure 1.9). Which
element or link in the chain will fail may vary in different circumstances. Recognizing this
reality, to address multitudes of scenarios, the following four theories of injuries have been
developed.

1.5.1 Multivariate interaction theory of musculoskeletal injury precipitation
From the foregoing consideration of the nature of injury, the biomechanical basis of injury,
and the risk factors, one may state that a precipitation of MSI is an interactive process
between genetic, morphological, psychosocial, and biomechanical factors (Figure 1.10).
Within each of these categories are many variables, which potentiate and may effect
precipitation of an MSI. Since the permutation and combination of so many variables is
extensive, there are many ways in which such an undesirable event may happen. However, it is speculated that an interaction between the relative weightings of the variables
and the extent to which they have been stressed in any given individual determines the
ﬁnal outcome as depicted in Figure 1.10.

1.5.2 Differential fatigue theory
Occupational activities are designed to meet occupational demands and not to optimize
biological compatibility. For these activities to be of any economic and industrial value,
they have to be repetitive. Any of these activities employ a large number of muscles at
various joints in such industrially relevant human physical motions. Asymmetric motions
are very frequent components of these repetitive industrial activities and are common in
workplace (Garg and Badger 1986; Kumar 1987; McGill 1991; Kumar and Garand 1992;
Marras et al. 1993; Waters et al. 1993; Kumar 1996). Depending on the activity, different
joints are also differentially loaded, and depending on the motion to be performed,
different muscles operating these joints may also be differentially loaded. This differential
loading of the muscles may not be proportional to the individual muscles’ capabilities.
Such differential prolonged and=or repeated loading is likely to do two things. In the short
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Figure 1.10 Multivariate interaction theory of musculoskeletal injury (MSI) precipitation. (From
Kumar, S., Ergonomics, 44, 32, 2001.)

term, due to the disproportionate and different demands on different muscles, it is likely
that the different muscles operating a joint may undergo different amounts of fatigue and
the rate with which they fatigue may also be different. In the long term, however, if such
activities were to continue, the foregoing altered muscle kinetics may result in joint
kinematics and loading pattern different from the optimum and natural loading pattern
according to the geometry and design of the joint.
Kumar and Narayan (1998) studied 14 trunk muscles (erector spinae at T10 and L3
levels, latissimus dorsi, external and internal obliques, rectus abdominis, and pectoralis
major bilaterally) in a posturally stabilized axial rotation in a single fatiguing contraction,
maintained at 60% of maximal voluntary contraction (MVC) of the individual. To achieve
this, 50 subjects (27 male, 23 female) were seated and stabilized in an adjusted axial
rotation tester (AROT). The AROT was placed in isometric mode and subjects exerted
60% of their previously measured MVC. The subjects were provided with visual feedback

Kumar/Biomechanics in ergonomics, second edition

7908_C001 Final Proof page 19

30.10.2007 5:18pm Compositor Name: TSuresh

Theories of occupational musculoskeletal injury causation

19

of their level of effort. Electromyographic activity (EMGs) were sampled at 1 kHz and
analyzed using a fast Fourier transform (FFT) routine. The median frequency (MF) was
plotted against time (10% of the task cycle). A decline in MF (an indicator of fatigue) was
tracked through the entire duration of the contraction. The raw data, normalized for each
muscle and plotted against time in the task cycle, demonstrated a signiﬁcant decline in the
MF, and the rate of decline was also different in different trunk muscles (Figure 1.11). In
yet another experiment, combined motions of simultaneous ﬂexion and rotation, and
extension and rotation from 408 ﬂexed and 408 rotated postures were studied. Subjects
maintained 60% of their previously measured MVC for a maximum of 2 min. The EMG of
trunk muscles was recorded at 1 kHz and subjected to spectral analysis. The MF was
plotted at every 10% of the task cycle to reveal a signiﬁcant decline in MF with time which
occurred at rates different in different muscles, demonstrating differential fatigue (Figure
1.12). If EMG fatigue leads to force fatigue, a differential fatigue is likely to affect two
aspects of the joint. First, as each muscle acts on the joint by its own connective tissue, a
component which is adapted to transmit the normal and natural forces is likely to be
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Figure 1.11 Differential fatigue of the trunk muscles in left axial rotation as seen by the decline in
raw median frequency (MF) (right panel) and normalized MF (left panel) of trunk muscles. (Muscles:
REO, right external oblique; LEO, left external oblique; RIO, right internal oblique; LIO, left internal
oblique; RRA, right rectus abdominis; LRA, left rectus abdominis; RP, right pectoralis; LP, left
pectoralis; RLD, right latissimus dorsi; LLD, left latissimus dorsi; RT10, right erector spinae at tenth
thoracic vertebral level; LT10, left erector spinae at tenth thoracic vertebral level; RL3, right erector
spinae at third lumbar vertebral level; and LL3, left erector spinae at third lumbar vertebral level.)
(From Kumar, S., Ergonomics, 44, 17–47, 2001.)
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Figure 1.12 Differential fatigue of the trunk muscles in combined motions of right extension–
rotation as seen by decline in raw MF (right panel) and normalized MF (left panel) of trunk muscles.
(Muscles: RL3, right erector spinae at third lumbar vertebral level; LL3, left erector spinae at third
lumbar vertebral level; RT10, right erector spinae at tenth thoracic vertebral level; LT10, left erector
spinae at tenth thoracic vertebral level; REO, right external oblique; LEO, left external oblique; RLD,
right latissimus dorsi; LLD, left latissimus dorsi.) (From Kumar, S., Ergonomics, 44, 17–47, 2001.)

affected differently in different parts of the joint structure. By a proportionally higher
prolonged or repeated loading, the connective tissue component will be called upon to
perform at a proportionally higher rate or for a longer time. The friction blocks and
viscoelastic elements of connective tissues (Figures 1.5 and 1.9) may cause disproportionate
deformation of these connective tissues, thereby altering the joint stability. Second, as the
fatigue progresses, the muscle concerned will be able to generate less and less force. Such a
situation may create a kinetic imbalance. Superimposition of this kinetic imbalance on
previously created kinematic imbalance (connective tissue deformation) could potentiate
uncoordinated, sudden, and perhaps even abnormal or unnatural motion at the joint. This
can create a signiﬁcant stress concentration in some tissues, causing an injury. It is probably
for these reasons that >60% of all injuries to the back involve rotation of the trunk
(Manning et al. 1984). Others have also reported trunk rotation to be the predominant
mechanical factor in LBI and pain (Ralston et al. 1974; Snook et al. 1978, 1980; Frymoyer
et al. 1980, 1983; Schaffer 1982; Duncan and Ahmed 1991).

1.5.3 Cumulative load theory
Biological tissues are like all other physical materials with a ﬁnite life, and similarly subject
to wear and tear. They are capable of self-repair but undergo mechanical degradation with
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repeated and prolonged usages. All biological tissues are viscoelastic and their prolonged
loading may result in permanent deformation. Repeated load application may also result
in cumulative fatigue, reducing their stress-bearing capacity. Such changes may reduce the
threshold stress at which the tissues fail. Kumar (1990a,b) reported a strong association
between cumulative load (biomechanical load and exposure time integral over entire work
life) and LBI=pain (p < .01). Among nursing aides employed in public sector in Alberta,
Kumar (1990a,b) reported that 42.8% of males and 64.6% of females were having back pain.
Data on length-of-service before the onset of the ﬁrst episode of back pain in age, sex, body
weight, height, occupational activities, and recreational activities matched samples
revealed that in the pain group, the number of cumulative years worked at which pain
precipitated was signiﬁcantly greater than the number of cumulative years worked by the
no-pain group (p < .01). The mean cumulative compression and shear loads for subjects
were obtained from the biomechanical analysis of each of the job tasks performed. Each of
the task cycles was biomechanically analyzed for compression and shear load on the spine
at discrete time intervals dividing each task cycle into 200 ms chunks. By summing the
load–time product for 200 ms chunks, the total load–time product for one task cycle was
obtained. This load–time product (Newton second [N s]) was multiplied by the number of
cycles performed on a shift to obtain the cumulative load of the shift, both for compression
and shear. By similarly analyzing all other tasks performed by the subjects in the sample
total cumulative compression and shear loads in units of Newton  second were obtained.
Such mean cumulative compression and shear loads sustained by the no-pain and pain
groups for male and female samples in the study are presented in Figures 1.13 and 1.14.
A student t-test of the comparison of the means revealed that the cumulative compression
at thoracolumbar and lumbosacral discs was signiﬁcantly higher in the pain group (p < .05
or better). The cumulative shear in the male pain group was also signiﬁcantly higher than
that of the male no-pain group (p < .02). The mean cumulative daily compression and
shear loads and their standard deviations at the thoracolumbar and lumbosacral regions of
the male sample respondents with and without pain were not signiﬁcantly different. The
data also revealed that there was no signiﬁcant difference between pain and no-pain
groups in any of the biomechanical spinal load variables on the job when compared for
one task cycle. However, the total time spent working by the pain group was signiﬁcantly
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Figure 1.13 The mean cumulative compression and shear loads in pain and no-pain groups in male
sample (Mega Newton seconds [MN s]). (From Kumar, S., Ergonomics, 44, 17–47, 2001.)
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Figure 1.14 The mean cumulative compression and shear loads in pain and no-pain groups in
female sample (MN s). (From Kumar, S., Ergonomics, 44, 17–47, 2001.)

Mean generic cumulative load (MN)

higher than that of the no-pain group, thus causing a signiﬁcant difference in cumulative
loads (p < .001). The data for such lifetime cumulative load exposure for pain and no-pain
groups are presented in Figure 1.15.
The structural failure of musculoskeletal components can precipitate in either acute or
chronic conditions. Most of the studies have concentrated on determination of peak forces
in activities with known high stresses (Bartelink 1957; Ayoub 1977; Ayoub et al. 1978, 1980;
Schultz et al. 1982; Kumar and Davis 1983; McGill and Norman 1985; Anderson and Chafﬁn
1986; Kumar 1991; Kumar and Garand 1992; Waters et al. 1993). Brinckmann et al. (1987,
1988) and Hansson et al. (1987) investigated the fatigue failure of the lumbar spine. In
their experimental protocol, loads ranging 20%–30%, 30%–40%, 40%–50%, 50%–60%,
60%–70%, and 75% of the estimated ultimate compressive strength (UCS) of spinal units
were applied at a frequency of 0.25 Hz. They found that both the magnitude of the load and
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Figure 1.15 The mean generic cumulative compression and shear at thoracolumbar and lumbosacral
levels among males (MN s). (From Kumar, S., Ergonomics, 44, 17–47, 2001.)
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the number of cycles affect the spinal unit failure. At lower loads high repetition and at
higher loads low repetition produced fatigue failures. When their specimens were loaded
between 50% and 60% of the UCS, 92% suffered fatigue failures after 5000 cycles. A 91%
fatigue failure rate was reported after 500 cycles when the load was increased by an
additional 10%, and at a load of 75% of UCS the fatigue fractures were precipitated only
in 10 cycles. Long-range, low-grade loading of the spine will be difﬁcult to control and
measure. However, looking at the results of Brinckmann et al. (1987, 1988), it would appear
that physiological limitations strongly favor biological safety by preventing cumulative
load from rising rapidly as the maximum voluntary contraction level can neither be held for
a long time, and nor can it be repeated in quick succession. In addition, the compression
generated by the maximum voluntary contraction ranges between 68% and 77% of the UCS
(Kumar and Mital 1992). When one considers that the MVC can be sustained only for a few
seconds and that it decays exponentially with the duration of the hold (Rohmert 1973), it is
obvious that such cumulative compressions cannot rise rapidly. Also, the MVC cannot be
repeated without long rest pauses. Rapid repeated trials of force exertion degenerate
quickly with a drastic reduction in magnitude, thereby preventing the total exposure
(load 3 time) from rising. It must be borne in mind that rapid cyclic loading does not
allow much needed recovery time to the viscoelastic biological tissues. This in turn progressively accentuates the deformation, rendering the tissues more vulnerable to injuries
due to higher stress concentration.

1.5.4 Overexertion theory
By deﬁnition exertion is an activity in which physical efforts are made. Therefore, overexertion will be a physical activity in which the level of effort would exceed the normal
physiological and physical tolerance limits. It is, however, unclear as to what may be
considered normal physical and physiological standards. Should it be peak MVC,
average strength over a period of 5 s, or 40% of MVC, or 15% of MVC? The answer
to this question is further complicated when the activity concerned is either performed
over some time or repeated periodically=frequently. Such a scenario adds another dimension of frequency and duration in addition to the magnitude. Lastly, the range of the
available inventory of motion in which the activity takes place is an important variable.
Thus, overexertion can be created by exceeding the normal physical and physiological
limits in any one of the foregoing criteria (Figure 1.16). Furthermore, a weighting of their
function also remains obscure. Conceptually, however, overexertion can be symbolically
represented as follows:
ð
OE ¼ (Fx , Dy , Mz )

(1:1)

where
OE ¼ overexertion
Fx ¼ weight adjusted force magnitude
Dy ¼ weight adjusted effective exposure
Mz ¼ weight adjusted motion for the job
All of these variables entered in determination of overexertion are complex in themselves and deserve further discussion to understand their impact and obtain a meaningful
grasp of overexertion. This in turn may enable the development of a valid and manageable
preventative strategy. However, prior to dealing with these variables an account of the
association between exertion and injuries will be presented.
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Figure 1.16 The generic relationship between the overexertion caused by the job stress variables and
safety of the system. (From Kumar, S., Hum. Factors, 36, 197, 1994.)

1.5.4.1 Overexertion injuries
A plethora of epidemiological studies reported in the literature reveal beyond doubt a
strong association between exertion and injuries to the various regions of the human body.
Statistics Canada (1991) reported that the largest portion of all occupational injuries (48%)
was overexertion injuries. A number of cross-sectional case studies have shown that
various disorders were caused in the neck and shoulder regions by increased muscle
contraction. Onishi et al. (1976) reported shoulder muscle tenderness, and Bjelle et al.
(1979, 1981) and Hagberg (1984) showed degenerative tendonitis of the rotator cuff tendon
and chronic myalgia due to such exertions. Similarly, neck and shoulder pain, and tense
necks were reported due to exertion (Herberts and Kadefors 1976; Kumar and Scaife 1979;
Hunting et al. 1981; Kukkonen et al. 1983). Other conditions have also been reported
associated with exertion, such as supraspinatus tendonitis, myofascial syndrome, and
cervicobrachial disorders (Hagberg and Kvarnström 1984; Herberts et al. 1984; Sällström
and Schmidt 1984), and neck and shoulder regional muscle disorders (Fine et al. 1986;
Westgaard et al. 1986; Blader et al. 1987). The argument of association is supported by the
observation that when muscle and joint loads were reduced or eliminated the incidence
and severity of neck and shoulder disorders also decreased (Hagberg 1984; Westgaard and
Aaras 1984; Westgaard et al. 1986).
The rapid increase of upper limb RSI or CTD has been largely attributed to the loads of
posture (Armstrong 1986), force levels (Armstrong et al. 1982; Silverstein et al. 1986), and
repetition of posture and=or force application (Hymovich and Lyndholm 1966; Kaplan
1983; Silverstein et al. 1986). All three factors, which have been reported to be causally
associated, cause exertion of the structures. Awkward, ﬁxed, constrained, or deviated
postures can overload the muscles, ligaments, and tendons and also load the joints in an
asymmetrical manner. Smith et al. (1977) and Armstrong et al. (1982) have reported
extreme extension associated with CTD of the wrist. In a cross-sectional study, Silverstein
et al. (1986) reported that industrial jobs involving low force and little repetition had the
fewest CTD cases and that those involving high force and frequent repetition had ~30
times greater morbidity, indicating an interactive behavior of the risk factors. Jobs requiring high force and little repetition or low force and frequent repetition had morbidity rates
in between the extremes.
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The magnitude of the biomechanical load has been associated with low-back pain
incidence by numerous authors (Hult 1954; Magora 1970, 1972, 1973; Chafﬁn and Park
1973; Chafﬁn 1974; Andersson 1981; NIOSH 1981, Heliovaara et al. 1987; Kumar 1990a;
Statistics Canada 1991). In the United States overexertion was claimed to have caused low
back pain in more than 60% of low-back pain patients (Jensen 1988). Almost 45% of all
heavy load handlers were reported to have sought medical help for low back pain in a
10 year study by Rowe (1969).
Forceful static or repetitive contraction of muscles causes their corresponding tendons to
stretch, thereby compressing their vascular epitenon, peritenon, and endotenon microstructures. This in turn causes ischaemia, ﬁbrillar tearing, and inﬂammation (Rathburn
and MacNab 1970). Frictional damage to the sheaths can occur with repetitive motion
(Lamphier et al. 1965). Awkward postures contribute to muscle tendon inﬂammation by
compression of the microstructure and by increasing the force requirements of the tasks
(Tichauer 1973). Tissue injuries are known to occur in maximal exertions; tissue tolerance
characteristics are therefore considered to be factors of paramount importance. Evans and
Lissner (1959) and Sonoda (1962) reported that mean UCSs of human spinal units are agedependent (3400 N for those 60 years and older, and 6700 N for those 40 years or younger).
On this basis, the National Institute for Occupational Safety and Health developed its
Work Practices Guide for Manual Lifting (1981), which was updated by Waters et al. (1993).
Brinckmann et al. (1988) demonstrated an interaction between the magnitude and repetition of loading on tissue failure of spinal structures. They also reported mechanical fatigue
fractures of spinal units due to repetitive loading. Thus, an association of injuries with
exertion is supported by many reports in the literature.
1.5.4.1.1 Force With respect to the validity of the concept, a large number of
epidemiological studies reported in the literature reveal beyond doubt a strong
association between exertion and injuries to the various regions of the human body.
Statistics Canada (1991) reported that the largest portion of all occupational injuries
(48%) was overexertion injuries. A number of cross-sectional and case studies have
shown that musculoskeletal disorders were caused in the neck and shoulder regions by
occupationally increasing muscle contraction. Other musculoskeletal conditions have also
been reported associated with exertion, such as supraspinatus tendonitis, myofascial
syndrome and cervicobrachial disorders and neck and shoulder regional muscle
disorders. The argument of association is supported by the observation that when muscle
and joint loads were reduced in some interventions and eliminated in others through job
redesign, the incidence and severity of neck and shoulder disorders also decreased.
The relatively recent and epidemic increase of upper limb RSI or CTD in many occupations has been largely attributed to the external loads, postural loads, and repetition of
posture and=or force application. All these three factors that have been reported to be
causally associated with injury also develop exertion of the structures. Awkward, ﬁxed,
constrained, or deviated postures can overload the muscles, ligaments, and tendons and
also load the joints in an asymmetrical manner.
In a cross-sectional study, Silverstein et al. (1986) reported that industrial jobs involving
low force and little repetition had the fewest CTD cases and that those involving high force
and frequent repetition had ~30 times greater morbidity, indicating an interactive behavior
of these risk factors. Jobs requiring high force and little repetition or low force and frequent
repetition had morbidity rates in between the extremes.
The magnitude of the mechanical load has been associated with low-back pain incidence by many authors (Hult 1954; Magora 1970, 1972, 1973; Chafﬁn and Park 1973;
Chafﬁn 1974; Snook 1978; Andersson 1981; NIOSH 1981; Heliovaara et al. 1987; Kumar
1990a,b; Statistics Canada 1991). In the United States overexertion was claimed to have
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caused low back pain in >60% of low-back pain patients (Jensen 1988). Of all heavy load
handlers, 45% were reported to have sought medical help for low back pain in a 10 year
study by Rowe (1969).
Forceful static or repetitive contraction of muscles causes their corresponding tendons to
stretch, thereby compressing their vascular epitenon, peritenon, and endotenon microstructures. This in turn causes ischaemia, ﬁbrillar tearing, and inﬂammation. Frictional
damage to the sheaths can occur with repetitive motion. Awkward postures contribute to
muscle tendon inﬂammation by compression of the microstructure and by increasing the
force requirements of the tasks. Tissue injuries are known to occur in maximal exertions;
tissue tolerance characteristics are therefore considered to be factors of paramount importance. Evans and Lissner (1959) and Sonoda (1962) reported that mean UCSs of human spinal
units are age-dependent (3400 N for those >60 years and 6700 N for those <40 years).
On this basis, the National Institute for Occupational Safety and Health developed its
Work Practices Guide for Manual Lifting (1981), which was updated by Waters et al. (1993).
Different levels of strength exertion have different levels of physiological demand.
Rohmert (1973) demonstrated that the duration for which a muscular contraction can be
sustained depends on the level of contraction. Contractions of the levels of 15%+20% can
be held indeﬁnitely as a continuous hold. Higher levels of contraction impede the blood
supply and thereby availability of nutrients and oxygen to the muscles doing the work.
Furthermore, such an occlusion of the blood supply also interferes with the removal of
metabolites, which results in a sensation of pain. Except for static postural demands to
manage a dynamic task, industrial jobs are not prolonged static holds; rather they generally require short time repetitive exertions. These exertions remain constant for the task in
hand (constant level [CL]) though they may represent a different proportion of the MVC
for different workers. Ayoub et al. (1978) and Chafﬁn et al. (1978) reported that as the
strength required on the job increases, the injury incidence also increases. It is, however,
unclear about what level of strength requirement may be considered risk neutral. It has
been suggested that due to an integrative capacity, the human perception of a preferred
work level (PWL) may optimize the balance of physical and physiological factors in favor
of system safety (Kumar and Mital 1992). Kumar and Simmonds (1992) also reported that
people underestimate precision, power, and gross motor efforts <40% of MVC and
overestimate efforts greater than that value. The pattern of perception was repeatable
and reliable. It may, therefore, follow that an assessment of a preferred level (PL) based
on the perceptual sense may provide a level of exertion that may be risk neutral. An
exertion above PL will increase the job-mediated risk (JMR) of overexertion injuries while
exertions below PL will remain risk neutral (Figure 1.4).
Though the quantitative nature of this relationship is unclear, a logarithmic association
is assumed. Thus according to this conceptual model any exertion above the PWL would
be considered overexertion. Taking MVC as maximal capability and PWL as risk neutral,
the range can be considered to represent 100%–0% of the strength component of the JMR.
For scoring the margin of safety (MOS), a scale from 0 (to represent maximum risk) to 1 (to
represent no risk) can be used. Thus, the risk neutral level of exertion will have an MOS of
1 and an exertion at the level of MVC will have an MOS of 0. The range will be
proportionally divided between 0 and 1 (Figure 1.17).
1.5.4.1.2 Duration of exertion The signiﬁcance of the time variable of exertion is
dependent on the type of contraction, the magnitude of contraction, the recovery period,
and the repetition of the activity in question. With any activity there will be phosphagen
and glycogen depletion from the intrinsic muscular sources before the aerobic glycolysis
ensues, depending on the circumstances. Such metabolic response will also result in
accumulation of lactate. Following high intensity activity, up to 70% replenishment of
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Figure 1.17 Relationship between exertion and risk of overexertion injuries. (From Kumar, S., Hum.
Factors, 36, 197, 1994.)

phosphagen on the one hand and removal of lactate on the other may take place in 30 s
(Hultman et al. 1967), while near complete replenishing may take up to 5 min (Astrand and
Rodahl 1977). The endurance time of submaximal contractions as a percentage of MVC is
widely reported (Rohmert 1973); the exact time required for near full recovery is unclear.
The duration of submaximal contractions (at different levels of MVC) and the corresponding time durations by which no signiﬁcant adverse physiological and metabolic change has
taken place are unclear. However, Molbech (1963) reported that the strength of isometric
exertions (MVC) declined from 85% to 60% of MVC as the frequency of exertion was
increased from 5 to 30 per minute.
In the absence of clear quantitative data, a subjective estimation of the preferred
duration and frequency of the activity at the level of contraction required by the job may
be the most appropriate design variable to consider. Thus, the duration and frequency risk
of activity can be represented as in Figures 1.18 and 1.19.
Taking the endurance time and maximum possible frequency for the level of contraction
as maximal duration and frequency achievable with maximal risk, and 0 MOS and

Preferred
duration level

Risk neutral
duration

PDL

Increasing risk
Risk
neutral
duration
No risk

CWD

Constant
work duration

Job-mediated risk (JMR)D

(logarithmic scale)

Continuous exposure of time
per cycle %ET

Endurance
time (ET)

Figure 1.18 Relationship between the duration of exposure and the job-mediated risk (JMR) of
overexertion injuries. (From Kumar, S., Hum. Factors, 36, 197, 1994.)
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Figure 1.19 Relationship between the frequency of job activity and the job-mediated risk (JMR) of
overexertion injuries. (From Kumar, S., Hum. Factors, 36, 197, 1994.)
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preferred duration and frequency levels of the activity as the risk neutral duration with an
MOS of 1, various levels of safety and risk can be calculated on a logarithmic scale.
However, the exact quantitative relationship may be different and is currently unknown.
The period of recovery following an activity is an important variable which may determine
the pacing of the task without accumulation of stress which eventually leads to overexertion
injuries. Though there are data available regarding recovery of the central system following
maximal exercise (at VO2 max), similar information is unavailable for subjective assessment
of an optimum rest period for the combination of the individual and the task may be an
appropriate methodology to adopt. Therefore, the preferred rest period may be assumed to be
the same as the required rest period. Based on these presuppositions and the rationale used
for other variables the recovery from stress (RS) may be depicted as in Figure 1.20.
Even though the magnitude and duration of contractions are at or below the PL, if sufﬁcient
recovery time is unavailable there will be a residual effect from each contraction. These may
then accumulate over the work period and predispose the worker to an occupational overexertion injury. The risk of injury will tend to grow with the residual stress. Thus, the MOS at

0

Figure 1.20 Empirical relationship between the intercycle rest and the job-mediated risk (JMR) of
overexertion injuries. (From Kumar, S., Hum. Factors, 36, 197, 1994.)
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risk neutral rest duration and above will be 1, and below this value continue to decrease. With
continuous activity, i.e., no rest, it will become zero. Due to a lack of quantitative information
the relationship between lack of rest and JMR is presumed logarithmic.
In cases where rest and recovery are not factors, either due to a very short duration
and=or low-grade contraction, the frequency of operation may be an important variable to
constitute a risk factor of the job. For this variable as well, a preferred frequency of the job
or job-simulated activity and lower frequencies may be considered as the risk neutral
frequency with an MOS of 1. The frequencies above this level will increase the JMR.
With the activities being performed at a continuous pace the MOS will be zero.

Distal extreme

range

Mid-range
risk neutral
range

0

0

1

Increasing
risk

DE

Mid-position

1

No risk

MP

Proximal extreme

Job-mediated risk (JMR)M

Range of motion

PE

Increasing
risk

1.5.4.1.3 Job range of motion The geometric relationships of the muscle, tendon, and
bone with respect to the joint vary with the degree of motion at the joint. At the extremes of
their range, the joints are at the greatest mechanical and physiological disadvantage. Though
the exact angle at which the best mechanical and physiological advantage is available may
vary from joint-to-joint, generally the mid-position of the range is perceived to require the
lowest effort for performance. This can be designated the risk neutral position. Deviations
from the mid-range position to either side will represent increasing hazard. The 20% range
around the mid-position, that may either be subjectively considered as the comfortable zone
or be the zone in which the effort required to move increases (by virtue of the position), is
small. Thus, this zone may be designated the risk neutral zone (Figure 1.20). Deviations from
this or motion in excess of the mid-range may constitute a job-mediated motion risk for
injury. Deviations from this or motion in excess of the mid-range may constitute a jobmediated motion risk, rising form 0 to 1 on either side of the range shown in Figure 1.21.
Deviation to either side of the mid-range beyond the risk neutral zone will be considered
hazardous independently on a 0–1 scale. Deviations on both sides in a given job are expected
to have a multiplicative effect, but are ﬁnally represented by one value on a 0–1 scale as the
product of the proximal and distal scores.
In addition to failure in compression mode, the tissues can be strained beyond their
physiological limit and precipitate injury if utilized beyond the physiological range of
motion. To investigate this aspect, Adams and Hutton (1986) compared the maximal
in vivo range of ﬂexion of the lumbar and lumbosacral vertebral joints with that of osteoligamentous preparations. The active ranges of ﬂexion of the vertebral joints were reported

Figure 1.21 Empirical relationship between the job range of motion and the job-mediated risk (JMR)
of overexertion injuries. (From Kumar, S., Hum. Factors, 36, 197, 1994.)
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by them to be 10% short of that of the osteoligamentous preparation. Such a difference
between extreme forward ﬂexion and elastic limit of osteoligamentous preparation ensures
the safety from possible strain injuries by preventing excessive deformation and generation
of high tensile stresses. Adams and Hutton (1986) also reported that in a typical lumbar
motion segment, a 2% reduction in ﬂexion at its elastic limit reduces the resistance to
bending moment by 50%. This 2% withdrawal of ﬂexion causes a 50% reduction in the
tensile stresses on the intervertebral ligaments and the annulus. At the limit of the active
ﬂexion, the osteoligamentous preparation provides half of the resistance to bending moment
exerted by the upper body in forward bending (Adams et al. 1980). Considering most
activities of daily living and occupational activities, it is obvious that only modest ranges
of motion are commonly used. Thus, such interplay between posture and material properties ensures at least a safety margin of 50% in force enduring capacities. A given degree of
muscle contraction is evoked for postural stability and readiness to move to the next phase of
activity. Any sudden force may, however, tend to overcome the viscoelastic resistance of the
muscle due to high strain rate deformation. Such forces may result in sprains and strains as
minor injuries before structural damage can occur.

1.6 A global model of overexertion, safety, and hazard
All MSIs have a biomechanical basis, which is affected by three variables: force application,
effective exposure to the force exertion, and the extent and range of motion in these activities.
It is, therefore, important to integrate these three ingredients of injury causation in order to
arrive at a meaningful composite index (CI). It is also proposed here that the sum of MOS
and JMR will always be unity. Such a relationship is based on the logic that if the MOS is
100%, there is no risk of injury. Conversely, if the risk is 100%, there can be no safety. If,
however, the MOS is 40% then the risk will be 60%. Therefore,
MOS þ JMR ¼ 1

(1:2)

MOS ¼ 1  JMR

(1:3)

Thus, it follows that

The CI of JMR can be obtained by subtracting the total safety from 1.
Thus, if there are three risk factors, R1, R2, and R3, their corresponding safety S1, S2, and
S3 can be expressed as follows:
S1 ¼ (1  R1 )
S2 ¼ (1  R2 )
S3 ¼ (1  R3 )
The MOS of the system will be proportional to the product of the individual safety
components. Such a multiplicative model accounts for interaction among the variables in
question, which is the case in life. When force is applied, it is done so for varying periods.
Furthermore, it could be applied through a varying range of motion. Also, the multiplicative model will ensure that as the number of risk factors increases, even with smaller risks,
the safety margin will decline. Such is the case in any phenomenon affected by many
variables, as reported by Kumar (1990a) for low back pain. Therefore,
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MOS 1 S1  S2  S3
However, different safety factors may have different weights because of the structure,
geometry, size, strength, material property, or any other relevant factor. Therefore, a more
reliable relationship can be obtained by multiplying the individual safety components by
their respective weighting factors as shown below:
MOS 1 S1a  S2b  S3c
where
a ¼ weighting factor for S1
b ¼ weighting factor for S2
c ¼ weighting factor for S3
Inserting the proportionality constant, the exact quantitative relationship can be
expressed as
MOS ¼ K  S1a  S2b  S3c

(1:4)

where K ¼ proportionality constant for safety factors
These weighting factors and proportionality constants are unknown and will have to be
obtained through various in vivo and in vitro experimentations and epidemiological
studies carried out to speciﬁcally deduce these values. Furthermore, because each of
these individual variables of stress, duration, and motion is a complex entity, they may
potentially be affected by more than one variable. Therefore, they will need a speciﬁc
internal proportionality constant. Rewriting Equation 1.4 in terms of risk factors and in its
expanded form we get
MOS ¼ K(1  a1 R1x )(1  a2 R2y )(1  a3 R3z )
where
K ¼ proportionality constant
a1 ¼ proportionality constant
x ¼ weighting factor for R1
a2 ¼ proportionality constant
y ¼ weighting factor for R2
a3 ¼ proportionality constant
z ¼ weighting factor for R3

(1:5)

for MOS
for R1
for R2
for R3

Therefore, the CI of JMR can be expressed as follows:
CI ¼ [1  K(1  a1 R1x )(1  a2 R2y )(1  a3 R3z )]

(1:6)

Bringing the foregoing concept into the context of overexertion injuries, the overall
JMR can be obtained through the risks posed by the indices for stress, effective exposure,
and motion. The higher the CI score, the greater the risk. Although a CI of the JMR may
not provide an indication of the variable most at risk, it does indicate the extent of the
potential problem. In order to quantify the risk, one should list the stress, effective
exposure, and motion indices separately as shown below and in Figure 1.22 for a hypothetical example:

Kumar/Biomechanics in ergonomics, second edition

7908_C001 Final Proof page 32

32

30.10.2007 5:18pm Compositor Name: TSuresh

Biomechanics in ergonomics, second edition
Load (logarithmic scale)

A
D
C

Exposure
time
(logarithmic scale)

B
Motion (logarithmic scale)

Figure 1.22 Description of job-mediated risk (JMR) indices for four different jobs: A, B, C, and D.
Jobs A, B, and C have predominantly load, motion, and duration risks. Job D has a similar magnitude
of risk all around. (From Kumar, S., Hum. Factors, 36, 197, 1994. With permission.)

CI of JMR ¼ 0:957(SI  0:87, EI  0:2, MI  0:25)

(1:7)

where
SI is stress index
EI is exposure index
MI is motion index
Using the relationship depicted in Equation 1.1 and integrating the JMRs, one can
express the MOS as follows:
MOS ¼ K(1  a1 SIx )(1  a2 EIy )(1  a3 MIz )

(1:8)

where x, y, and z are weighting factors for SI, EI, and MI, respectively.
Expanding the Equation 1.8 by substituting for SI, EI, and MI one will get the following
(Kumar 1994; quoted with permission):




 
CWL  PWL
MOS ¼ K 1  a1
MVC  PWL x
"



 #
CWD  PDL
CF  PF
RR  AR
 1  a2
1
1
1
ET  PDL
MF  PF
RR
y
"


 #
MRQp  MDRp
MRQd  MDRd
 1  a3
1
1
PE  MDRp
DE  MDRd
z
where
MOS ¼ margin of safety
K
¼ proportionality constant for MOS
a1
¼ a constant for stress index
CWL ¼ constant work level
PWL ¼ preferred work level
MVC ¼ maximum voluntary contraction
x
¼ weighting factor of the stress index

(1:9)
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a2
¼ constant for the duration index
CWD ¼ constant work duration
PDL ¼ preferred duration level
ET
¼ endurance time
CF
¼ constant job frequency
PF
¼ preferred job frequency
MF ¼ maximum frequency possible for the job activity
AR
¼ allowed recovery period
RR
¼ required recovery period
y
¼ weighting factor of the duration index
¼ constant for the motion index
a3
MRQp ¼ motion required in proximal direction
MDp ¼ mid-range in proximal direction
PE
¼ proximal extreme motion
MRQd ¼ motion required in distal direction
MDRd ¼ mid-range in distal motion
DE
¼ distal extreme motion
z
¼ weighting factor of the motion index
Thus the overexertion theory of MSI causation incorporates different variables which
affect the load on the system by means of force, duration, or posture. All three factors
may be operative at the same time in varying degrees. Any of these variables or their
combination when they exceed the neutral MOS will potentiate injury. MSIs are multivariate phenomenon and they can be explained and thus controlled only through
multivariate approaches. The overexertion theory addresses only the internal physical
factors and their role in injury causation. Direct trauma to the tissues through
external agents and devices is excluded from this approach. Furthermore, the role
of psychosocial factors, if any, has not been explored and explained in this theory. Are
psychosocial factors causal in MSI precipitation? Although many opinions are ﬂoating in
scientiﬁc circles, the literature has only reported an association. Questions have been
asked as to whether the psychosocial traits are the result of MSIs or whether they have
been instrumental in their causation. It would appear that certain psychosocial traits may
facilitate physical overexertion, causing injury. In this sense their role may be an important one. Nonetheless, injuries have biomechanical basis and their occurrence under most
circumstances, if not all, will require biomechanical stresses.

1.7 Summary
Occupational activities result in occupational MSIs. Injuries have a biomechanical basis
and occur as a result of mechanical disruption of tissues. Tissues have material properties
and exceeding their limits results in tissue failure. Tissue load-bearing capacity changes in
time or due to its loading history, as all biological materials are viscoelastic. Almost all
identiﬁed risk factors affect the material properties of the tissues determining their vulnerability. Genetic predisposition and psychosocial susceptibility contribute to the innate
characteristics, physical preparedness, and mental alertness to negotiate biomechanical
hazards. An interaction of these factors may determine safety or injury precipitation. The
biomechanical hazards comprising force, effective exposure, and postural load interact to
create a composite JMR of injury. When the magnitude of this risk exceeds the tissue
tolerance capacity, an injury is precipitated. This can occur through any of the four theories
presented here as the primary medium depending on the circumstances. However, all four
theories are concurrently active at all times.
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2.1 Introduction=overview
Anthropometry provides data on the size of the human body and its segments. Biomechanics of the human (anthromechanics) combines biological information with engineering
mechanics. Both are essential components of ergonomics. In August 2000, the Council of
41
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the International Ergonomics Association (IEA) deﬁned ergonomics (aka human factors or
human engineering) as
.
.

Scientiﬁc discipline concerned with the understanding of interactions among humans
and other elements of a system and
Profession that applies theory, principles, data, and methods to design in order to
optimize human well-being and overall system performance

The ergonomic goal is to design tasks, jobs, products, environments, and systems so that
they are compatible with the needs, abilities, and limitations of people.

2.1.1 Anthropometry
Procedures to measure the human body followed throughout the twentieth century the
techniques that Martin [1] developed in 1914 [2–4]. The 1978 NASA=Webb sourcebook [5]
contains an exhaustive collection of anthropometric data available during the mid-1970s.
Since then, numerous publications describing national, ethnic, professional, age-related,
and other groupings have appeared in the literature (see, for example, Kroemer's [6]
compilation of anthropometric information).
In the 1990s, new three-dimensional (3D) computerized procedures to measure and
describe the surface topography of the human body became practical. Currently, these new
procedures augment the classic manual measurement techniques; they may eventually
replace the classic techniques, however. Several publications provide information on old
and emerging anthropometric techniques [7–20].
US and French clothing industry groups recently recorded the surface geometry of
thousands of adults in their home countries [21–24]. The French have published some of
the results; yet, most of the data will not be publicly available for several years. The
American data are available by payment; contact SizeUSA[TC]2 at info@tc2.com.
Conventional anthropometry was mostly concerned with the bony structure of the
body, which presents solid measurement landmarks; for example, head length is the
distance between the skull points glabella and occiput. However, the reliance on bony
landmarks made it difﬁcult to describe deformable tissues and surfaces. Furthermore, most
measurements were done independently of each other so that re-creating a 3D body from
them was a difﬁcult task. Quite the opposite applies to recent 3D surface anthropometry: it
relies entirely on measuring body contours and, consequently, bony landmarks need to be
inferred from surface information.
In either approach, total body mass is measured as weight, while volumes and masses of
body segments (see below) must be approximated from speciﬁc measurements.
The most reliable observations of anthropometric trends come from military surveys,
which, in many countries, provide minute records over hundreds of years. Soldiers are a
subsample of the general population; yet until recently, they were all males. Soldiers were
and are a selection of relatively young and healthy persons, usually neither extremely
small nor big. Thus, their body dimensions do not represent the adult civilian population
exactly, although there should be no major differences in head, hand, and foot sizes.
Throughout the last century, anthropometrists observed that many women and men
grew taller than their parents did: stature (standing height) increased by about 1 cm every
10 years in the North America and Europe. An analysis of 22 body dimension of female
and male US Army soldiers, taken in 1988 [25], showed that the fast increase in stature seen
earlier had slowed; at that time, it took about 20 years to gain approximately another
centimeter. However, body weight still increased by 2–3 kg per decade; the recent trend
toward obesity probably augments the weight gain further.

Kumar/Biomechanics in ergonomics, second edition 7908_C002 Final Proof page 43

9.11.2007 11:05am Compositor Name: VAmoudavally

Anthropometry and biomechanics: anthromechanics

43

2.1.1.1 Sizes of human bodies
Except in Taiwan [19,20] and France [22], surprisingly and disappointingly, no comprehensive anthropometric survey of the civilian national population has been done anywhere
on the globe. To measure a large population using conventional techniques is slow and
costly: even in the comparatively rich United States, the last large-scale survey of civilians
was in the 1940s. The modern technology of computerized surface anthropometry should
facilitate quick and accurate measurement of large population samples.
The information currently (in 2006) available on human body sizes still stems, except the
3D 2006 French data, from conventional measurements. Table 2.1 presents global data on
two major body descriptors: stature and weight. This collection is an updated and
condensed version of a table in Kroemer [6] that contains information on the source
publications. A review of the data in Table 2.1 indicates that many entries reﬂect
measurements done decades ago, often on small population samples selected for new
unknown reasons.
While stature and weight are the most commonly used descriptors of body size,
anthropometrists have devised a large number of measurements to describe details of
the body, to allow person-to-person comparisons, and to assess the great variability that
exists among humans. Table 2.2 describes 37 measures that Gordon et al. [26] took on US
Army personnel. The table explains how the measures were taken, to what extent they
describe body sizes, and how these relate to design tasks. Many of these measures are in
widespread use and hence are de facto standards worldwide; however, when 3D surface
measurements become universal practice, the procedures will need to be reevaluated.

Table 2.1 International Anthropometry:
Adults, Height and Weight Averages (with Standard Deviations)
Sample
size

Stature
mm

Weight
kg

Algeria: Females (1990)

666

1576 (56)

61 (1)

Australia: Females, 77 (8) years old
Males, 76 (7) years old (2000)

138
33

1521 (70)
1658 (79)

61 (13)
72 (11)

Brazil: Males (1988)

3076

1699 (67)

nda

China: Females (hong kong)
Females (taiwan) (1994)
Females (taiwan) (2000)
Males (hong kong) (2000)
Males (canton) (1990)
Males (taiwan) (2002)

69
300
about 600
286
41
about 600

1607
1582
1572
1737
1720
1705

(54)
(49)
(53)
(49)
(63)
(59)

nda
51 (7)
52 (7)
nda
60 (6)
67 (9)

Egypt: Females (1987)

4960

1606 (72)

63 (4)

France: Female soliders
Male soliders (1997)
Females
Males
(IFTH and Goncalves, personal
communication, 2006)

328
687

1620
1747

58
70

5510
3986

1625 (71)
1756 (77)

62 (12)
77 (13)
(continued)
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Table 2.1 (Continued) International Anthropometry:
Adults, Height and Weight Averages (with Standard Deviations)
Sample
size

Stature
mm

Weight
kg

Germany (east): Females
Males (1986)

123
30

1608 (59)
1715 (66)

nda
nda

India: Females
Males (1997)
East-Ctr. India male farm workers (2002)
Central India male farm workers (1989)
South India male workers (1992)
East India male farm workers (1997)

251
710
300
39
128
134

1523 (66)
1650 (70)
1638 (56)
1620 (50)
1607 (60)
1621 (58)

50
57
57
49
57
54

Indonesia: Females
Males (1985)

468
949

1516 (54)
1613 (56)

nda
nda

Iran: Female students
Male students (1997)

74
105

1597 (58)
1725 (58)

56 (10)
66 (10)

Ireland: Males (1991)

164

1731 (58)

74 (9)

Italy: Females (1991)
Females (2002)
Males (1991)
Males (2002)

753
386
913
410

1610
1611
1733
1736

58
58
75
73

Jamaica: Females
Males (1991)

123
30

1648
1749

61
68

Japan: Females
Males (1990)

240
248

1584 (50)
1688 (55)

54 (6)
66 (8)

Korea (south): Female workers (1989)

101

1580 (57)

54 (7)

Malasia: Females (1988)

32

1559 (66)

nda

Netherlands: Females, 20–30 years old (1998)
Females, 18–65 years old (2002)
Males, 20–30 years old (1998)
Males, 18–65 years old (2002)

68
691
55
564

1686 (66)
1679 (75)
1848 (80)
1813 (90)

67 (10)
73 (16)
81 (14)
84 (16)

Russia: Female herders (ethnic Asians)
Female students (ethn. Russians)
Female students (ethn. Usbeks)
Fem. factory workers (ethn. R.)
Fem. factory workers (ethn. U.)
Male students (ethn. Russians)
Male students (ethn. Usbeks)
Male factory workers (ethn. R.)
Male factory workers (ethn.mix)
Male farm mechanics (ethnic Asians)
Male coal miners (ethn. Russians)
Male construction workers (ethnic Russians) (1999)

246
207
164
205
301
166
150
192
150
520
150
150

1588 (55)
1637 (57)
1578 (49)
1606 (53)
1580 (54)
1757 (56)
1700 (52)
1736 (61)
1700 (59)
1704 (58)
1801 (61)
1707 (69)

nda
61 (8)
56 (7)
61 (8)
58 (9)
71 (9)
65 (7)
72 (10)
68 (8)
64 (8)
nda
nda

(64)
(62)
(71)
(67)

(10)
(11)
(7)
(6)
(5)
(67)

(8)
(9)
(10)
(11)
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Table 2.1 (Continued) International Anthropometry:
Adults, Height and Weight Averages (with Standard Deviations)
Sample
size

Stature
mm

Weight
kg

Saudi Arabia: Males (1986)

1440

1675 (61)

nda

Singapore: Females (1988)
Males (pilot trainees) (1995)

46
832

1598 (58)
1685 (53)

nda
nda

Sri Lanka:
Females
Males (1991)

287
435

1523 (59)
1639 (63)

774 (22)
833 (27)

Sudan:
Males:
Villagers (1981)
City dwellers (1982)
City dwellers (1982)
Soldiers (1981)
Soldiers (1982)

37
16
48
21
104

1687 (63)
1704 (72)
1668
1735 (71)
1728

nda
nda
nda
nda
nda

Thailand:
Females
Females
Males
Males (1991)

250
711
250
1478

1512 (48)
1540 (50)
1607 (20)
1654 (59)

nda
817 (27)
nda
872 (32)

Turkey:
Females:
Villagers
City dwellers
Male soldiers (1991)

47
53
5108

1567 (52)
1563 (55)
1702 (60)

792 (38)
786 (05)
888 (34)

about 3800
about 3800
125

1625
1762
1637 (62)

nda
nda
nda

384
105
2208
1774
1255

1778 (73)
1803 (65)
1629 (64)
1756 (67)
1640 (73)

nda
nda
852 (35)
914 (36)
nda

1120
30
41

1778 (79)
1559 (61)
1646 (60)

nda
nda
nda

U.S.A.:
Females
Males (2004)
Midwest workers, with shoes and light
clothes: females
Males (1993)
U.S. male miners (1993)
U.S. Army soldiers: females
Males (1989)
North American (Canada and USA) females,
18–26 years old
Males, 18–65 years old (2002)
Vietnamese, living in the USA: females
Males (1993)

Source: Adapted from Kroemer, K.H.E., ‘‘Extra-Ordinary Ergonomics: How to Accommodate Small and Big Persons,
the Disabled and Elderly, Expectant Mothers and Children, Taylor & Francis, Boca Raton, FL. 2006.
Note: nda: no data available.
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Table 2.2

Common Body Measures and Their Applications

Dimensions
1

2

3

4

5

6

7

8

9

9.11.2007 11:05am Compositor Name: VAmoudavally

Stature
The vertical distance from the ﬂoor to the top
of the head, when standing.

Eye height, standing
The vertical distance from the ﬂoor to the
outer corner of the right eye, when standing.

Shoulder height (acromion), standing
The vertical distance from the ﬂoor to the
tip (acromion) of the shoulder, when
standing [2].
Elbow height, standing
The vertical distance from the ﬂoor to the
lowest point of the right elbow, when
standing, with the elbow ﬂexed at 908.
Hip height (trochanter), standing
The vertical distance from the ﬂoor to the
trochanter landmark on the upper side of the
right thigh, when standing.

Applications
A main measure for comparing population
samples. Reference for the minimal height of
overhead obstructions. Add height for more
clearance, hat, shoes, stride.
Origin of the visual ﬁeld of a standing person.
Reference for the location of visual
obstructions and of targets such as displays;
consider slump and motion.
Starting point for arm length measurements;
near the center of rotation of the upper arm.
Reference point for hand reaches; consider
slump and motion.
Reference for height and distance of the work
area of the hand and the location of controls
and ﬁxtures; consider slump and motion.
Traditional anthropometric measure,
indicator of leg length and the height of the
hip joint. Used for comparing population
samples.

Knuckle height, standing
The vertical distance from the ﬂoor to the
knuckle (metacarpal bone) of the middle
ﬁnger of the right hand, when standing.

Reference for low locations of controls,
handles, and handrails; consider slump and
motion of the standing person.

Fingertip height, standing
The vertical distance from the ﬂoor to the tip
of the extended index ﬁnger of the right
hand, when standing.

Reference for the lowest location of controls,
handles, and handrails; consider slump and
motion of the standing person.

Sitting height
The vertical distance from the sitting surface
to the top of the head, when sitting.
Sitting eye height
The vertical distance from the sitting surface
to the outer corner of the right eye, when
sitting.

Reference for the minimal height of overhead
obstructions. Add height for more clearance,
hat, trunk motion of the seated person.
Origin of the visual ﬁeld of a seated person.
Reference point for the location of visual
obstructions and of targets such as displays;
consider slump and motion.
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Common Body Measures and Their Applications

Dimensions
10

11

12

13

14

15

16

17

47

Sitting shoulder height (acromion)
The vertical distance from the sitting surface
to the tip (acromion) of the shoulder, when
sitting.
Sitting elbow height
The vertical distance from the sitting surface
to the lowest point of the right elbow, when
sitting, with the elbow ﬂexed at 908.
Sitting thigh height (clearance)
The vertical distance from the sitting surface
to the highest point on the top of the
horizontal right thigh, with the knee
ﬂexed at 908.
Sitting knee height
The vertical distance from the ﬂoor to the top
of the right kneecap, when sitting, with the
knees ﬂexed at 908.

Sitting popliteal height
The vertical distance from the ﬂoor to the
underside of the thigh directly behind the right
knee; when sitting, with the knees ﬂexed at 908.
Shoulder–elbow length
The vertical distance from the underside of
the right elbow to the right acromion, with
the elbow ﬂexed at 908 and the upper arm
hanging vertically.
Elbow–ﬁngertip length
The distance from the back of the right elbow
to the tip of the extended middle ﬁnger, with
the elbow ﬂexed at 908.
Overhead grip reach, sitting
The vertical distance from the sitting surface
to the center of a cylindrical rod ﬁrmly held
in the palm of the right hand.

Applications
Starting point for arm length measurements;
near the center of rotation of the upper arm.
Reference for hand reaches; consider slump
and motion.
Reference for the height of an armrest, of the
work area of the hand, and of keyboard and
controls; consider slump and motion of the
seated person.
Reference for the minimal clearance needed
between seat pan and the underside of a
structure, such as a table or desk; add
clearance for clothing and motions.
Traditional anthropometric measure for
lower leg length. Reference for the minimal
clearance needed below the underside of a
structure, such as a table or desk; add height
for shoe.
Reference for the height of a seat; add height
for shoe.

Traditional anthropometric measure for
comparing population samples.

Traditional anthropometric measure.
Reference for ﬁngertip reach when moving
the forearm in the elbow.
Reference for the height of overhead controls
operated by a seated person. Consider ease
of motion, reach, and ﬁnger=hand=arm
strength.
(continued)
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Common Body Measures and Their Applications

Dimensions
18

19

20

21

22

23

24

25
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Overhead grip reach, standing
The vertical distance from the standing
surface to the center of a cylindrical rod
ﬁrmly held in the palm of the right hand.
Forward grip reach
The horizontal distance from the back of
the right shoulder blade to the center of a
cylindrical rod ﬁrmly held in the palm of
the right hand.
Arm length, vertical
The vertical distance from the tip of the
right middle ﬁnger to the right acromion,
with the arm hanging vertically.

Downward grip reach
The vertical distance from the right
acromion to the center of a cylindrical rod
ﬁrmly held in the palm of the right hand,
with the arm hanging vertically.
Chest depth
The horizontal distance from the back to
the right nipple.

Abdominal depth, sitting
The horizontal distance from the back to
the most protruding point on the
abdomen.
Buttock–knee depth, sitting
The horizontal distance from the back of
the buttocks to the most protruding point
on the right knee, when sitting with the
knees ﬂexed at 908.
Buttock–popliteal depth, sitting
The horizontal distance from the back of
the buttocks to back of the right knee just
below the thigh, when sitting with the
knees ﬂexed at 908.

Applications
Reference for the height of overhead controls
operated by a standing person. Add shoe height.
Consider ease of motion, reach, and
ﬁnger=hand=arm strength.
Reference for forward reach distance. Consider
ease of motion, reach, and ﬁnger=hand=arm
strength.

A traditional measure for comparing population
samples. Reference for the location of controls
very low on the side of the operator. Consider
ease of motion, reach, and ﬁnger=hand=arm
strength.
Reference for the location of controls low on the
side of the operator. Consider ease of motion,
reach, and ﬁnger=hand=arm strength.

A traditional measure for comparing population
samples. Reference for the clearance between
seat backrest and the location of obstructions in
front of the trunk.
A traditional measure for comparing population
samples. Reference for the clearance between
seat backrest and the location of obstructions in
front of the trunk.
Reference for the clearance between seat backrest
and the location of obstructions in front of the
knees.

Reference for the depth of a seat.
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Common Body Measures and Their Applications

Dimensions
26

27

28

29

30

31

32

33

49

Shoulder breadth (biacromial)
The distance between the right and left
acromion.

Shoulder breadth (bideltoid)
The maximal horizontal breadth across the
shoulders between the lateral margins of the
right and left deltoid muscles.
Hip breadth, sitting
The maximal horizontal breadth across the
hips or thighs, whatever is greater, when
sitting.
Span
The distance between the tips of the middle
ﬁngers of the horizontally outstretched arms
and hands.
Elbow span
The distance between the tips of the elbows of
the horizontally outstretched upper arms
when the elbows are ﬂexed so that the
ﬁngertips of the hands meet in front of the
trunk.
Head length
The distance from the glabella (between the
browridges) to the most rearward
protrusion (the occiput) on the back, in the
middle of the skull.
Head breadth
The maximal horizontal breadth of the head
above the attachment of the ears.
Hand length
The length of the right hand between the
crease of the wrist and the tip of the middle
ﬁnger, with the hand ﬂat.

Applications
A traditional measure for comparing
population samples. Indicator of the
distance between the centers of rotation of
the two upper arms.
Reference for the lateral clearance required at
shoulder level. Add space for ease of motion
and tool use.
Reference for seat width. Add space for
clothing and ease of motion.

A traditional measure for comparing
population samples. Reference for
sideway reach.
Reference for the lateral space needed at
upper body level for ease of motion and
tool use.

A traditional measure for comparing
population samples. Reference for
headgear size.

A traditional measure for comparing
population samples. Reference for
headgear size.
A traditional measure for comparing
population samples. Reference for hand tool
and gear size. Consider manipulations,
gloves, tool use.
(continued)
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Common Body Measures and Their Applications

Dimensions
34

35

36

37
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Hand breadth
The breadth of the right hand across the
knuckles of the four ﬁngers.

Foot length
The maximal length of the right foot, when
standing.
Foot breadth
The maximal breadth of the right foot, at right
angle to the long axis of the foot, when
standing.
Weight (kg)
Nude body weight taken to the nearest tenth
of a kilogram.

Applications
A traditional measure for comparing
population samples. Reference for hand tool
and gear size, and for the opening through
which a hand may ﬁt. Consider
manipulations, gloves, tool use.
A traditional measure for comparing
population samples. Reference for shoe and
pedal size.
A traditional measure for comparing
population samples. Reference for shoe size,
spacing of pedals.
A traditional measure for comparing
population samples. Reference for body size,
clothing, strength, health, etc. Add weight
for clothing and equipment worn on the
body.

Source: Adapted from Kroemer, K.H.E., The Occupational Ergonomics Handbook, Taylor & Francis, Boca Raton,
FL, 2006.
Note: Descriptions of dimensions from Gordon et al. (1989) [26] with their reference numbers in brackets.

2.1.1.2 Static and dynamic anthropometry
Anthropometry, whether done in the traditional way or using 3D assessments, measures
the human body while standing or sitting still. Measuring and describing the size of the
human body in motion is still a task to be accomplished.
The reliance on static information restricts the direct applicability of measurement
results, because usually the human moves, instead of staying immobile. To design for
movement, the engineer needs to adjust the static data, a procedure for which no established rules exist beyond the simple recommendations in Tables 2.3 and 2.4.

2.1.1.3 Average person and other phantoms
Relationships among body dimensions vary greatly. Table 2.5 lists correlations among
body dimensions of US Army soldiers [27]. Apparently, this is the only group on which
such data are available in spite of the fact that, about four decades ago, Clauser et al. ([40],
p. 40) pointed out the need for such information.
Table 2.5 shows that the Pearson correlation coefﬁcients r between pairs of body
measurements range from zero (meaning no relationship) to almost one (plus or minus,
each indicating a perfect relationship, either positive or negative). Accordingly, any
attempt to express all, even most, body characteristics in terms of one basic denominator
is futile. Yet, in the past, too many designers used a deceptive scheme that expressed
heights, breadths, depths, and segment lengths as a percentage of stature. For instance,
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Table 2.3 Guidelines for the Conversion of Standard
Measuring Postures to Functional Stances and Motions
To Consider

Do the Following

Slumped standing or sitting
Relaxed trunk
Wearing shoes
Wearing light clothing
Wearing heavy clothing
Extended reaches
Use of hand tools
Forward bent head (and neck) posture
Comfortable seat height

Deduct 5%–10% from appropriate height measurements
Add 5%–10% to trunk circumferences and depths
Add approximately 25 mm to standing and sitting
heights; more for ‘‘high heels’’
Add about 5% to appropriate dimensions
Add 15% or more to appropriate dimensions.
(Note that heavy clothing may severely reduce mobility.)
Add 10% or more for extensive motions of the trunk
Assume the center of handle to be at about 40% hand
length, measured from the wrist
Assume the ear–eye line to be about horizontal
Add or subtract up to 10% to or from standard seat height

Source: Adapted from Kroemer, K.H.E., Kroemer, H.J., and Kroemer-Elbert, K.E., in Engineering Physiology: Bases
of Human Factors=Ergonomics, Van Nostrand Reinhold, New York, 1997.

in 1966, human factors authors (who may remain anonymous) stated that average hip
breadth is 19.1% of standing height. A textbook author (unidentiﬁed here) reprinted that
information, without commentary, in 1997. While such statement may be statistically
correct (for a given sample), it provides no useful guidance to the designer because
hip breadth varies widely among individuals and between the groups of male and female.
It is hard to think of any object that one could design properly for a ﬁxed average hip
breadth.
Surprisingly, some engineers, even physiologists and physicians, are still willing to
express body attributes in terms of stature (probably because height is easily measured),
Table 2.4
Angles at
Knee
Hip (lateral new)
Shoulder
Elbow
Wrist
Neck=head
Back

Estimates of Mobility Ranges at Work
Walking about, Standing

Sitting

Near extreme stretch:
1808 or slightly less
Near extreme stretches:
about 1808
Mostly mid-range:
upper arm often hanging down
Mostly mid-range:
about 908
Mostly mid-range:
about straight
Mostly mid-range:
about straight
Near extreme stretch:
about erect

Mostly mid-range:
about 908
Mostly mid-range:
about 908

Source: Adapted from Kroemer, K.H.E., Kroemer, H.J., and Kroemer-Elbert, K.E., in Engineering
Physiology: Bases of Human Factors=Ergonomics, Van Nostrand Reinhold, New York, 1997.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Age
Weight
Stature
Overhead ﬁngertip reach
Wrist height, standing
Crotch height
Sitting height
Popliteal height, sitting
Shoulder circumference
Chest circumference
Waist circumference
Buttock circumference
Span
Biacromial breadth
Hip breadth, standing
Head circumference
Head length
Head breadth
Hand length
Foot length
0.195
0.021
0.013
0.028
0.090
0.026
0.094
0.122
0.279
0.364
0.190
0.016
0.034
0.209
0.125
0.002
0.198
0.032
0.012

1 Age

Table 2.5

0.937*
0.856*
0.852*
0.741*
0.852*
0.399
0.312
0.276
0.401
0.815*
0.487
0.453
0.342
0.346
0.114
0.650
0.700

0.041
0.529

0.219
0.546
0.525
0.527
0.351
0.447
0.341
0.861*
0.873*
0.849*
0.935*
0.497
0.496
0.831*
0.508
0.371
0.320
0.453
0.512

3 St

2W

0.749*
0.890*
0.578
0.883*
0.413
0.308
0.251
0.380
0.908*
0.506
0.416
0.312
0.315
0.098
0.724*
0.734*

0.017
0.493
0.928*

4 OFR

0.673
0.692
0.673
0.334
0.357
0.343
0.412
0.535
0.295
0.457
0.302
0.295
0.112
0.464
0.537

0.044
0.491
0.848*
0.704*

5 WH

0.383
0.326
0.287
0.298
0.373
0.398
0.407
0.464
0.303
0.302
0.128
0.300
0.383

0.066
0.422
0.755*
0.554
0.754*
0.330

0.055
0.370
0.840*
0.905*
0.625
0.347
0.924*
0.250
0.135
0.060
0.204
0.840*
0.370
0.239
0.224
0.260
0.034
0.676
0.687

7 SH

6 CH

Correlations between Anthropometric Data on US Army Soldiers

0.859*
0.703*
0.781*
0.445
0.633
0.672
0.433
0.295
0.303
0.372
0.409

0.155
0.845*
0.377
0.384
0.300
0.267
0.285
0.188

0.074
0.242
0.808*
0.868*
0.587
0.915*
0.343
0.256
0.137
0.074
0.191
0.844*
0.394
0.224
0.240
0.268
0.035
0.679
0.697

9 SC

8 PH

52
0.839*
0.815*
0.281
0.419
0.727
0.421
0.271
0.311
0.242
0.299

0.193
0.806*
0.222
0.199
0.255
0.093
0.202
0.023
0.808*

10 CC
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Age
Weight
Stature
Overhead ﬁngertip reach
Wrist height, standing
Crotch height
Sitting height
Popliteal height, sitting
Shoulder circumference
Chest circumference
Waist circumference
Buttock circumference
Span
Biacromial breadth
Hip breadth, standing
Head circumference
Head length
Head breadth
Hand length
Foot length
0.859*
0.201
0.311
0.799
0.376
0.222
0.277
0.166
0.220

0.299
0.767*
0.167
0.132
0.217
0.061
0.142
0.031
0.697
0.781*

0.352
0.411
0.902*
0.427
0.301
0.268
0.320
0.390

0.258
0.897*
0.361
0.313
0.363
0.185
0.351
0.063
0.726*
0.707*
0.738*

12 BC

0.575
0.355
0.320
0.304
0.131
0.810*
0.766*

0.011
0.438
0.787*
0.907*
0.453
0.870*
0.336
0.840*
0.395
0.167
0.109
0.258

13 Sp

0.404
0.301
0.235
0.180
0.433
0.445

0.025
0.440
0.505
0.535
0.303
0.418
0.384
0.420
0.574
0.304
0.214
0.327
0.565

14 BB

0.364
0.259
0.235
0.298
0.377

0.283
0.778*
0.372
0.294
0.397
0.146
0.438
0.051
0.601
0.603
0.673
0.915*
0.203
0.294

15 HiB

0.820*
0.541
0.330
0.333

0.073
0.428
0.348
0.337
0.250
0.287
0.246
0.241
0.353
0.393
0.223
0.313
0.345
0.287
0.232

16 HC

0.120
0.306
0.304

0.027
0.329
0.354
0.345
0.261
0.302
0.255
0.271
0.264
0.191
0.117
0.226
0.338
0.259
0.160
0.824*

17 HeL

0.137
0.161

0.044
0.420
0.124
0.095
0.403
0.043
0.159
0.020
0.261
0.246
0.229
0.220
0.083
0.152
0.196
0.497
0.131

18 HeB

0.806*

0.044
0.430
0.637
0.737
0.403
0.706*
0.256
0.685
0.355
0.186
0.127
0.258
0.827*
0.441
0.180
0.342
0.337
0.082

19 HaL

0.026
0.493
0.673
0.732*
0.468
0.703*
0.330
0.671
0.379
0.288
0.170
0.323
0.775*
0.456
0.250
0.360
0.339
0.113
0.825*

20 FL

Source: Adapted from Cheverud, J. et al., 1988. Anthropometric survey of US Army personnel, Technical Reports 90=031 through 036, US Army Natick Research, Development
and Engineering Center, Natick, MA, 1990.
Note: Values for women appear above the diagonal, below for men. Values larger than 0.7 carry an asterisk. All pairs of data that correlate above 0.7 appear both in the male
and female groups; also note that the correlations below 0.3 are similar for both genders.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

11 WC
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even when a proper logical or statistical correlation is lacking. For example, we commonly
compare body weight to standing height, despite the fact that the correlation between these
two variables is only around 0.5, at best. See Table 2.5 for some actual data, keeping in
mind that most active soldiers are fairly ﬁt persons; in the general population, the correlation between stature and body weight is certainly much lower.
Another statistical folly is the construct of a human body that consists of parts that are
all of the same percentage value. Such persons do not exist, and anthropometric statisticians have long proven that concept irrational [5]. Yet, in spite of the obvious fallacy of the
single-percentile model, various phantom templates have appeared inexplicably in which
body segments are all of the same percentile value. The ghost most often encountered is the
50th percentile pattern, the proverbial ‘‘average person.’’ Other eerie ﬁgures have materialized, most of them showing either all 5th or all 95th percentile values. Of course, designs
for these ﬁgments of the imagination hardly ﬁt actual users.
More than 50 years ago, Daniels [28] investigated how many men in a sample of 4063
are approximately average in body size. His generous deﬁnition of ‘‘approximately average’’ was to be within the central quarter of the total sample (+3=10 of the relevant
standard deviation about the mean). As Table 2.6 shows that, by the fourth iteration, less
than 1% remained in the ‘‘average’’ group.
Gordon et al. [29] discussed the concept of designing equipment to ﬁt the ‘‘5th to 95th
percentile user,’’ that is, the central 90%. As they went through the steps of accommodating

Table 2.6

How Many Persons Are Approximately Average in Body Size?

Step

Sample Size

1
2

Of the original 4063
men (100%)
Of the remaining 1055 men

3

Of the remaining 302 men

4

Of the remaining 143 men

5

Of the remaining 73 men

6

Of the remaining 28 men

7

Of the remaining 12 men

8

Of the remaining 6 men

9

Of the remaining 3 men

10

Of the remaining 2 men

Remaining in the Approximately
Average Samplea
1055 were between 38th and 62nd percentile
in stature
302 were between 38th and 62nd percentile
in chest circumference
143 were between 38th and 62nd percentile
in arm (sleeve) length
73 were between 38th and 62nd percentile
in crotch height
28 were between 38th and 62nd percentile
in torso circumference
12 were between 38th and 62nd percentile
in hip circumference
6 were between 38th and 62nd percentile
in neck circumference
3 between 38th and 62nd percentile
in waist circumference
2 were between 38th and 62nd percentile
in thigh circumference
None were between 38th and 62nd percentile
in crotch length

Percentage
26
7
4
2
<1
<0.3
<0.2
<0.1
<0.1
0

Source: Adapted from Daniels, G.S., The ‘‘Average Man’’? TR WCRD 53–57, Wright Air Development Center,
Dayton, OH, 1952.
a
Lower=upper exclusion limits set by +3=10 of the relevant standard deviation about the mean.
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Table 2.7 How Many Users Would a
5th–95th Percentile Speciﬁcation Accommodate?
5th–95th Percentile Requirement in

Percentage Accommodated

Stature
Chest circumference
Waist length
Shoulder breadth
Waist circumference

90%
82%
78%
71%
67%

of the user population
of the user population
of the user population
of the user population
of the user population

Source: Adapted from Gordon, C.C., Corner, B.D., and Brantley, J.D., Deﬁning extreme
sizes and shapes for body armor and load-bearing systems design: Multivariate analysis
of US Army torso dimensions, Technical Report NATICK=TR-97=012, US Army Natick
Research, Development and Engineering Center, Natick, MA, 1997.

the original sample with regard to several body dimensions, they found that after the ﬁfth
step, only two-thirds of the users were still accommodated.
The classic 1952 example in Table 2.6 and the newer case in point in Table 2.7 demonstrate that ever fewer persons are included as more speciﬁcations are added; accommodation varies with the number of critical dimensions and the correlations among them. Usage
problems are not likely to appear among the persons who are smallest or largest in their
dimensions but rather with individuals whose bodies show combinations of both small
and large measures; an example is a driver who owns a short torso and long legs. Gordon
et al. [29] and Gordon [30] discussed several statistical procedures other than the use of
percentile limits to accommodate diverse human bodies.
Application problems, such as just discussed, stem primarily from faulty interpretations
of statistical indices. Many books on elementary statistics explain the procedures and
present the tools to describe normal (Gaussian) data distributions. However, they usually
do not discuss the practical implications of reversing the process, when we use or calculate
certain points (percentiles) along a normal distribution of data. When we do so, we need to
pay careful attention to the existing restrictions in the available data (see below).

2.1.2 Statistical descriptions of body sizes
For ergonomic design, the basic tasks are, ﬁrst, to identify the critical human attribute—
often several attributes—and, second, to accommodate it (or them [6,12,13,31–33]). For each
crucial characteristic, we must quantify its critical values, usually in terms of lower and
upper limits.
Here are a few examples [6]:
.

.

.

Small children may put their heads between balusters of railings and then become
stuck. Breadth of the head is the crucial characteristic. Therefore, the opening between
neighboring pickets must be smaller than the narrowest skull observed.
Many older persons ﬁnd it difﬁcult to step up, for example, when they want to board
a public bus. After measuring on an appropriate sample of bus users the ability to
climb steps of different heights, the designer determines the step height that at least
two-thirds of the clients can climb with acceptable effort.
Stamping presses used to join parts may injure the hands of their operators who have
exceptionally long and slender ﬁngers. Extending the safety cage around the pinch
point farther out than the operator with the longest hands and ﬁngers could reach
solves that problem.
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2.1.2.1 Extreme body sizes
These examples show the need to determine a single anthropometric value (the narrowest
head, tallest step, longest hand) that establishes a single cutoff design dimension: the
minimal baluster spacing, the desired step-up height, the necessary safety clearance.
These solutions employ the simple principle of ‘‘Max or Min,’’ which means either
1. Design for the maximal value—for the big, the burly: the upper limit or
2. Design for the minimal value—for the small, the feeble: the lower limit
In many other applications, lower and upper values both determine the appropriate
design. This dual cutoff determines adjustment limits, such as the lowest and tallest heights
between which we can set an ofﬁce chair to accommodate the different lengths of the users'
lower legs. Other examples for the minimal and maximal design practice are clothing
tariffs that determine size group of slacks, shirts, gloves, and hats cut to ﬁt the body
dimensions of certain segments of the wearers. A special example is the attempt to
accommodate everybody within the 5th–95th percentile, discussed above.
Fortunately, many ergonomic data, including anthropometric information in particular,
appear as normal (Gaussian) distributions in the familiar bell-shaped pattern, symmetrical
on both sides of the average. However, there are some important exceptions; for example,
actual data of muscle strength and other physiological and psychological information are
commonly not in the form of a Gaussian distribution [26,34–36]. Data on special populations and subject samples usually do not show normal distributions either. In these cases,
we cannot use statistical techniques that are suitable for normal distributions; check
statistical handbooks for proper procedures.
If a set of data has normal distribution, we can fully describe it by using just three
descriptors. The mean (m; same as average) identiﬁes the central point of the distribution;
50% of the data lie below and the other 50% above the mean, which is therefore called
the 50th percentile (p50). The other main descriptor is the standard deviation (S), which
speciﬁes the spread of the data about the mean. The numerical value of the standard
deviation is larger when the data are widely scattered than when they cluster close to the
mean. The sample size (n) must be large enough to represent the underlying population
accurately.
Although the mean of a distribution is very unlikely to serve as a criterion for design, it is
a useful and necessary tool for statistical purposes. Given a normal distribution, we can
calculate the location of any (percentile) point in the distribution from the mean and
standard deviation. To calculate a percentile value p, we simply multiply the standard
deviation S by a factor k selected from Table 2.8. Then we add the product to the mean m:
p ¼ m þ (k  S)
If the desired percentile is above the 50th percentile, the factor k has a positive sign and
you add the product k 3 S to the mean m; if the percentile is below average, k is negative,
and accordingly you subtract the product.
Examples
1st percentile is at m  2.33S with k ¼ 2.33 (see Table 2.8)
5th percentile is at m  1.64S with k ¼ 1.64
10th percentile is at m  1.28S with k ¼ 1.28
50th percentile is at m because k ¼ 0
60th percentile is at m þ 1.28S with k ¼ 1.28
95th percentile is at m þ 1.64S with k ¼ 1.64
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Table 2.8 Factor k for Computing Percentiles from
Mean m and Standard Deviation S

k
2.576
2.326
2.06
1.96
1.88
1.65
1.28
1.04
1.00
0.84
0.67
0
Note:

Percentile p Located
below the mean m

Percentile p Located
above the mean m

P¼m  k3S
0.50
1
2
2.5
3
5
10
15
16.5
20
25
50

P¼m þ k3S
99.5
99
98
97.5
97
95
90
85
83.5
80
75
50

Intermediate k factors (to calculate percentiles other than listed above)
are listed in statistics books, and by Kroemer et al. (1997) and Kroemer
(2004, 2006b) [27,32,13].

A note of caution is in order here: Determining a selected percentile value by using these
calculations is computationally correct but may miss the mark nevertheless. The concern is
‘‘do the statistical values indeed represent the underlying real-world data?’’ Outliers in the
original raw data may have been smoothed out when the values of the standard deviation
and of the mean were derived by presuming, incorrectly, a Gaussian distribution. Such
distribution assumes just a few values at the extremes of the data collection; however, in
reality a large scatter can exist at a tail end. (An example is the proliferation of persons with
extremely heavy body weights with the current trend toward obesity.) As we reverse the
order, calculating extreme values from the statistics mean and standard deviation, our
calculations may misrepresent reality.

2.1.2.2 Combining data sets
Occasionally we must combine anthropometric values by adding or subtracting them; for
example, total ﬁngertip reach length is the sum of the lengths of upper arm, forearm, and
hand. Combining measures, such as leg length and torso (with head) length, generates a
new distribution, stature in this case. For addition or subtraction, we must consider the
degree of covariation (COV) between measures; for example, usually a person with a tall
torso also has longs legs—but there are many exceptions from the rule of thumb.
Mathematically, the correlation coefﬁcient r describes that relation between two data
sets, x and y:
COV(x,y) ¼ rx,y Sx Sy
It is simple to calculate a new mean z from the sum of the mean values of the x and y
distributions from
mz ¼ m x þ my
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However, the estimated standard deviation Sz of the mean of the new variable z depends
on the correlation between the two data sets:
Sz ¼ (S2x þ S2y þ 2rSx Sy )1=2
Similarly, the difference between two mean values is simply
mz ¼ mx  my
But the standard deviation of the new mean derives from
Sz ¼ (S2x þ S2y  2rSx Sy )1=2
Kroemer [6,13,32,35] presents several application examples.

2.1.2.3 Obtaining missing data
We may have to design a new product for users about whom we do not have precise
information on crucial body data. One example of such a task is designing protective sports
gear for American teenagers. Little formal knowledge about their body sizes, strength
capabilities, and other biomechanical descriptors exists in the open literature [6] but the
human factors engineer needs these measures for proper design.
For precise and comprehensive information, more is necessary than just casually measuring a few acquaintances. Two avenues are open: One is to conduct a formal anthropometric survey, but this is a major enterprise and best done by qualiﬁed anthropometrists
[37]. The other option is to deduce from existing data what we need to know. There are
several approaches to estimating missing data.
Estimation by ratio scaling is one technique to deduce data from known body dimensions.
It relies on the (debatable) assumption that although people vary greatly in size, they are
likely to be similar in proportions. This premise probably holds true for body components
that are related in size to each other, as shown in Table 2.5. Many body lengths highly
correlate with each other; also, there are strong relations among groups of body breadths,
and similarly among circumferences. However, not all body lengths (or breadths, or
circumferences) are highly correlated with each other, and certainly many lengths are not
highly correlated with widths, breadths, or circumferences. Thus, we have to be very careful
in deriving one set of data from another. This is particularly true in the case of teenagers,
whose body proportions change drastically from late childhood to early adulthood.
A good rule for ratio scaling is to use only pairs of data that correlate highly with each
other, with r at least 0.7. (Squaring the correlation coefﬁcient 0.7 results in a value almost
equal to 0.5; this indicates that the variability of the derived information depends by about
50% on the variability of the predictor.) For sets of highly related data, ratio scaling can be an
appropriate means of estimating missing design guide numbers, as HFES 300 Committee
[12], Kroemer [38], and Roebuck [18] discussed in some detail.
Another way of estimating the relationships between body dimensions is through
regression equations. Most commonly used regression equations are bivariate in nature,
and the assumption is that the two variables relate linearly with each other. In this case,
the general form is
y ¼ a þ (b  x)
where x is the known mean value and y the predicted mean. The constants a (the
‘‘intercept’’) and b (the ‘‘slope’’) must be determined (known) for the data set of interest.
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An example of this procedure is the estimation of body dimensions of American soldiers by
Cheverud et al. [39]. When calculating the mean value of y (for any value of x) by the
regression equation, we must remember that the actual values of y are assumed to be
scattered about the mean in a normal (Gaussian) probability distribution. The standard
error (SE) of the estimate depends on the correlation r between x and y according to
SEy ¼ (1  r2 )1=2
Roebuck [18] discussed this concept in detail, including its extension to the development of
multivariate regression equations, principal component analyses, and boundary description analyses.
We must keep in mind that these statistical applications categorically assume representative (usually large) sample sizes with normal (Gaussian) distributions.

2.1.3 Mass properties of human bodies
As mentioned above, we habitually assess total mass of the human body as weight: weight
(on earth, in kilograms) divided by the gravitational acceleration, g (9.81 m=s2), equals
mass. Volume multiplied with density also equals mass. Volumes and masses of body
segments must be approximated from speciﬁc measurements, discussed below.
Around 1500, Leonardo da Vinci depicted the human body within a frame of graduated
circles and squares to indicate sizes and idealized proportions. Another way of the
describing body composition and mass distribution is by ‘‘somatotypes,’’ categories of
body appearance. In 1921, the psychiatrist Ernst Kretchmer used this approach to describe
personality traits. Twenty years later, the anthropologist W.H. Sheldon modiﬁed somatotyping to classify body builds. Heath and Carter standardized that procedure in 1967,
ﬁnally using measurements instead of Sheldon's subjective classiﬁcations [34].
Quantitative assessments require actual measurements. As Clauser et al. [40] reported,
Alphonso Borelli in 1679 determined the center of mass in men. He had them stretch out on a
platform, which was supported on a knife edge. Moving the body on the platform until it
balanced provided an approximation of the location of the subject's center of mass. That
principle is still valid, now usually employed with platforms supported on force sensors.
Dissecting cadavers and taking measurements on the remains is the most straightforward way to determine volumes and masses of body segments. However, one can
disarticulate corpses in many ways, resulting in varying data. Furthermore, data from
cadavers do not represent the living body faithfully. To determine the mass properties of
body segments of living persons, various methods are at hand. Possibly the oldest technique is to immerse the body into water, and to calculate segmental volume from the
measurement of the displaced water. However, the segmentations used on cadavers and
with living bodies are different, as Figure 2.1 shows.
When volume is known, multiplying it with density yields mass. However, the density
of the human is not uniform but varies depending on the tissues contained in a certain
volume section. To calculate mass values of body segments, one must make estimates of
their density, which varies with each segment's composition. Bone is the most dense and
adipose tissue is the least dense body component. Furthermore, in the living body mass
distribution changes along with changes in body conﬁguration due to motion and with
shifts in body ﬂuids. Exact assessment of mass properties of the moving body, especially in
fast movement, is still a challenging task.
We experience some of these phenomena when we attempt to ﬂoat in still water. Lying quietly on
our back, with the body straight from head to toe and the arms along our sides, most of us can ﬂoat
for a few seconds, especially if we have much body fat. However, soon our feet and lower legs begin
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Figure 2.1 Segmentations used with living bodies (left), on cadavers (right). (Adapted from
NASA=Webb, Anthropometric Sourcebook, L.B.J. Space Center, Houston, 1978.)

to submerge. This happens because they contain much bone, and hence are denser (heavier) than the
water they displace. However, when we stretch out our arms beyond our head, still keeping the body
altogether ﬂat, we can manage to stay aﬂoat without motion: this is because we have shifted the
center of mass of the total body a bit more toward the upper part, and we can now balance
precariously on that location, as if on Borelli's platform. This works best in salt water, which is
denser than fresh water, and hence close to our body's average density.
Combinations of classic and 3D measurements taken on the body's surface, and x-rays,
MRIs, and other deep body scans provide information about the human's mass distribution characteristics and the composition of the body's interior. These descriptions include
the presence and extent of adipose and of connective tissues, especially muscles, and of the
skeleton. Measurements indicate the dimensions (length and diameter) of long bones, the
location of intermediate body joints, and the size of the skull. Regression equations and
other statistical predictors describe the volumes and the moments of inertia of the whole
body and its segments, including composite volumes, centers of volume, intersegment cut
centroids, and principal inertial axes.
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Estimations of total body mass, of the distributions of mass, and of inertial parameters
are possible based on various technologies. In the 1960s, cadaver measurements provided
essential base data that still serve as benchmarks. Publications by Clauser et al. [40], Herron
et al. [41], Kaleps et al. [42], McConville et al. [43], Young et al. [44], and Zehner [45] contain
information on these assessments of body composition and mass properties. Following
approaches commonly relied on surface geometry of the body, generally assessed by
stereo-photogrammetry or direct computerized measurements including cross-sectional
geometry. Using the collected data, mathematical modeling of body geometry, mass, and
mass distributions made great strides. Hatze [46] described a model that relied on direct
anthropometric measurements, with body segments divided into small elements of various
geometrical structures; this allowing detailed modeling of the shape and density ﬂuctuations of a segment. Hatze's model made no assumptions of segmental symmetry. It
adjusted the densities of segmental parts according to the values of a special subcutaneous-fat indicator. It distinguished between male and female subjects, even accounted for
the speciﬁc effects of pregnancy and obesity. Hatze claimed better than 3% overall model
accuracy. In 2003, Durkin and Dowling [47] reviewed the estimation errors of four commonly used mathematical models. Since then, the emphasis has shifted to the use of
techniques that describe not only the geometry of segmental elements, but also their
internal composition. These new techniques include computerized tomography, MRI,
and dual energy x-ray absorptiometry [48,49].

2.2 Biomechanics
Biomechanics, a term in common use since the 1960s, ‘‘takes the understanding of structures, machines, and vehicles that engineers have developed and uses it to explain
how living things move and work’’ ([50], Preface). When the knowledge of the mechanics
of a living body concerns the human, ‘‘anthromechanics’’ is a suitable name ([31], p. 219).
The IEA Council called this ‘‘physical ergonomics’’ in 2000, including human physiology
as well. Accordingly, for the ergonomist the term anthromechanics (or biomechanics of the
human) describes that special human engineering domain which addresses human anatomical, physiologic, and biomechanical characteristics that relate to work efﬁcacy, safety,
and health.

2.2.1 Anthromechanics
The main use of human biomechanics is in understanding and explaining how the body
moves, particularly how we develop force via muscular effort and with it generate torque
at the body's bony lever arms [51]. A special application area of anthromechanics is the
evaluation of mechanical strains that occur within the body, especially of the musculosketal system, as a consequence of internal or external loadings; this topic is commonly
labeled occupational biomechanics.
Anthromechanic knowledge facilitates the design of work tasks, equipment, and
workplaces that suit human capabilities and limitations.

2.2.2 Modeling the human body
Leonardo da Vinci (1452–1519) and Giovanni Alfonso Borelli (1608–1679) explained the
functioning of the human body by combining anatomic, physiologic, and mechanic knowledge of their times. Current anthromechanic modeling relies on the assumption that the
body behaves according to the laws of Newtonian mechanics. In the late 1800s, Harless
determined the masses of body segments, Braune and Fischer investigated the interactions
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between mass distribution and external impulses applied to the human body, and von
Meyer discussed statics and dynamics of the human body. (Kroemer et al. [52] described
the modeling history.) Recently, models have been developed that describe, among other
topics, responses of the human body to vibrations and impacts, the exertion of static and
dynamic muscle strength, movements of astronauts in space, functions of the spinal
column, hemodynamics, and prosthetic devices.
In our attempts to understand the workings of the human body, we regularly use a
model that has several subdivisions [27,53–58]. Each of the compartmental models contains
speciﬁc disciplinary knowledge areas. Some of these divisions derive from traditional
disciplines. Among the classic foundations is anthropometry, discussed above, which
describes the sizes of the total body and its segments. Of special anthromechanic interest
are (a) the measures of segment links, the long bones, (b) their connections and articulations (body joints), and (c) the volumes and mass properties of segments.
Human physiology is another classic discipline of great importance to anthromechanics.
Physiology explains the structure and functions of muscles. These are the body's engines;
they can rotate body segments about their connecting articulations, or they can stiffen the
body against external onslaught. To do their work, muscles require energy. Metabolism
provides that energy by catabolizing organic molecules acquired via food and drink.
Metabolism, in turn, relies on other body functions: one is blood circulation, which
transports chemically stored energy and oxygen to the muscles. Circulation also removes
metabolic by-products (especially carbon dioxide, water, and heat) from the muscles to the
lungs, and heat and water to body surfaces for release.
The control of involuntary and conscious actions of the human is done by the nervous and
hormonal systems—despite their importance, these control functions are (by deﬁnition) not
included in biomechanical submodels, but are part of the overall ergonomic model of the
human, together with psychological properties. Kroemer et al. [27,34] provide overviews of
the mutually dependent physiological processes as they concern the human factors engineer
(for more details see books on human physiology).
The internal-combustion engine, as used in automobiles, provides a useful analogy for
how the human body generates and transforms energy into motion and work.
.

.

In the cylinder of the engine, an explosive combustion of a fuel–air mixture transforms
chemically stored energy into physical kinetic energy and heat. The energy moves the
pistons of the engine, and gears transfer their motion to the wheels of the car.
In the ‘‘human machine,’’ muscle ﬁbers are both cylinders and pistons: bones and
joints are the gears. The fuels, mostly carbohydrates and fats in the nutrients, need
oxygen to yield energy. When the muscles work, they produce metabolic by-products,
especially carbon dioxide, water, and heat, that all need removal.

As we utilize such compartmental models, we should ponder what Asimow wrote in 1963
[59]. I am slightly paraphrasing what he said on page 13 of his book dealing with the
structures and workings of the human body:
When developing models we must realize that selecting certain features,
drawing distinctions, and making classiﬁcations usually imposes artiﬁcial
divisions of our own choosing upon a universe that is, in many ways, all in
one piece. We do so because it helps us in our attempted understanding of the
intricate system. It breaks down a set of objects and phenomena too complex
to be grasped in their entireties into smaller realms that we can deal with one
by one. There is nothing objectively ‘‘true’’ about such models, however, and
the only proper criterion of their value is their usefulness.
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2.2.2.1 Basic anthromechanic model
Compartmental models were of great value in the emergence of the ergonomics literature in
the 1950s and 1960s (see the listing in Edholm's 1967 [60] book on ‘‘the biology of work’’ for
examples). Today's models build on their many predecessors; while more up-to-date, most
have the same paradigms, uses, and limitations. The current anthromechanic model still has
as its basic structure the skeleton of long bones (links), which connect in the articulations
(joints). Engines (muscles) cross the articulations to provide stability to the structure and
power for motion and work. Submodels represent components of the body, for instance
1.
2.
3.
4.
5.
6.
7.
8.

Sizes and surfaces of body contours
Volumes, masses of body segments
Structural members, lever arms (bones)
Joints, bearing surfaces in the body
Generators or consumers of energy (organs)
Engines, dampers, locks (muscles)
Cables transmitting muscle forces (tendons, ligaments)
Pulleys, sliding surfaces (tendon sheaths, bursae)

Assessment of body contours, the ﬁrst item in the list, is primarily in the domain of
anthropometry. However, surface characteristics also describe features of item 2, segments
volumes and the magnitude and distribution of mass, which are properties of great interest
in human mechanics. Length of bones, item 3, is commonly an anthropometric topic; yet
other bone properties, especially their abilities to sustain mechanical strains, fall into the
anthromechanical domain (see Zernike's Chapter 6 for detailed information).
Properties of body articulations, item 4, particularly their mobility and ability to function
under mechanical loading, are topics of great bioengineering importance (see Walji's
Chapter 8, Olver's Chapter 15 , and Gielo-Perzak's Chapter 15 for detailed information).
This topic has much economical importance as well, such as in design and implantation of
artiﬁcial body joints, mostly for hip and knee as well as the digits of the hand. The estimate
for 2004 was that nearly 480,000 manufactured knee and 235,000 replacement hip joints
were implanted in Americans with damaged joints. More women than men received
artiﬁcial joints, and the rate of replacements in elderly patients was increasing strongly
(http:==www.cdc.gov=nchs=data=ad=ad371.pdf). A related bioengineering task is hip joint
surfacing, as opposed to hip joint replacement. In this operation, the surgeon usually
reshapes the head of the femur and caps it with a prosthetic that ﬁts into a manufactured
lining in the socket of the hip.
Muscles, item 6, are the body's ‘‘engines’’ that, activated by nervous signals, stiffen and
power the human body and thus enable it to move and perform work on external objects.
Because skeletal muscle generates force, movement, power, and work within the body, it is
also a source of physical loading of other body tissues, such as tendons, ligaments, joints,
and nerves (see the example of carpal tunnel syndrome discussed later). Skeletal muscle
usually does not damage itself by overuse because, when fatigued, it fails to contract before
loading approaches the danger of cellular damage. Muscle recovers from fatigue with time,
in minutes or hours. Skeletal muscle has its own self-repair and adaptation mechanisms
that maintain its structure and remodel itself over time. If damage or injury to skeletal
muscle occurs, it happens because external loadings exceed the tolerance levels of the
muscles' passive and active contractile structures [61,62]. Knowledge of the tolerance
limits, a concern in occupational biomechanics, is of great importance for the design of
tasks that the human can do safely (see Herzog's Chapter 7 for detailed information).
Tendons and their enclosures, sheaths, are also important elements of components of the
anthromechanic model. Tendons connect the ends of muscle with bone. Tendons cannot
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contract but serve as nearly nonstretchable ‘‘cables’’ that transmit force between muscle
and bone. Tendon sheaths enclose tendons where needed to provide guidance. To reduce
friction, the body produces synovial ﬂuid as lubricant between the tendon and its sheath.
When the tendon glides in its sheath (the displacement can be a centimeter in the wrist), the
magnitude of friction against the surrounding tissue depends on the amount of tension in
the tendon, the friction coefﬁcient, and the arc of contact. Ligaments are in many respects
similar to tendons; they transmit tension (force) from bone to bone. The repair or replacement of injured ligaments, especially in the knee joint, is a major task of orthopedic surgery
(see Woo's Chapter 4 and Frank's Chapter 5 for detailed information on tendons and
ligaments).
A brief discussion of two major components of the body's engine, muscle and the
attached tendons, illuminates the anthromechanic approach. In cross section, skeletal
muscle shows a lattice of myoﬁbrillar bundles. Longitudinally, they show repeating trains
(sarcomeres) of interdigitated thick and thin protein ﬁlaments. These actin and myosin
ﬁlaments are the contractile structures that can actively shorten against resistance: an
overwhelming external force can stretch them. While contracting or stretched, skeletal
muscle generates internal tension or force, which tendons transmit to bones.
In contrast to muscle tissue, tendons (and ligaments) do not appreciably stretch because
they consist of dense tissue, collagen ﬁbers, that form parallel bundles. Loose connective
tissues wrap around the collagen ﬁbers. In some areas of the body, such as the wrist, the
tendon wrapping forms a double layer lined with synovial cells. This sheath provides
synovial ﬂuid, a lubricant that facilitates smooth gliding of the tendon. As Table 2.9 shows,
tendons (and ligaments) have properties that are quite different from those of muscle,
especially in terms of stiffness, viscoelasticity, strength, and failure resistance—many
physiology texts provide further details (for numerical data, see [62] or [56] as well as
Chapters 6, 7, and 9 of this book).

2.2.2.2 Modeling and measuring muscle strength
By anthromechanic analogy, skeletal muscles are the engines of the body: when contracting
their ﬁlaments, they generate force (tension, power) and, as a dynamic result, move body
segments by turning limbs (links) in their intermediate joints.
The human body contains more than two hundred skeletal muscles. Connective tissue
(fascia) enwraps them; it imbeds nerves and blood vessels. At the ends of the muscle, the
tissues combine to form tendons, which usually attach to bones.
Thousands of individual muscle ﬁbers run, more or less parallel, the length of the
muscle. Skeletal muscle ﬁbers appear striped (striated) crosswise: thin and thick, light

Table 2.9

Estimated Tolerances (in megapascals) of Human Tissue

Tissue
Muscle
Ligament
Tendon
Bone, longitudinal loading

Bone, transverse loading

Estimated Ultimate Stress (MPa)
Tension 30–60
Tension 20
Tension 60–100
Tension 130
Compression 190
Shear 70
Tension 50
Compression 130

Note: Numbers rounded from those listed by Marras 2006, Marras and Radwin 2006.
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and dark bands cross the ﬁber in regular patterns, which repeat along its length. One
such thick dark stripe appears to penetrate the ﬁber like a membrane or disc: this is the
so-called z-disc (from the German zwischen, between). The distance between two adjacent
z-lines deﬁnes the sarcomere. Its length at rest is approximately 250 Å (1 Å ¼ 1010 m),
meaning that there are about 40,000 sarcomeres in series within 1 mm of muscle ﬁber
length.
Within each muscle ﬁber, thread-like myoﬁbrils (from the Greek mys, muscle) lie in
parallel by the hundreds or thousands. Each of these, in turn, consists of bundles of
myoﬁlaments. A network of tubular channels, sacs, and cisterns, which connect with a
larger tubular system in the z-discs, ﬁll the spaces between the ﬁlaments. The network of
blood vessels and nerves in the fascia is the ‘‘plumbing and control’’ system of the muscle,
the sarcoplasmic reticulum. It provides ﬂuid transport between the cells inside and outside
the muscle and carries chemical and electrical messages.
As just mentioned, two of the myoﬁbrils, myosin and actin, form the contracting
microstructure of the muscle: they can slide along each other, pulling the z-discs closer
together. Consequently, sarcomeres in series (and those parallel) shorten, and as a result,
the whole muscle shortens. The only active action a muscle can take is to contract. After a
contraction, the muscle returns to its resting length, primarily through a recoiling of its
shortened tissues. An overwhelming force can stretch the muscle beyond its resting length.
The magnitude of a muscle's pull depends, originally, on the intensity of myoﬁbril
contraction; the resulting pull force on the bones derives from the tension in the muscle,
or tendon, divided by its cross section. Since human skeletal bone does not move linearly
within the body but rotates about an articulation, the muscle–tendon pull force generates a
torque on the bone.
While these conditions are clear in physics and physiologic terminology, the commonly
used term ‘‘muscle strength’’ can be rather diffuse. In may refer to the force or torque
exerted by a body part to an object external to the body, usually by hand or foot. Or it may
denote an event within the muscle. In this case, it may refer to an isometric effort, where
the muscle tenses but cannot shorten; since nothing moves, this isometric exertion denotes,
in physics terms, a static condition. However, if the muscle actually contracts (shortens), it
does rotate the attached limb, generating a dynamic condition.
Figure 2.2 shows, schematically, the generation and control of muscle strength exertion.
Feedforward of excitation signals from the central nervous system (CNS) stimulates muscle
motor units to contract, generating tension. That is transmitted via tendons to bones which
act as levers hinged in body joints. These internally generated torques can then be applied
by hand, foot, or other body segment to an object outside the body in the form of impacts,
forces, or torques. Three feedback paths help in the control of exertion. The reﬂex loop F1
originates at interoceptors and leads directly to the CNS. The other two loops start at
exteroceptors and lead to a comparator where they modify the input to the CNS.
F2 provides kinesthetic signals related to touch, body position, and motion. F3 is similar
but reports speciﬁcally on task execution, especially through sound and vision.
Such model can help in the understanding of how we generate and control our muscular
activities, mostly through unconscious and automated mechanisms. The model also shows
where we may ﬁnd opportunities to observe internal events and possibly inﬂuence or
predict the outcome: electroencephalograms (EEGs) may describe the efferent signals
emanating from the CNS. Electromyograms (EMGs) reﬂect activations of the muscle's
motor units. Observations of body geometry allow calculating muscle and tendon tension
and internally developed torques. (It is usually easy to measure force and torque at the
point where a body part applies it to an outside object, often a handle or pedal.) However,
such complete and exacting model is still to be developed. Current approaches eliminate
such ‘‘nonmechanical’’ variables as motivation and instead concentrate on muscle size,
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Figure 2.2 Muscle strength generation and control.

lever arms, pull angles, body posture, and similar concrete anthromechanical parameters,
often with the body stationary.
Magnitude and endurance of exertion depend not only on muscle mass and how skilled
we are in using it but also on our motivation: an example of how physique and psyche
interact [63]. Exercising muscles (by purposeful training or just by everyday use) have the
effects of increased muscle mass, enhanced strength, and improved skill. Exercising
muscles also indirectly furthers the capabilities of the circulatory, metabolic, and respiratory systems, all needed to support the generation of strength. Not using muscles makes
them atrophy and, consequently, reduces the capability of their support functions.
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Figure 2.3 Biceps and triceps pulls.

Figure 2.3 displays an example of the mechanics of the human muscle–bone, engine–gear
layout. The biceps and triceps muscles both cross the elbow joint and attach with very short
lever arms to the bony structures, radius and ulna, of the forearm. The hand, however,
employs a long lever arm from the elbow. Accordingly, the muscles must generate a large
force to create a much smaller force at the hand, directly in proportion to the hand's long
lever versus the short muscle levers. Note further the opposing actions of the muscles: if one
turns the forearm in one direction, the other opposes that action. This agonist=antagonist
setup allows ﬁne control of body movements. However, for the modeler this generates a
complication, because it is not easily seen, from the outside, whether any measured exertion
at the hand is the result of only one muscle pulling, or whether it reﬂects the difference
between simultaneous actions of the two opposing muscles. In fact, there is another complication: two more muscles, brachialis and brachioradialis, act synergistically with the
biceps in elbow ﬂexion. Hence, lacking knowledge of the relative involvement of each
muscle, simply measuring the force at the hand does not provide reliable information
about the magnitude of effort in involved muscles.
2.2.2.2.1 Static strength Muscle contraction often shortens the length of the muscle,
a concentric action; in an eccentric action, an overwhelming force actually lengthens the

Kumar/Biomechanics in ergonomics, second edition 7908_C002 Final Proof page 68

68

9.11.2007 11:05am Compositor Name: VAmoudavally

Biomechanics in ergonomics, second edition

muscle. If muscle length does not change, the effort is isometric. Since during an isometric
effort there is no perceptible change in muscle length, the involved body segments do not
move; in physics terms, all forces acting within the system are in static equilibrium, as
Newton's ﬁrst law requires. Therefore, the physiological ‘‘isometric’’ case is equivalent to
the ‘‘static’’ condition in physics. If muscle length changes, the action is ‘‘dynamic.’’
The static condition is theoretically simple and easily controlled in experiments. It
allows rather uncomplicated measurement of muscular effort. Therefore, much of the
information currently available on ‘‘human strength’’ describes the outcomes of static
(isometric) testing. Accordingly, most of the tables on body segment strength in the
physiologic and human factors engineering literature contain static data (see, for example,
compilations by Imrhan in Chapter 11; by Kroemer [6,35], Kroemer et al. [27,34], and
especially by Kumar [36]). Besides offering the convenience of dealing with statics,
measurement of isometric strength yields, for many cases of practical design interest, a
reasonable estimate of the maximally possible exertion if there is no body segment motion
or very slow movement, especially when eccentric.
2.2.2.2.2 Dynamic strength Dynamic muscular efforts are more difﬁcult to describe
and control than static contractions. In dynamic activities, muscle length changes, and
therefore involved body segments move. The amount of travel is relatively small at the
muscle but ampliﬁed along the links of the internal transmission path to the point of
application to the outside, for example, at the hand or foot.
In the human body, as a rule the tendon coming from a muscle attaches with a short
lever arm to a bone; however, the bone's ‘‘business end’’ (such as the hand) is at the end of
a long lever arm. Figure 2.3 illustrates that transmission setup: the tendons of both biceps
and triceps muscles attach at close distances from the elbow joint; however, the hand is at
the end of a long lever arm. This means that the muscle has to generate much more
strength than the hand exerts. Given the ‘‘gear ratios’’ of the human body, the human
body seems to be designed for speed, not for strength. By the rules of mechanics, the time
derivatives of displacement (velocity, acceleration, and jerk) are of importance for both the
muscular effort and the external effect; for example, change in velocity determines force
and impact, as per Newton's second law.
Deﬁnition and experimental control of dynamic muscle exertions are much more
complex tasks than in static testing. Various classiﬁcation schemes for independent and
dependent experimental variables can be developed. The correlations among the results of
static and fast dynamic muscle strength measurements are tenuous. Of the little information available for dynamic strength exertions, much is limited to isokinematic (constant
velocity) cases [36].
2.2.2.2.3 Designing for body strength Designing for human body strength (in terms
of the force or torque that a person can exert) is a frequent task for the human factors
engineer. It involves answering a number of questions:
.

.

Is strength use mostly static or dynamic? If it is static, we rightly employ information
about isometric strength capabilities. If it is dynamic, additional considerations often
apply, concerning, for example, physical (circulatory, respiratory, and metabolic)
endurance capabilities of the operator and prevailing environmental conditions.
Physiological and ergonomics texts [6,27,31,34,36] provide such information. As a
rule, strength exerted in motion is less than that measured in static positions located
on the path of motion.
Is the exertion in slow or fast movement? Most body strength data available concern
static (isometric) exertions. This information gives fair guidance also for slow
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motions. However, isometric data do not estimate fast exertions well, especially if
they are concentric and of the ballistic-impulse type, such as throwing or hammering.
Is the exertion by hand or by foot, or does it involve the whole body? For each of these
situations, the ergonomics literature provides speciﬁc design information.
Is a maximal or a minimal strength exertion the critical design factor? Maximal user
output usually determines the structural strength of the object in order that the
strongest operator may not break the equipment, for example a handle or a pedal.
The design value is set, with a safety margin, above the highest perceivable strength
value that the operator may produce. Minimal user output is that exertion expected
from the weakest operator that still yields the desired result, for instance, so that a
door handle or brake pedal can be successfully operated or a heavy object moved (see
earlier discussions for more on upper and lower limits).

2.2.3 Pathomechanics, occupational biomechanics
The discussion of back problems, often encountered with lifting and lowering work (brieﬂy
mentioned above and discussed in detail in Chapters 19 through 22), illustrates one goal of
human biomechanics: to evaluate the mechanical strain and injury risk that voluntary
physical effort, or an external loading, generate within the musculosketal system. If damage
is anticipated or present, this special division of anthromechanics is called ‘‘pathomechanics.’’ Occupational biomechanics help to quantify the risks associated with work tasks
[55,64] and allows the ergonomist to keep risks as low as possible, even to avoid the exposure
altogether. The loading of the human body may range from a one-time impulse to a continual
stress (see Wells' Chapter 3); strain often occurs in a repetitive pattern (as Kumar discusses in
Chapters 1, 23, and 24). The associated trauma thus may be acute or cumulative.
Tolerances to acute trauma, often associated with high force, are well known. One
example is whiplash, which Yoganandan discusses in Chapter 16 and Ferrari in Chapter
17. Another acute trauma commonly occurs when one attempts to lift an overly heavy
load, a one-time action than can overstrain the spinal column and its associated muscles
and ligaments. Cumulative traumas, in contrast, generally result from often repeated yet
small forces, where each impact by itself is not injurious but the repetition ‘‘wears and
tears’’ the body structure, as Armstrong describes in Chapter 14. An example is the carpal
tunnel syndrome from which many keyboard users suffer: more about the related anthromechanic details below.
Marras and Radwin [56] list tolerance limits of the spinal column, speciﬁcally with
respect to microfracture damage to the vertebral endplate from cumulative compression
trauma. The National Institute of Occupational Safety and Health (NIOSH) stated in 1981
[65] that the failure force depends clearly on age: for persons below 40 years, a 50% failure
probability is associated with approximately 6.4 kN; this threshold falls to around 4.9 in the
mid-1940s, diminishes to about 4.0 in the 1950s, and thereafter reduces to about 3.5 kN.
However, there is great variation around these averages; for example, in adults below
40 years of age, some specimen show microfractures at only about 3.4 kN, while at 9.3 kN
almost everyone experiences damage (see Chapters 4 and 5 for more information on
aging). Yet, as Marras and Radwin [56] report, different vertebral tolerance limits have
appeared in the literature: they list average values of almost 4.0 kN for females, and 5.8 kN
for males at L5=S1, the disc between the lumbar spine and the sacrum. The tolerance
magnitudes also depend on the location within the spinal column; furthermore, the
compression strength of a vertebra is about 0.8 kN lower than the strength of the adjacent
disc, which seems to protect the disc at the expense of the vertebra.
Spine tolerance limits decrease with more frequently repeated loadings and when shear
and torsion strains coexist at the same time. This ﬁnding points to the need of investigating
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3D loading tolerance limits of the spine. First research results indicate that shear stress
affects primarily the disc, where damage appears to begin at around 0.7 kN. This information, taken from Marras and Radwin's [56] review, makes it clear that many biologic
data need to be reﬁned so that they can become reliable expert knowledge modules in
anthromechanic models.
Ashton-Miller [66] reviewed biomechanical events that can lead to inﬂammatory,
degenerative, or disruptive changes in connective tissue. These effects depend on extrinsic
factors, the physical demands placed upon the human, and on related intrinsic factors, the
body's physical capacities. Table 2.10 lists such factors. The extrinsic demands expose
the body to stresses deﬁned in terms of type, dose, direction, magnitude, and duration.
The person's intrinsic factors determine the actual tissue strain experienced as result of the
demands. The tissue response depends on the ratio between the strain and the related
tissue capacity. (Note that I use the engineering terminology: ‘‘stress produces strain.’’
Some psychological texts use the term ‘‘stress’’ in less clear fashion.)
Tissue overloading and injury can occur in human bone, muscle, tendon, ligament,
fascia, bursa, intervertebral disc, or skin. Excessive stress (force or torque per unit area, their
duration or repetition) generates dysfunction and injury due to tissue elongation, compression, bending, and twisting. This can result from a single mechanical event, such as a
force, blow, impact, or from lifting, catching, jerking an object, or from the body stumbling,
tripping, landing, jumping, or falling (see Gronqvist's Chapter 16).
Soft tissue injury usually triggers a complex cascade of events: initially an inﬂammatory
response, which is the ﬁrst phase of healing, followed by proliferative stage, and ﬁnally a
remodeling period [66]. A temporary reduction in the intensity of physical loading allows
transition through these phases; often, discomfort or pain is present. A following gradual
increase in physical loading can stimulate healing and tissue remodeling. Work-hardening
programs encompass a careful increase in loading to augment tissue capability, but at such
a rate that symptoms are not aggravated or, worse, tissues reinjured.
Table 2.10 Intrinsic and Extrinsic
Biomechanical Factors in Tissue Injury
Intrinsic Factors
Age
Gender
Tissue anatomy
Tissue physiology
Tissue state
Muscle recruitment
Response to physiological stress
Response to pain
Extrinsic Factors
Magnitude, direction, duration, repetition
Previous loading and recovery
Body posture
Training
Skill, experience
Source: Adapted from Ashton-Miller, J.A., in
Work-Related Musculoskeletal Disorders: Report,
Workshop Summary, and Workshop Paper, National
Academy Press, Washington, 1999, 73.
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Tissue strain may result from a single event, from repetitive loadings or combinations of
single and repetitious stressors. In muscles, often-repeated contractions can lead to fatigue.
This reduces muscle tolerance to stress and may lead to microtrauma to the ﬁbers.
Repetition may tear muscle tissue, which causes capillaries to rupture. The results are
swelling, edema, or inﬂammation near the site of the tear. In turn, the inﬂammation
stimulates nocireceptors and causes pain. A second pathway for muscle injury is that
motor units within the muscles cannot rest under prolonged low-level exertion. In either
case, the body reacts by simultaneously contracting (co-contracting) surrounding musculature and minimizing joint motion.
The cumulative trauma process is similar for muscles, tendons, and ligaments. In either
tissue, the repair depends on blood ﬂow to provide nutrients and dissipate waste materials. However, there are differences in the ability to heal and in the time required to
recuperate. The blood supply to a tendon or ligament is only few percent of the ﬂow to a
muscle. Thus, if there is similar tissue strain, a muscle will recuperate more rapidly (within
days, if not reinjured), whereas a tendon or ligament repair is likely to take much more
time (months, in comparison).
Knowledge of the tolerances of human tissue is basic for the development of anthromechanic models. In the past, the dose–response relationships were expressed in disciplinary terms, such as mechanical or physiological. Such conﬁnement facilitates determining
tolerance limits, but it disregards the interactions between discipline-deﬁned stressors, or,
more importantly, it might oversimplify the stressors by forcing them into disciplinary
categories. Marras and Radwin [56] reviewed how to determine tolerance limits and minimize risks:
.

.

.

Mechanical tolerance: The magnitudes of tolerance of human tissue (muscles, ligaments, tendons, and bones) can be difﬁcult to estimate for several reasons. Most
tolerances known have been determined on cadavers. Such tolerance values are likely
to be different in living beings, which may be able to adapt to certain loading
conditions. Furthermore, there is a large natural variance of tissue tolerances
among individuals.
Psychophysical tolerance: One way to overcome the variability issue is to perform psychophysical assessments, in which the subject makes statements about the
perceived intensity of loading. This subjective assessment should reﬂect individual
and circumstantial variability. Consequently, psychophysical strain assessments have
been carried out on a large number of different activities.
Pain tolerance: Pain signals may be sent to the brain prior to tissue damage. In this case,
this early signal may serve to indicate tolerance limits. In the back, such pathways
seem to exist for joint pain, disc pain, longitudinal ligament, and sciatic pain.

Knowledge of the injury (and healing) processes allows the ergonomically educated
designer to avoid any work requirements where the worker is likely to experience excessive tissue stress. Highly repetitive movements of digits of the hand, such as in pliers or
knife or screwdriver use, in hand assembly, in dentistry, in keyboarding, and the like
should be diligently avoided by either employing different tools and equipment, different
work procedures, or—less effective—by making the work periods short. However, any
unreasonably repetitive practices can lead to overexertion and injury, especially when
associated with unsuitable designs. Hammering, piano playing, knitting, golﬁng, playing
tennis, and many other leisure activities can lead to overuse injuries [34]. The ergonomics
literature provides guidance on how to design tasks and tools to avoid repetition-related
musculoskeletal disorders [61,62,64,67–73].
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2.2.3.1 Example: overuse symptoms related to keyboarding
Throughout the nineteenth century, many inventors tried to replace manual penmanship
by a mechanism that prints on paper. They commonly followed the traditional practice of
composing text from single letters, numerals, signs, and spaces. On August 27, 1878,
Christopher Latham Sholes obtained US Patent 207,559 for a ‘‘type-writing machine.’’
It was the eighth and only commercially successful design in his series of patents. His
earliest designs, in 1868, employ two-row keyboards similar to a piano. The following ﬁve
patents all show three straight rows with round key buttons afﬁxed to lever-type bars.
The texts contain now explanations or reasons for any of these designs.
It remains unknown why Sholes chose the layout in his Patent 207,559, which has a
keyboard with four straight, horizontal, staggered rows, each with 11 round keys (see Figure
2.4). The key tops carry inscriptions of numerals, letters, and punctuation marks. On the
third row, counted from the operator, the six leftmost keys show the letters QWERTY.
Today, the term ‘‘QWERTY keyboard’’ serves as a short name for any arrangement
in which the letter keys essentially follow Sholes' keyboard layout with straight rows and
bent columns.
Sholes' typographic machine became the predominant device to type text and numbers on
paper. With millions of mechanical typewriters employed in ofﬁces and privately, usage
problems inherent to the design became apparent soon. The work required of the typists'
hands and arms to pound on the keyboard was tiresome. The keys had large displacement and
stiff resistance, and they were struck thousands of times in the course of the workday. This
hard effort overloaded many typists' hands and wrists; myalgia and related overexertions,
reported earlier to occur in telegraphists and pianists, now frequently appeared in typists [74].
From 1909 on, several patents for improved key locations appeared, but they kept to
Sholes' original layout with bent columns and straight rows. Yet Heidner, in his 1915 US
Patent 1,138,474, advocated substantial changes in the basic keyboard layout; his proposals
reappeared in many of the ergonomic recommendations in later years. As Figure 2.5
shows, Heidner divided the keyboard into left and right halves; on them, he arranged
the keys in straight columns and curved rows. He did this, as he wrote in his patent text,

Figure 2.4

The QWERTY keyboard in Sholes' 1878 US Patent 207,559.

Kumar/Biomechanics in ergonomics, second edition 7908_C002 Final Proof page 73

9.11.2007 11:05am Compositor Name: VAmoudavally

Anthropometry and biomechanics: anthromechanics

73

5

6

6
2

1
Fig. 1
5

1

4
3

5

5

4a 3a
4a

1
4
3

5

Fig. 2

5

Fig. 3

6
1

2
4

Fig. 4

3

1

2
3

4
Fig. 5
5

1

6
2
4b

4b

3b

3b
5
Fig. 6

Figure 2.5 Heidner's keyboards in his 1915 US Patent 1,138,474.

‘‘to write with greater ease, in a less cramped position than ordinarily’’ . . . ‘‘in accordance
with the natural form of the hand, that is to say, lengths of the ﬁngers.’’ With his designs, ‘‘
[T]he hands have not to be twisted outward . . . and there being thus much less strain upon
the abducent muscles, writing is rendered considerably less fatiguing.’’ However, no
typewriter manufacturer successfully adopted Heidner's or other new designs.
The mechanical nature of the typewriter had made it impractical to change the basic
lever system and hence the design of the keyboard. Around 1950, electric auxiliary power
reduced the amount of energy that the operator had to apply in each keystroke (but did not
diminish the frequency of keystrokes). Then, around 1960, electronics began to replace
mechanical parts. The new technology would have allowed new ergonomic designs of
keyboards, but the 1968 Proposed US Standard and the 1988 ANSI=HFS 100-1988 explicitly
required a conventional QWERTY keyboard, with more keys added on its sides and top so
that the total number of keys doubled. This standardization perpetuated the convention of
keys arranged in straight horizontal rows with zigzag columns on the QWERTY part but in
straight columns on all other key sets.
Dividing the keyboard, repositioning of the key pads and rearranging the keys, similar
to what Heidner had proposed already in 1915, would have alleviated typists' posture and
motion problems. The main arguments against alterations were that changes would
require costly and time-consuming retraining of the operators. However, research has
shown that the human can learn a new operation amazingly fast when no crossover
from the old habits interferes because the new way is unique and different [75–77].
Unfortunately, the basic principles of Sholes' keyboard have not been revised; instead,
they were kept into the twenty-ﬁrst century, even were transferred to such new devices as
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mobile phone keypads. This perpetuated the anthromechanical problems associated with
the number of necessary operations.
As early as 1700, in a book edited and enlarged in 1713, the Italian physician Bernardino
Ramazzini reported on occupational injuries and diseases among secretaries (notaries) and
ofﬁce clerks (scribes). He said that their diseases were due to three causes:
First, constant sitting, secondly, the incessant movement of the hand
and always in the same direction, thirdly, the strain on the mind . . .
[T]hey must stick to their writing all day long. . . . [I]ncessant driving
of the pen over paper causes intense fatigue of the hand and the
whole arm because of the continuous and almost tonic strain on
the muscles and tendons, which in course of time results in failure
of power in the right hand. ([78], p. 254)
From the mid-1800s on, the medical literature (compiled by Kroemer [74]) discussed
overuse injuries in the upper extremities. They were known to occur in musicians, especially
pianists: Robert Schumann (1810–1856), for example, lost the use of his right hand.
A disabling injury called ‘‘telegraphist's wrist’’ was widespread among Morse telegraph
operators. Apparently, overuse disorders were frequent from the ﬁrst use of typewriters, as
the literature from the early 1900s indicates. Heidner, Klockenberg, and other inventors [74]
based their novel keyboard designs on the intent to avoid stressful conditions. In 1951,
Lundervold [79] published the ﬁrst report of his groundbreaking electromyographic (EMG)
experiments to attain knowledge about the use of individual muscles while typewriting. He
investigated 135 typists including 88 patients, most suffering from ‘‘occupation myalgia.’’
Lundervold's experiments provided clinical evidence for the long-held opinion that repetitive typing can lead to a cumulative overexertion injury. After decades of observations and
practical experiences, which had pointed in that direction, Lundervold's ﬁndings established
that ailments such as tendinitis, tenosynovitis, and tendovaginitis of the upper extremities
were indeed ‘‘occupational diseases’’ of typists. Around 1960, the causes of carpal tunnel
syndrome associated with repetitive keyboarding activities became medical and engineering
concerns. Pfeffer et al. [80] stated that, by 1960, carpal tunnel syndrome was the most
frequently diagnosed, best understood, and most easily treated entrapment neuropathy.
Carpal tunnel syndrome is an often-experienced case: nine tendons of extrinsic muscles
that ﬂex the hand's digits together with the median nerve must pass through the carpal
tunnel near the wrist in a tight pack (see Figure 2.6).
In the 1970s and 1980s, cumulative trauma epidemics occurred among keyboarders in
Japan, Australia, North America, and Europe [74,81]. These events lead to numerous
investigations of the causes of overexertion of the keyboarder's musculoskeletal system
and of the nature of such occupational diseases. This research made the work stressors and
their physiological consequences well understood.
Reviews of the biomechanical literature (see, for example, Chapter 24; [56,61,62]) explain
how repetitive traumata can affect tendons (and ligaments or muscles) of keyboarders:
.

Often repeated motions of tendons within their sheaths, or movement of groups of
tendons against each other, can increase friction. During tendon gliding, the magnitude of friction against the surrounding sheath and tissue increases with the amount
of tension in the tendon, the friction coefﬁcient, and the arc of contact. The friction
force can stimulate cellular reaction directly and can generate heat and cause thermal
effects indirectly. Joint movement determines the amount of tendon excursion; therefore, the speciﬁc joint posture, as well as tendon tension, is an important determinant
of compressive and shear strain.
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Figure 2.6 Schematic of the cross section of the proximal hand showing the carpal tunnel—not to scale.
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.

Physiologic response to this irritation can result in inﬂammation and swelling of the
tendons. This stimulates nociceptors, which send pain signals to the brain. In
response, the body attempts to control the swelling using two mechanisms. One is
the activation of muscles surrounding the irritated area in an attempt to stabilize the
joint and prevent motion of the tendons. Secondly, trying to reduce friction, the body
increases the presence of synovial ﬂuids as lubricants within the tendon sheath.
However, since there is only limited space available between a tendon and its sheath
in the carpal tunnel, the increased production of synovial ﬂuid can exacerbate the
space problem further by expanding the tendon sheath. This can further stimulate
nociceptors and start a vicious circle of responses that increase inﬂammation and
often results in adverse musculoskeletal reactions such as weakened strength,
impeded tendon motion, and reduced joint mobility.
Bending the wrist and resting the thenar area (the heel of the hand) on a hard edge, as
many keyboarders do, reduce the lumen of the tunnel and increase the pressure on the
tissues passing through it. Repetitive and forceful hand activities with associated tissue
swelling and inﬂammation further increase the extraneural pressure in the carpal
tunnel. Extraneural pressure can lead to intraneural edema and ﬁbrosis, demyelization
and axon degeneration. These changes in structure of the median nerve, called carpal
tunnel syndrome, can cause severe function losses in the afﬂicted hand.
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Such musculoskeletal disorders are often multifactorial: while individual, social, and
organizational factors contribute to the outcome, the biomechanical demands of work
constitute the most important risk factors.

Since the nature of repetitive trauma disorders and, hence, means to avoid them were
well documented even in the 1960s, one should have expected that key and keyboard
designs would have been improved accordingly. However, no innovative concepts or
sweeping technical improvements took hold. Instead, new electronic devices essentially
followed the established paths; while they created novel uses, they perpetuated the old
overuse problems.
In the early 2000s, surprisingly, the old ‘‘0–9 telephone key’’ layout reappeared on
mobile phones, but with the additional complication that each number key also produces
three or four letters. This means that, in order to generate just one letter, the operator must
press the proper key up to four times. Habitually, a thumb does these key strokes: ‘‘Texter's
thumb’’ is the popular term to describe the overuse symptoms appearing among persons
who use mobile phones for text messaging.
Changing the basic key design can have major consequences for the user's efforts and
performance. We can replace the ancient binary push keys by multifunction controls that
can assume several contact positions and that utilize motions other than just ‘‘down.’’ The
literature [74] shows several proposals, most of which would be easy to realize with
today's technology.
The principle of allocating one key each to every character, numeral, and sign follows
the tradition of Western writing—it is exact but also inefﬁcient. On a QWERTY board, even
a slow operator tapping just 20 words per minute (with 5 letters per word) performs 12,000
digit ﬂexions, each followed by a digit extension, over a 2 h working time. A fast keyer,
doing 100 words per minute over 6 h, performs 180,000 keystrokes. So many motions can
create pathomechanical conditions.
Chording and word abbreviations save time and effort, as stenographers and court
reporters have long demonstrated: ‘‘U R RITE’’ is a sample of today's text messaging style.
Chunking, batch processing, and related techniques, as in voice communication, would
make interaction with the computer much faster and relieve hand strain. Furthermore,
there are many other means to generate input to the computer. Kroemer and Kroemer [82]
mentioned, as examples, the use of
.
.
.
.
.
.
.
.
.

Hands and ﬁngers for printing, gestures, sign language, and tapping
Arms for gestures, making signs, moving or pressing control devices
The torso for positioning and pressing
Legs for gestures, moving or pressing devices
Feet for motions and gestures, for moving and pressing devices
Head for positioning and pressing
Mouth for lip movement, use of the tongue, or breathing through a blow=suck
tube
Face for grimaces and other expressions
Eyes for tracking

Obviously, there are various pathways to facilitate human–computer interaction.

2.2.3.2 Example: designing for pregnant women
Expectant mothers experience temporary changes in body dimensions, biomechanics,
and capacities for physical work. Changes in body dimensions with pregnancy become
apparent after 2 or 3 months' gestation. Many size measurements increase throughout the
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course of pregnancy, with the most obvious expansions in protrusion and circumference of
the abdomen and in body weight.
Just before giving birth, in European and North American women weight increased by
nearly 20%, waist circumference by up to 35%, chest circumference by nearly 10%, and hip
circumference by up to 7% [6]. However, as usual, there is a wide variety in body changes
among expecting women from these average values.
Body shape and mass properties remain fairly constant during the ﬁrst 3 months of
pregnancy, but then the fetus' growth, apparent in the increases in the mother's body
weight and abdominal depth and circumference, brings with it many other anthropometric
changes. Measurements show widening of the pelvic girdle as evidenced by a larger hip
width, spread and elevation of the lower ribs with an increase in chest depth, growth in the
vertical distance between the pelvis and the lowest ribs, and a backward sway of the trunk.
So, the expansion of the expectant mother's lower torso is actually in all directions,
although predominantly forward. Figure 2.7 shows the typical development of changes
in body contours, as seen from the right side.
These physical changes in body size, contour, amount and distribution of mass, as well
in posture, bring about a biomechanically signiﬁcant shift in the center of mass of the trunk.
This affects the pregnant woman's movements, especially her gait, and raises her efforts in
doing everyday activities. Changing contours and mass also cause concerns about protection against injury, especially in an automobile accident as either driver or passenger.
Culver and Viano [83] depicted these body changes as ellipses (see Figure 2.8) to estimate

Figure 2.7 Typical body contour and posture of an expectant mother. Note the changes in back
curvature and general pose due to pregnancy. (From Kroemer, K.H.E., ‘‘Extra-Ordinary’’ Ergonomics:
How to Accommodate Small and Big Persons, the Disabled and Elderly, Expectant Mothers and Children,
Taylor & Francis, Boca Raton, 2006.)
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Figure 2.8 Ellipses approximate changes in abdominal dimensions of pregnant women when sitting
on an automobile seat. SRP is the Seat Reference Point and H the Hip Point, according to Society of
Automotive Engineers (SAE) practices. (From Kroemer, K.H.E., ‘‘Extra-Ordinary’’ Ergonomics: How to
Accommodate Small and Big Persons, the Disabled and Elderly, Expectant Mothers and Children, Taylor &
Francis, Boca Raton, 2006.)

the contact area between the woman's body and restraining devices or the interior surfaces
of automobiles in the case of a crash impact. Klinich et al. [84,85] compiled information
important for the protection of pregnant women and their fetuses in the case of a vehicle
crash. Their work included biomechanical modeling of the pregnant body and analyzing
its interaction with automobile restraint systems, including air bags.
In the course of her pregnancy, the growing abdominal protrusion makes it increasingly
difﬁcult for a woman to bend forward and to get as close to work objects as she could do
when not pregnant. The available working area of the hands in front of the body gets
smaller during pregnancy. She experiences increased compression and bending strain on
the spine and on ligaments and muscles in the back when she tries to handle objects that
are now farther ahead of the spinal column. This increased loading is also due to the
increasing mass of the abdomen, and its expanding moment arm with respect to the spinal
column. The growing bulkiness of the abdomen changes the body posture, which, in the
course of pregnancy, shows a backward pelvic rotation, accompanied by forward movement of the trochanterion and a backward shift of the upper trunk. This could cause a
ﬂattening of the lumbar bend, but Perkins and Blackwell [17] recorded a ‘‘swayback,’’ an
accentuated lordosis. This explains, at least partly, the complaints of back strain and back
pain common in pregnancy.
Physical performance capabilities change during pregnancy, but with great variations
among individuals. By the beginning of the ninth month, blood volume typically has risen
by up to 40%, together with cardiac output and blood pressure. Maternal metabolism
increases throughout pregnancy, usually associated with a warmer body temperature.
These events can make working in warm and humid environments difﬁcult. With advancing pregnancy, in general the ability to perform the following types of effort decreases:
.
.
.

Work requiring great exertion
Work requiring a great deal of mobility, such as low bending and far reaches
Work extending over long periods
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Perkins and Blackwell [17] found that some pregnant women, when asked to stand
upright for 10 min at a time, experienced loss of balance; some women were not able to
sit upright for 10 min because of back pain. In general, a suitable sitting posture is less
strenuous than standing, especially if interrupted by getting up and moving about, or even
lying down for a while.
Nicholls and Grieve [86] reported on a survey in London of 200 women who were
between 29 and 33 weeks pregnant. The women compared their current abilities on certain
tasks with their performance before becoming pregnant. Of the 46 tasks considered, they
found 32 signiﬁcantly more difﬁcult to perform during pregnancy than prior to pregnancy.
Among the difﬁcult activities, they considered these the hardest:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Picking objects up from the ﬂoor
Walking upstairs
Driving a car
Getting in and out of a car
Using seat belts in a car
Ironing
Reaching to high shelves
Getting in and out of bed
Using public toilets

Most of the reasons for the difﬁculties appear related to back pain and reduced mobility
and reach. Many everyday tasks become more difﬁcult with pregnancy. Tripping, stumbles, and falls are particular dangers, especially with an existing loss of balance, because
with the increasing bulk of the trunk with pregnancy, objects on the ground near the feet
are hard to see.
To accommodate pregnant women, either at the workplace, in transportation, or at
home, Kroemer [6] suggested the following ergonomic measures:
.
.
.
.

.

.
.

Manipulation areas should be close to the body and possibly somewhat above their
regular height.
Work tasks should require as little force as possible, particularly in vertical directions.
Avoid lifting of objects of any size or weight.
Provide suitable seats, easily adjustable by the woman. In general, chairs with a high
back, good support, and a ﬁrm cushion are preferred. Also, a footrest allowing slight
elevation of the legs is often helpful.
Allow frequent breaks in the work, freely selected by the woman. A special room
for expectant mothers to rest, refresh themselves, and use the toilet is highly
desirable.
Provide more space than usual for moving around, and remove obstacles, particularly low objects that might be difﬁcult to see.
If standing on the job is required for periods, some kind of a footstool may be helpful
on which to rest temporarily a foot with the knee bent.

In contrast to the lack of design solutions in keyboarding, discussed above in the ﬁrst
example, design of tasks and equipment for expectant mothers has been successful.

2.2.3.3 Mathematical=computerized modeling the human body
Since the anthromechanic approach to understand the human body relies on the assumption that it behaves according to the laws of the Newtonian mechanics, models are often
formulated in mathematical terms using computers. Computational equations express
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relations among variables exactly; they require numerical inputs and they generate quantitative results.
There are two major challenges in such anthromechanic modeling: one is the availability
of digital technology and computational algorithms. It is important that the technology and
algorithms be time-efﬁcient, to allow near real-time outputs, including rendition of graphs
and images. However, achieving this technical goal is necessary but not sufﬁcient; the other
more important challenge is to achieve validity and sophistication in the description of the
human body and its behavior. Early models mostly reﬂected static situations; the need for
dynamic models of the human body in 3D and over time is self-evident, yet the costs to do
so, especially in computational time, have so far been prohibitive [58]. Fast, high-ﬁdelity 3D
anthromechanic modeling is a tantalizing goal worthy of great effort.
An anthromechanic model serves to represent various underlying biomechanical concepts through a series of rules, usually in the form of mathematical equations. The model
should reﬂect how the human actually performs tasks. The model should determine how
various stressors affect the body, compare the body's resilience to the resulting strains, and
deﬁne any exposure risk. These features would allow the ergonomist=human factors
engineer to evaluate the trade-offs between risks and various possible solutions in work
procedures and equipment.
Manual lifting provides examples of anthromechanical approaches. In the 1970s, the
common approach was to set certain weights, which men, women, or even children could
supposedly lift safely. Of course, selecting one particular maximal weight is a simplistic
idea that is false for several reasons: one is that people have different sizes, strengths, and
skills. Another reason is that the same mass can be handled in many different ways;
according to Newton's second law (f ¼ m 3 a), the force f needed to move the load depends
not only on its mass m but also on the acceleration a applied to it. The human body must
generate that force f; this action naturally puts stress on the human musculoskeletal system.
A suitable anthromechanical model can consider complex interactions between stressors
and the associated body strains (beyond such simplistic rules as ‘‘do not lift more than xyz
kilograms’’ or ‘‘do not bend the back when lifting’’) and hence is able to predict risks during
the design stage of a task or workplace. In 1981, the US NIOSH published its ﬁrst work
practices guide for manual lifting. NIOSH amended these guidelines in 1991 with new
suggestions for lifting and lowering (see Water's Chapter 22). These recommendations
depend on a number of variables for which numerical values are required; these become
inputs into a formula that includes the horizontal extension of the hands from the body, the
height of the hands, the distance traveled, and the quality of coupling between hands and
load. Other inputs are the twist angle of the body and the frequency of lifting or lowering.
Underlying expert knowledge modules, built into the model, are physiological capabilities to
perform such work and, speciﬁcally, the compression load capabilities of the spinal column.
Outputs of the formula are recommended weight limits (RWL) for lifting and lowering which
NIOSH considered permissible. A number of detail improvements to the original NIOSH
procedure provide an updated model and user guide ([87]; Water's Chapter 22).

2.3 Ergonomic principles
The three major reasons to use human factors=ergonomics are associated with ethics,
progress, and economics [34]:
1. First motivation is the moral imperative to provide safety, ensure human health,
generate comfort, and facilitate enjoyment.
2. Second impetus is the quest to achieve progress in knowledge and technology. This
means particularly to learn more about human desires, capabilities, and limitations,
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and consider these in the design of our environments, devices, and practices. Progress
in knowledge and technology both contribute to improving the quality of life.
3. Third reason is the economic advantage gained due to reduced effort and cost in
work systems with humans as doers, users, and beneﬁciaries. Stagnation in human
factors engineering seems unacceptable because of the sentiment that things and
conditions should be better in the future.
Most of the devices we use daily (such as can openers and automobiles), as well as
complex systems (e.g., public transportation), are primarily designed for normal users,
ordinary use, and regular functioning. Yet, in reality, the vagaries of the environment can
confound even the ﬁttest person. Should we prepare all our systems and gadgets primarily
for the most challenged user and the most complicated scenario and only then for normal
conditions? This makes some sense, especially for complex systems and possibly dangerous
devices and tasks; certainly, we should not exclusively design for ﬁctitious regular use by
normal adults. Kroemer [6] argued that at least 40% of the global population would beneﬁt
from ‘‘extraordinary’’ ergonomics, which considers children and adolescents; pregnant
women and impaired persons; the elderly and old; very small and very big individuals;
and others that do not fall into the group of normal healthy young-to-middle aged adults
for whom we ordinary design tasks and equipment.
Ergonomic design should aim to attain safety and ease. The design strategy is to do so
right from the start, during the concept phase. The thinking must be use-centered, which
incorporates
.
.
.
.

A goal—use for what?
An instrument—use what?
A process—use how?
A user—who uses?

Replacement, retroﬁt, and redesign of improper procedures, tasks, and devices to make
them easier to use and to avoid strain or injury are usually costly and complex enterprises.
An example is the provision of access to public buildings and transportation in the United
States according to the Americans with Disabilities Act (ADA) of 1990. Yet, the effort did
facilitate their use, not only for persons with disabilities but also for older people, for
persons pushing baby strollers, and just about everybody else.
Taking human variability into account is the hallmark of ergonomics. People are not all
the same. Nobody stays the same during the course of one's life. Externally, individuals differ
from one another in age, size, mobility, and strength. People are not made up of parts that are
all average, or in any other single percentile value; instead, every individual has different
dimensions, physiological characteristics, and psychological traits that are unique to him or
her; these determine a person's traits that the ergonomist must consider (see Figure 2.9).

2.3.1 Tasks of human factors engineering
Anthromechanic knowledge is primarily necessary in the design of
.
.
.
.
.
.

Interfaces with equipment, tools, controls
Work task
Work space
Protective clothing
Tools, equipment, and products
Environment

• Climate
• Attitude

Environment factors

• Mood
• Attitude
• Motivation

Psychologic conditions

• Health
• Training
• Skill
Energy yield
used by muscles

Metabolic
heat

Physical
performance
capability

• Equipment
• Tools

• Task
• Schedule
Ergonomic
factors

• Type
• Intensity
• Duration

Physical
work done
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Figure 2.9 Traits that determine a person's capacity for physical work. (Adapted from Kroemer, K.H.E., ‘‘Extra-Ordinary’’ Ergonomics: How to Accommodate Small
and Big Persons, the Disabled and Elderly, Expectant Mothers and Children, Taylor & Francis, Boca Raton, 2006.)

Energy input
• Intake
• Use
• Storage

Physical conditions

• Gender
• Age
• Body size

Somatic factors
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in order to make them compatible with the needs, abilities, and limitations of people.
Regarding human–equipment interfaces, we may distinguish between
.
.
.

Action transfer loci where the human acts on external objects, usually by hand or foot,
or where the body experiences force or other energy, for example by vibration or heat
Information transfer loci where information transfers to or from the human, such as
by visual or acoustic means
Interference loci where surfaces of the human body (or things worn on the body)
come in contact with other materials, such as clothes, equipment, cockpits, and other
structures

In the example of work with computers, discussed above, both action and information
transfer were of primary importance; in order to design them appropriately, the equipment
itself may undergo fundamental changes. In the second example, concerning pregnant
women, mostly interference issues played major roles, but also with consequences for
tasks, space, and environment.

2.3.2 Digital modeling the human at work
Following the intent of quantitative assessment, biomechanicists seek to develop and
improve mathematical representations that realistically explain the interactions of the
human body with its work. Such exacting modeling facilitates the proper application of
anthromechanic principles in order to point out trade-offs between work demands and
mechanical strains on affected body structures. Digital modeling of the human body helps
in selecting the most appropriate solution from the available options, concerning both the
design of work task and workplace layout.
The example of work with keyboards, discussed above, is typical for the oftenencountered complexity of the work situation and the complicated ways by which the
work load may affect the human. Apparently, many musculoskeletal disorders are multifactorial: individual, social, and organizational factors contribute to the outcome, even
when the biomechanical demands of work constitute the most important factors in causation and aggravation. Synergy among risk factors appears to intensify reporting of
disorders [62]. For this reason, the American Council of Government Industrial Hygienists'
(ACGIH) Threshold Limited Values (TLVs) for handwork [88] and low back risks [89] are
guidelines, not standards. The interactions among the various components of the stressors,
traditionally expressed in the languages of conﬁned scientiﬁc disciplines, may well overpower inﬂuences of any main effect, as Marras and Radwin [56] state. Determining
the interactions and their resulting strains is among the goals of future research and
biomechanical modeling.
Digital modeling of the human body and its activities is a strongly emerging branch
of anthromechanics. Rapidly developing computer technology and, simultaneously, vigorous anthromechanic research have enabled a surging development during the last few
decades. The ultimate goal, as Zhang and Chafﬁn stated in 2006 [58], is to achieve digital
human surrogates that look, act (eventually even think?) as we do. The practice of digital
modeling is now a means to create, change, and control human analogs, appearing on the
computer screen together with work equipment, so that the ergonomist can manipulate the
displayed situation to ﬁnd the best available solution. The software systems used in digital
human modeling include expert knowledge modules in such areas as anthropometry,
kinematics, kinetics, physiology, and in technical specialties, especially in industrial, mechanical, aerospace, and biomedical engineering and design.
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A lingering problem with anthromechanic models is their ability to represent the
dynamic work conditions in occupational settings. One realistic approach to evaluating
risk factors in the workplace uses descriptive epidemiologic models. An example is to collect
a history of low back disorders on workers performing repetitive tasks, and to categorize
exposure to biomechanical risk factors. Such retrospective investigation can point out
speciﬁc load factors, as Marras and Radwin's [56] review reports. Prominent among these
increased low-back risk factors is dynamic activity, motion at work, as compared to static
postures. Marras and his coworkers showed that a ﬁve-factor multiple regression model was
capable to discriminate between groups of workers with large or small risks for low back
disorders. The ﬁve risk factors were frequency of lifting, moment of the load with regard to
the spine, twisting velocity, sagittal ﬂexion angle, and lateral velocity.
A particularly difﬁcult anthropometric problem concerns workers who still suffer from
low back pain when they return to work: a study reported by Marras and Radwin [56]
found that trunk kinematics and related job risks were determined by workplace design
and not by individual motion limitations. This gives rise to the concept that an anthromechanic model of the human at work, aimed at the assessment of risks of low back
disorders, should particularly consider dynamic demands of the work, independently
from individual motion limitations.
Many older models considered only static circumstances or they selectively predicted
static loads, dynamic movements, or cumulative loading. However, a certain job may
require occasional awkward static exertions and at other times repetitive dynamic motions.
If the demands at work are so variable, hybrid assessment tools are appropriate.
Human factors engineers strive to develop new models that incorporate realistic conditions of work, with workers moving about, lifelike as in movie animations (atavars), while
expert modules inside the model take into account dynamic issue tolerances, sensory
inputs and outputs, and control functions. In an optimistic view, digital human modeling
will serve as an effective vehicle for advocating ergonomics and disseminating its principles and knowledge.

2.4 Summary and conclusions
Ergonomic system design is successful when it accommodates the person; otherwise, the
person must struggle to ﬁt the system. Human safety, ease, and proﬁciency are achieved by
matching task requirements and device dimensions to the user's characteristics. That
matching charge requires the recognition that humans are different from one another
and that variations occur with age, pregnancy, health, or injury; the average person is a
phantom. This chapter contains a discussion of anthropometric data collections and their
systematic use in design.
Anthromechanics (biomechanics of the human body) is a composite of interdisciplinary
knowledge drawn from biological sciences and engineering mechanics. Modeling the
human body in size, motions, capabilities, and vulnerabilities is a strongly emerging
branch of anthromechanics. The underlying assumption is that the body behaves according
to the laws of the Newtonian mechanics. Knowledge of the tolerances of human tissues,
especially of dose–response relationships, is the goal of occupational biomechanics.
The main challenge in digital modeling of the human body and its activities is to
represent, realistically, human body characteristics, capabilities, and limitations. Part of
that challenge is to make the image come into view immediately on the screen, lifelike in
appearance and motions. One important goal is to create and control human analogs,
appearing on the computer screen together with work task and equipment, so that the
ergonomist can manipulate the work situation to ﬁnd the best available solution.
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3.1 Introduction
Biomechanical exposure assessment is frequently used to evaluate injury risk potential
in industrial work. There are a large number of tools available for assessing injury risk
factors at work (Stanton et al., 2004; Neumann et al., 2006). More speciﬁcally, a number of
recent scientiﬁc publications have extensively reviewed the ﬁeld of exposure assessment
methodologies (Hagberg, 1992; Hagberg et al., 1995; van der Beek and Frings-Dresen, 1998;
David, 2005; Marras and Karwowski, 2006). Reviews of particular methods are also available: e.g., questionnaires (Stock et al., 2005) or observational methods (Denis et al., 2000).
An important issue for companies using biomechanical evaluation to improve their
workplaces is when in the design process the evaluation is applied. Although it is common
to conduct assessments on existing production systems or products, this is not the most
cost-effective point at which to conduct improvement processes. Retroﬁtting existing
systems is much more expensive than making modiﬁcations during the design phase
before the system is built (Miles and Swift, 1998).
This chapter will review key terms and concepts associated with biomechanical exposure. We then present a simple design process to discuss where, in design, different
biomechanical assessments might be feasible. Finally, we discuss the key indicators and
exposure variables that can help a practitioner evaluate the risk associated with a given
workplace design.

3.2 Biomechanical exposure
3.2.1 Force as an agent
Kinetics is a major branch of biomechanics and is concerned with the forces experienced or
exerted during work. The force exerted during activity (and its duration and frequency) is
the dominant risk factor for upper limb musculoskeletal disorders (MSDs) (Hagberg et al.,
1995; Moore and Garg, 1995; Bernard, 1997; NRC, 2001; Silverstein et al., 2006). For
example, a major risk factor for low back pain is lumbar moment modiﬁed by duration
and frequency, and trunk kinematics (Marras et al., 1993; Norman et al., 1998). Therefore,
the quantiﬁcation and prediction of forces required for a task are important in designing
sustainable work as well as in evaluating existing work.
The terminology and concepts of biomechanical exposure have not been consistently
applied in the area of ergonomics and the epidemiology of work-related MSDs. The
concept of an agent, ‘‘a chemical, physical, mineralogical or biological entity, which may
cause adverse effects in a target after coming in contact with the target,’’ is an important
component of risk modeling and exposure assessment (Zartarian et al., 1997). Force is thus
a key to biomechanical analyses and can also be thought of as an agent in the development
of MSDs (Wells et al., 2004).
There are two main domains in the mechanical exposure model: (1) outside the
body and (2) inside the body between the body surface and the target tissue. The agent
interacts with the target tissue and a biological response, positive or negative, may occur
(cf. Armstrong et al., 1993).
Stage 1: Outside the body. Exposure can be estimated without the presence of a person
(i.e., no human contact) based upon the job description and the physical characteristics of
the environmental source. For example: box weight, average lifting frequency, and start
and end points of the lift deﬁne a certain amount of force for the employee.
Stage 2: Inside the body. Once contact is made, force is exerted upon human tissues but the
force is not unaffected as it enters the body. There will be damping or additive effects that
occur as a result of interaction with body tissues that are highly frequency dependent
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(Kihlberg, 1995). Posture (one aspect of activity) may itself result in forces on internal
tissues from the action of gravity acting on segmental masses. The performance strategy of
the worker may change the nature of the contact with an environmental source. Movement
strategies may also involve different patterns of muscle contraction, possibly changing the
force reaching the target tissues.

3.2.2 Nonforce-based exposure measures
There are exposure measures that are relevant to the development of MSDs but are not
based upon force directly. Principal among these are postures and electromyograms
(EMG). Posture has been an important variable in both hazard assessment and epidemiological studies because it is a predictor of tissue loads due to gravitational loading and can
affect tissue tolerances (Gunning et al., 2001; Wells et al., 2004). ‘‘Awkward’’ postures may
also lead to localized forces on speciﬁc tissues. We will consider that the effect of posture is
accounted for in the force transmission component of the model where it modiﬁes the
effects of any external forces.
Electromyograms monitor the electrical activation of the muscle ﬁbers in the neighborhood of the electrodes, and have been used as exposure measures and hazard assessment
approaches (Hägg et al., 2000). Since EMG measures a real individual, it can only be used
during mock-ups or after the start of production. If processed to estimate force (joint
moment) it may be argued that the EMG is an internal exposure measure. If the EMG
level does not reach zero for substantial portions of time it can be considered an indicator
of static load (Jonsson, 1982, 1988). A root mean square (RMS) amplitude may be thought
of as a biomarker for internal force exposure. Measures such as an EMG ‘‘gap’’ (Veiersted
et al., 1990) sit somewhere between the internal exposure (muscle force) and a biological
response and may be interpreted as a small micropause implying physiological recovery
periods. It is worth noting that a biomechanical correlate of an EMG gap has been
proposed by Aaras et al. (1988) as periods of time with zero joint moment of force.
The electromyographic literature points to the difﬁculty in predicting loading and
performance from mechanical data only. Measures of internal exposure derived from
posture and force alone (postural load) appear not to capture muscle activity and force
due to the inﬂuence of other (nonmechanical) factors (Westgaard and Bjorklund, 1987).
These problems become more prominent during low-load situations and thus EMG has
been used predominantly in ofﬁce settings and on the trapezius muscle.

3.3 Digital human models
Digital human models (DHMs) are the names for a wide range of approaches to simulating
human characteristics in the mechanical design of processes or systems. Recent overviews
can be found in Chafﬁn (2005) and Delleman et al. (2004). The choice of model and the way
a model is applied will depend on both the information available as model input, with
more data being available in later design stages, as well as the nature (repetitiveness,
variability, peak loading, kinematic proﬁle, etc.) of the work to be evaluated.

3.3.1 Model types
In this chapter, we will consider biomechanical analysis and DHM at three different levels
of complexity: load calculators and equations, simple mannequin models, and computer
aided drafting (CAD) style mannequin models. There are many kinds of tools that ﬁt into
these categories (and some that blur the lines); an ‘‘inventory’’ listing a number of speciﬁc
tools in these categories is available on the internet (Neumann et al., 2006).
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Checklists and equation. Checklists and equation-based models are the least expensive
(often free as pencil–paper tools) form of biomechanical assessment. These tools typically
provide output in terms of ‘‘points,’’ ‘‘red, yellow, green’’ risk levels, percent of population
capable, or allowable load. The NIOSH equation (Waters et al., 1993), which calculates a
‘‘maximum permissible limit’’ for loads based on inputs of lifting characteristics like lift
height, reach, frequency, and distance, is an example of this kind of ‘‘biomechanical
model.’’ The ‘‘Snook’’ tables, psychophysically determined databases of human capability,
which allow comparison of tasks to population perceptions of their capability, are another
example (Snook and Ciriello, 1991). There are growing numbers of databases for many
different tasks (e.g., Potvin et al., 2000). Any kind of checklist that integrates different
aspects of the physical load can be considered as a kind of ‘‘biomechanical model’’ as they
provide means to evaluate the physical workload of a given situation. These tools have the
advantage of being inexpensive (although costs rise when these are part of software
packages) and can usually be applied quite quickly.
Simple mannequin models. Simple mannequin models are a step up in software sophistication and usually include some form of virtual human ﬁgure whose posture the user can
adjust to mimic the posture and load situation to be analyzed. These models may be
two- or three-dimensional (3D) and are generally static. The software is usually standalone and the models will typically provide loading information in terms of moment,
compression, and shear for the low back and other major joints. Models the authors are
familiar with include WATBAK, Michigan's static strength prediction (3DSSP) software,
and the BACKPAK model.
CAD style mannequins. CAD style mannequins are more sophisticated than simple mannequins in their ability to connect with CAD software. These models allow a mannequin of a
particular anthropometric size to be placed into a virtual workspace in order to judge reach
and ﬁt (What posture is necessary for a given body size to reach the component?), clearance
(Does the operator have a clear reach or will something block the way?), and physical
loading again in terms of moment, compression, and shear of the major joints. Once placed
in a virtual workstation it is possible to see through the mannequin's eyes allowing the
visibility of parts or joining-points that must be reached to be determined. Some models will
include checklists such as RULA (McAtamney and Corlett, 1994), the NIOSH equation, or
other calculation-type models as part of their ergonomics assessment suite. Examples of this
kind of model include JACK, iGrip, Mannequin Pro (for more examples, see Neumann et al.,
2006). CAD style mannequins are typically much more expensive than the simpler tools. If a
CAD layout of the work systems to be analyzed exists, then analysis can proceed quite
quickly (under 1 h). If, on the other hand, the virtual layout must be created ﬁrst, then the
time required for a complete analysis may run to days.

3.3.2 Digital human models behavior
A major challenge for using biomechanical models in the design process is predicting the
behavior of a human (or rather the DHM representing them) before material prototypes are
available and before user trials can be performed. The exposure model presented previously illustrated that the behavior of a person is a complex relationship of the environment,
the description of goals and procedures, and idiosyncratic work methods. The relative
contribution of these factors to behavior is not clear but substantial differences between
persons can be observed for nominally the same job (Mathiassen et al., 2003). If a similar
situation existed previously then future behavior can be predicted from it.
Working behaviors can be deﬁned from a biomechanics viewpoint in terms of selected
instants thought to represent peak loads, points of interest, static postures, or as a series
of posture and load snapshots that correspond to work elements. A more complete
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description of the activity would include the time histories of postures and loads. The
importance of these time histories is presented in Wells et al. (in review). A number of
ways for predicting behavior as tasks, postures, or time histories of loading have been
developed.
A knowledge of cycle=task times, number of tasks, and object weights allows estimation
of potential exposure; this can be available at early stages of the design process (stages 2–4
in Table 3.1). An example of this type of approach is seen in a study of the exposure of
scaffolding workers. van der Beek and Frings-Dresen (1998) estimated exposure from
administrative records and object weights. Although this was done when work was

Table 3.1

Summary of Design Stages, Ergonomic Parameters That Are Inﬂuenced by the Stage,
Approaches to Manage Exposure Available at Each Stage

Development Stage
1. Project speciﬁcations

2. Product design

Example Design Parameters
That Become Available
for Assessments

Example Exposure Management
Approaches That Become
Available at Each Stage

Project speciﬁcations
Projected production volumes

Similar systems analysis
Embed assessment requirements
into design process via
‘‘stage gate’’ management
strategies

Design process and project
management
Approximate product features
Insert and fastening forces
Component weights and sizes
Action repetitions per product

3. Logistics system

4. Production strategy

5. Layouts

6. Work organization
system

Box sizes (layout and posture
implications)
Dunnage type—extra
handling
Ease of extraction move
frequencies
General ﬂow pattern
Extent of manual assembly
work
Cycle=task times
Number of tasks per station
Reach distances for parts=tools
locations
Postures (from inverse
kinematics)
Tool weights and vibration
characteristics
Time spent at a given
workstation
Work-stop pattern
Task diversity

Ergonomic failure modes effects
analysis (EFMEA)
Design for assembly=disassembly
(DfA, DfD)
Strength and torque capability
of users
Anthropometry
NIOSH equation, Snook tables
Biomechanical models
Metabolic cost models
Flow simulation
PTMS systems (e.g., ErgoSAM)

‘‘Reach and ﬁt’’ analysis with
CAD-type DHM
Joint moments and forces
from DHM
Movement speeds from inverse
kinematics
Flow simulation for loading
patterns
DHM (for cumulative load)
(continued)
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Table 3.1 (Continued) Summary of Design Stages, Ergonomic Parameters That Are Inﬂuenced
by the Stage, Approaches to Manage Exposure Available at Each Stage

Development Stage
7. Production
operations

8. Disposal

Example Design Parameters
That Become Available
for Assessments

Example Exposure Management
Approaches That Become
Available at Each Stage

All—actual rather than
predicted parameters
become available
Operator perceptions
(psychophysical and
psychosocial)

Forces actually Applied

Amount of manual
disassembly
Forces and repetitions
depend on product design

DHM: peak and cumulative
loading
Electromyography
Questionnaires and interviews
Observational checklists,
NIOSH, ‘‘Snook’’ tables
Same as above but with
disassembly task requirements

Note: Generally each method can also be applied in subsequent stages with increasing accuracy as more realistic
and speciﬁc data or work task demands become available.

already being performed, it could in principle have been estimated before scaffolding was
available. Wells et al. review a range of methods that could be used to predict the time
history of a job in the design stages based upon the then current engineering information
(Wells et al., in review).

3.3.3 Mannequin positioning, inverse kinematics, and motion modeling
The interaction of a digital human mannequin with its environment offers designers
a substantial challenge; how to position the mannequin to perform a given task? The
mannequin may posses of the order 50 degrees of freedom. It is unreasonable to expect a
designer to individually specify all these parameters for a given instant. Constraints in the
form of functional ranges of motion or whole body balance and stability reduce the degrees
of freedom of the mannequin, reducing the number of inputs required. Use of inverse
kinematics (constraints in the form of relationships between segment movements) can
help position the mannequin based, for example, upon foot position and hand position.
Even with these aids, positioning of even a single instant may be time-consuming. Once
speciﬁed, these postures (and forces) are available for input into static biomechanical
models.
Quasi-dynamic loading can be incorporated by adding inertial components to the
‘‘hand load’’ the model experiencing. This fails to include the dynamic loading due to
the mass of the body segments themselves. New research models are beginning to include
these inertial effects, although this requires more complicated data inputs since body
accelerations must be measured.
A recent technique of motion modeling involves creating a library of tasks deﬁned by
gross posture and the start and end points of a segment, often the hand (Chafﬁn, 2005). The
given task is then matched with a movement in a preexisting library and the kinematics is
approximated from this movement library (e.g., Rider et al., 2005). The kinematics of the
mannequin are then available for visualization and as input into a wide range of dynamic
biomechanical models.
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3.4 Design process and relevant information
When choosing a tool for evaluation of biomechanical exposure one can consider evaluations at different stages of the development process. While the majority of ergonomics tools
are designed to address existing work systems this really represents evaluation in the ﬁnal
stage of development—the working production system. This is unfortunate since at this
stage most of the product or system features are determined, development monies are spent,
and there is less room available to make changes for improved ergonomics. The cost of
changes rises dramatically through the early stages of design, where the product or system
concept is relatively malleable (Alexander, 1998; Miles and Swift, 1998). This can greatly
affect the cost–beneﬁt ratio of any intervention work. Early intervention therefore means
intervening before the system exists—and this may require different kinds of evaluation
approaches (Chafﬁn, 2001). In this section we look at a number of different stages in the
design process and tools that might be applied in each stage (Table 3.1).
Design processes are not entirely linear-rational. They are complex, contain uncertainty
and nonlinearity, and have powerful social and micropolitical dynamics (Engström, 1998).
Nevertheless, we generalize here a production system design sequence we have observed
in the automotive and electronics sectors (Neumann, 2004). Each of these stages, which are
often operating in parallel and can interact repeatedly during the whole design process,
and pose a different challenge and opportunity for ergonomists to contribute to the overall
design (Jensen, 2002). The breakdown presented here is not deﬁnitive as different companies will structure their development processes differently. It is one of the challenges to
the ergonomist to ‘‘map’’ the development approach of the ﬁrm that they are working with
and to identify the groups involved in each process (Neumann, 2004). In general, there is
more information available to determine biomechanical exposure as the system design
becomes more developed. Earlier stages also carry more ‘‘exposure latitude’’ (Mathiassen
and Winkel, 1997)—more opportunity to vary the exposure in ﬁnal design.

3.4.1 Project speciﬁcations
This forms the earliest stage of the development process as it represents the formalization of
the development process itself—the decision to proceed with the creation of a new product
or production process. Choices here are made regarding how large an investment will be
made, what the objectives of the investment are, and what the core criteria are for the design.
If no ergonomics criteria are included at this stage, then it is less likely that ergonomics
criteria will be added at later stages. For the ergonomist the inclusion of speciﬁc measurable
performance criteria in the project speciﬁcations stage represents a strong lever to ensure that
good ergonomics are achieved throughout the development process. Despite the importance
of this stage there has been little research conducted on the relationship between project
criteria and resulting ergonomics on the shop ﬂoor. While exposure assessment is difﬁcult at
this stage, some knowledge of the previous production process (weights, forces, injury
patterns, etc.) and the anticipated production volume may give indications of where special
attention is needed. It is crucial in this stage to build exposure assessment criteria into the
design process. This can be accomplished by including ergonomic criteria into a stage-gate
system of project management which determines key requirements that must be satisﬁed in
each stage of system development (Cooper, 1990).

3.4.2 Product design
The design of the product has great ergonomic impact as it deﬁnes the assembly task and
often determines which part of the assembly process might be automated and which parts
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will be performed manually. The selection of fasteners, for example, will determine the
torque levels that must be applied to nuts or the insertion force required for fasteners.
The size and shape of the product will also inﬂuence the postural and visual demands
on the operators. At this stage CAD drawing of the product is typically available providing
the ﬁrst possible opportunity to incorporate a DHM to evaluate the design. Sundin and
colleagues (Sundin, 2001; Sundin et al., 2004) have illustrated a participatory process that
draws on the visualization abilities of CAD-based DHMs to engage operators and engineers
in a discussion of what the assembly demands might be for a future product. The virtual
‘‘mannquin's eye view’’ allowed the group to identify places where fasteners must be
connected blindly (behind a structural member) or where reaching was constrained by the
frame of the product. Making design changes at this early stage was much easier than if these
problems had been discovered during the production run. Although design for assembly
(DfA) is not an evaluation technique per se, it does provide opportunity to minimize
biomechanical exposures by simplifying and streamlining the assembly task (Helander
and Nagamachi, 1992). Failure mode effects analysis (FMEA) is a well-known engineering
tool for the assessment of risk throughout design processes (Nemeth, 2004), which can begin
to be applied already in product design and can readily be adapted to include biomechanical
exposure considerations (Munck-Ulfsfält, 2004). Finally it may be possible to conduct simple
modeling exercises to compare the loads when handling certain components (whose weight
becomes known in this stage) to population strength capabilities.

3.4.3 Logistics system design
The design of the material supply system (and the product delivery system) is often
performed by a specialized logistics group. Logistics, perhaps operating in conjunction
with purchasing, will specify the package or crate sizes, delivery frequency, and ‘‘dunnage’’ requirements (the packing materials that ‘‘hold’’ the components inside the crate).
This, in turn, will inﬂuence the demands on operators who must extract the components
from the boxes for assembly. If, for example, large crates are used to hold parts then
operators may be required to bend and reach considerably as they get parts from the
bottom of the crate. The effects of logistics choices interact with those of the layout team
(see below) who might choose to invest in tilt and lift tables in order to accommodate these
crates. Here again DHMs can be applied, even in early stages to explore the implications of
design alternatives. If there are many product variants then the use of large crates for
component supply can create a shortage of space on the production line to accommodate
one crate for each variant (Neumann and Winkel, 2006). This can lead to substantial
amounts of walking and carrying for operators who must fetch the right component for
the variant they are currently assembling (Neumann et al., 2006). Measuring these walking
and carrying distances requires information both on system layout and on the product mix
to be assembled on the particular production system under study. DHMs and standard
CAD packages can support analyses of exposure related to the material supply system
(e.g., Edberg et al., 2005).

3.4.4 Production strategy
By production strategy we refer to the major deﬁning choices of how the production
system will be conﬁgured. The choice to use a serial ﬂow line-based production approach
or a parallel ﬂow assembly system provides one example of strategy. The choices made at
this level have implications for both the performance characteristics of the system
(Engström et al., 1996) as well as for both biomechanical and psychosocial exposure for
system operators (Neumann et al., 2006). The choice of production strategy can also
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be related to higher levels of decision-making in the organization regarding how best to
achieve an effective organization—strategic decisions with ergonomics impact (Bjorkman,
1996). Discrete event simulation, sometimes called ‘‘ﬂow’’ simulation, is one tool that can
be used to model the production strategies under consideration. Such simulations focus on
the time-based aspects of production system by integrating time elements of the system
such as performance time, time variability, downtime patterns, and the time to repair
machines. Combining each time-related element of the system into a single computer
model makes it is possible to examine the performance of complicated production (and
other) processes under different conditions or conﬁgurations. These simulations can also
provide working time information for system operators—how many products must be
processed and the pattern of waiting (with its implications for physiological recovery) that
may emerge in the system. If the biomechanical exposures for each assembly step are
known (from a DHM) then the ﬂow simulation can be combined with the biomechanical
loads to make estimates of total loading based on the different system production strategies being tested (Neumann and Kazmierczak, 2005; Kazmierczak et al., 2007).

3.4.5 Layouts
This is the detail stage of the production engineering process. At this stage ﬁnal design
speciﬁcations are made based on the constraints created by the chosen product
design, production strategy, and logistics system. The posture information generally
needed to conduct a biomechanical analysis becomes implicitly available at this stage,
although the speciﬁc postures must still be inferred based on assumed body sizes and
postural strategies adopted in the performance of the task. Simple models such as the
NIOSH equation that require only task information (and not operator information) can be
easily applied here. Some DHMs will include inverse kinematics routines that will predict
postures for given task requirements such as reach distance and hand forces. Anthropometric and strength capability data can provide useful inputs for layout teams trying to
optimize their designs. It is typically at this stage that choices are made regarding the
application of lift assist devices that have the potential to decrease peak loading, although
these tools may result in longer performance times and thereby increased cumulative
loading (Frazer et al., 1999). The distribution of work between stations is another task for
the layout team who must ‘‘balance’’ the time for each station so as to achieve a smooth
ﬂow. Predetermined time and motion studies (PTMS) are used to determine the time
required for each part of the assembly task (getting component, ﬁtting, fastening, disposing
of packaging, etc.). This process amounts to the allocation of biomechanical work, at a
detailed level, to each operator. Some PTMS tools are now available that combine biomechanical considerations at the same time that the tasks are allocated allowing designers to
make some determination of risk associated with their design (Laring et al., 2002, 2005).

3.4.6 Work organization system
The work organization system refers to the stafﬁng strategy applied to the production system.
Do workers stay at one station? Or do they follow the product? Do operators assist each other
or do they rotate positions every hour? The production management team is typically
responsible for these choices as they accommodate the physical design that has been reﬁned
by the production engineering team. From a biomechanical perspective the work organization
system will determine the variety of tasks (and hence loads) an operator will perform and
will also affect the time pattern of loading. While many companies have used job rotation
to prevent overexposure to repetitive monotonous loads, biomechanical modeling has
thus revealed that job rotation can also result in exposing all operators in the rotation to
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a potentially harmful peak load thereby increasing the risk for all members of the group
(Frazer et al., 2003). It is possible to use discrete event simulations to quantify the effects
that different work organizations, such as allowing operators to take their break time as
desired rather than to a strict schedule, can have on system performance (Neumann
and Medbo, 2005). Here again, it is possible to add physical loading information on the
tasks to make more detailed simulations as to how different system conﬁgurations will
perform and what consequence this might have for operators' biomechanical loading patterns
(Kazmierczak et al., 2007).

3.4.7 Operations
At this stage the production system is operational. It becomes possible to observe real
operators in the system and use almost any of the biomechanical assessment tools including
checklists, EMG, etc. At this stage individuals can be considered in terms of their speciﬁc
capacity and working technique. While the bulk of developmental monies have been spent,
improvement processes may continue to modify the system within the constraints created by
the production strategy and layouts of the system. Ergonomists face the constraints created
by choices earlier in the design process and the costs of retroﬁtting the system at this stage
are maximal—even though the biomechanical evaluation becomes easiest (Alexander, 1998;
Miles and Swift, 1998). Continuous improvement processes and ‘‘participatory ergonomics’’
processes (Noro and Imada, 1991; Nagamachi, 1995) typically operate at this level.

3.4.8 Disposal
The recovery of old products, at the end of their useful life, is becoming a growing concern
in the face of global environmental degradation. Product disposal poses an area of increasing economic potential and of potential ergonomic concern (Kazmierczak et al., 2004).
Products might be disassembled for both material recovery and for component reuse
thereby reducing the amount of material going to landﬁll and reducing the amount of
materials and components manufactured from raw natural resources. The disassembly
system is subject to many of the same ergonomics constraints and relations as the
production system (Kazmierczak et al., 2007). The design of the product, via design for
disassembly (DfD) considerations, can also have substantial impact on the ergonomics in
the product recovery process (Desai and Mital, 2005) just as DfA does for the assembly
process (Helander and Nagamachi, 1992).

3.5 Biomechanical indicators
Figure 3.1 illustrates how increasingly detailed biomechanical information becomes available as the design process (from Table 3.1) proceeds. Generally once sufﬁcient information
becomes available to quantify biomechanical indicators, these indicators remain available
with possibly increased certainty for the rest of the design process. Note that the disposal
stage implies an entirely new design process starting with the design of the logistics
system. The product itself remains fully deﬁned but now acts as incoming material for
recovery (Kazmierczak et al. 2007). Most of these biomechanical variables could, in principle, be incorporated into a DHM that could be used throughout the design process.

3.5.1 Reach and ﬁt
The physical, dimensional measures of humans are a basic building block of human modeling and biomechanics. It is also the area with the most comprehensive data. A designer
must choose the data from different countries, from different types of user populations
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Available data

1. Project specifications

2. Product design

Data from similar systems

External loads to be exerted

Possible biomechanical indicators
Existing assessments

Anthropometry, strength demands

Predicted tasks and timing
(some tasks)

3. Logistics system

4. Production strategy

5. Layouts

Predicted tasks and timing
(further tasks)
Predicted postures

6. Work organization

Predicted movements
and frequencies
Measured activity patterns

7. (Pilot) operations
8. Disposal

Knowledge of
operators task demands

Add movement frequencies, reach range,
and weight for logistics-related tasks
Add further movement
frequencies and cycle patterns
Add postures, static joint
moments, static spine load
Add postures, dynamic
joint moments, spine load
Add EMG, joint
kinematics, actual
forces exerted

Figure 3.1 As the design process develops, more detailed information becomes available allowing
for more complete biomechanical modeling and evaluation.

(military, youth) in different postures (sitting, standing). Traditionally these data are linear
dimensions in standard postures. This data is compiled in multiple sources, for example,
Diffrient et al. (1993) or for a military population, Clauser et al. (1988). The complexity of
transforming linear measures into 3D DHM has prompted the development of 3D anthropometry, for example, the CAESAR project (Robinette and Daanen, 2006).
Anthropometry is a basic function in DHM and in fact the major use of DHM was to
determine reach, clearance, and vision (Chafﬁn, 2001).

3.5.2 Range of motion
The range of motion of a joint has been deﬁned by American Academy of Orthopaedic
Surgeons (1965), Boone and Azen (1979), and International Organization for Standardization (2000). These data may not be helpful however in deﬁning a functional range of
motion. For example, Wells (2004) used multiple criteria such as carpal canal pressure,
joint moment capability, and comfort to help deﬁne a functional range of motion for the
hand, wrist, and elbow.

3.5.3 Comfort
Posture, as deﬁned by joint angle, affects comfort. Hsiao and Keyserling (1991) described
three regions in a joint's range: a ‘‘neutral’’ region that represents minimal discomfort to
the joint and adjacent structures, an ‘‘effort’’ region deﬁned as one associated with mild
discomfort, and a ‘‘maximum range’’ deﬁned as the limit of the joint range of motion.
Comfort evaluations are commonly performed with minimal exertion or external load (Kee
and Karwowski, 2001). Postural loads of long duration can lead to static muscle activity
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that may result in muscle pain. High contact stresses may lead to occlusion of blood ﬂow
and temporary numbness or local pain (Fransson-Hall and Kilbom, 1993). Comfort is also
affected by other factors, chief among them being external loads and time.

3.5.4 Force exertion
We consider that there are three relevant time frames for force exertion: short term=acute
(0 min), medium (of the order minutes to days), and long term (months to years). Westgaard
and Winkel (1996) referred to these as biomechanical, fatigue, and health effects, respectively.
Different biomechanical methods are relevant depending upon the time frame considered; for example biomechanical models of spine compression may be useful at a single
point where a peak force dominates a task. Lavender et al. (1999) noted a low correlation
between such peak measures and methods where time and frequency were considered; all
jobs appeared satisfactory when peak loads were considered. This is supported by Norman
et al. (1998) who found that both peak and cumulative loads were important in identifying
low-back pain cases.
Capability and strength. Can a person perform the task once? This question can be
answered by comparing maximal force or moment exertion capability data for the population or individual to the demands quantiﬁed with a DHM.
External forces. The ability of people to exert external forces has been extensively studied.
Forces cataloged include forces exerted on pedals, lift forces, and hand grip, and are
available in human factors and anthropometry texts (e.g., Mathiowetz et al., 1985;
MacKinnon, 1998). In order to be relevant to a particular situation, a large number of
types and directions of force exertion need to be tabulated. An example of such an
approach is seen in the review of Kumar (2004) and of Peebles and Norris (2003) where
the maximum forces that could be exerted in speciﬁc directions and positions were
measured; no constraints were put on the actual postures that the people used. A different
approach was taken by Wells and Greig who mapped the multiple force and moment
capabilities of ﬁve grips for maximum efforts and developed a regression approach to
predict the demand on the hand and forearm for any combination of maximum and
submaximal force and moment exertion (Wells and Greig, 2001; Greig and Wells, 2004).
Joint moments. Since a huge range of postures and directions of force exertion are
possible, a very large ‘‘library’’ of force exertion capabilities is needed. To reduce the
number of force and posture combinations that need to be tested, a biomechanical modeling approach to estimate net joint moments of force has become common. The estimated
net joint moments can be compared to the maximum moment that can be created (e.g.,
Chafﬁn and Anderson, 1991; Chafﬁn 1975; Table 6.2, p. 250). It has also allowed the limiting
joint(s) to be identiﬁed; modiﬁcation of posture or load or direction can then be explored to
reduce demand. There are also other outputs of the biomechanical modeling approach as
will be seen in the next sections.

3.5.5 Muscular fatigue
If a person can exert a force once we may then wish to ask if that person can exert a force
repeatedly. Tolerability is often quantiﬁed by work=rest patterns (e.g., Konz, 1998). Three
main approaches have been developed to assess repetitive or intermittent force exertion
capabilities: endurance, physiological, and psychophysical methods.
Endurance approaches are represented by Rohmert who gauged the tolerability of a
range of work–rest regimens by changes in heart rate (Rohmert, 1973). El ahrache et al.
(2006) have recently created a work–rest model by combing many previous work–rest
models. This approach has been interpreted to predict that static contractions of 15% of a
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maximal voluntary contraction (MVC) can be held indeﬁnitely. Physiological approaches,
however, have shown that the predictions of, for example, Rohmert's model are misleading
and rather than being able to hold a 15% MVC contraction indeﬁnitely, approximately
5% MVC can be held for 1 h (Sjøgaard et al., 1986) but only with evidence of fatigue.
Laboratory and workplace studies now suggest that there may be no lower limit for
continuous static contractions, rest periods are necessary. The work of Byström and
Sjøgaard (1991) shows the challenge of choosing relevant variables to assess tolerability;
they measured electromyographic as well as blood chemistry variables to help deﬁne
acceptable and nonacceptable work–rest regimens. A fatigue-based protocol has been
used recently at the shoulder to assess work–rest regimens where tolerability was judged
by the decrease in maximal strength and changes in the electromyographic spectrum
(Iridiastadi and Nussbaum, 2006).
A psychophysical method can be used to determine combinations of loads, frequencies,
and postures that an experimental participant judges as acceptable. This approach has been
extensively explored by Snook and colleagues. They have built up an extensive library of
tasks for manual materials handling and hand–wrist exertions (Snook and Ciriello, 1991;
Snook et al., 1999). Psychophysical data uses people's perceptions of what combinations of
load, position, and frequency they ﬁnd acceptable. Limiting exposures to those loads and
frequencies found acceptable by 75% of the tested population was found to reduce injury
risk in a retrospective analysis of insurance claims (Snook et al., 1978).
It is noteworthy that, although it is frequently believed, there is little evidence to support
the argument that a task, which leads to fatigue in the short-term leads, will lead to MSDs
in the long term (Mathiassen and Winkel, 1992). Short-term activities can take place at
relatively high loads and the magnitudes of the loads may thus not be relevant to daylong
outcomes or long-term medical outcomes.

3.5.6 Tissue loads and failure
3.5.6.1 Peak loads
The estimated joint loads, shear and compression, are valuable outputs of a biomechanical
model (e.g., McGill and Norman, 1985). If the failure load of joint structures can be
determined then they can be compared to the estimated loads. This approach has been
extensively explored in the lumbar spine. An example of this approach for a single instant
can be seen in the NIOSH (1981) manual materials handling guideline. The action limit
(AL) of 3400N compression was based upon failure loads of lumbar motion units available
at that time. Since then, failure data on a wider range of ages has become available (Jäger
et al., 1991) as well as the development of improved testing protocols, better simulating
in vivo loading conditions (Gunning et al., 2001; Gallagher et al., 2005).

3.5.6.2 Cumulative tissue loading
Data is now available on the effect of loading frequency on failure of the spinal motion
unit (Yingling et al., 1997; Gallagher et al., 2005). Duration for these testing protocols
can typically only be measured in hours. This type of loading has also been shown to
be associated with MSDs epidemiologically (Kumar, 1990; Norman et al., 1998) and
methodological development is ongoing.

3.5.7 Injury and disorder risk prediction
3.5.7.1 Direct epidemiological methods
The most convincing link between workplace mechanical exposures and ill health is
through epidemiological studies (especially if the mechanism of injury has been
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conﬁrmed). The quality of the exposure data, until recently, was of low quality and
typically described exposures in terms like forceful exertions and heavy lifting (Bernard,
1997). More recently ‘‘biomechanically’’ driven epidemiological studies have linked variables determinable from a biomechanical model to injury risk. Examples are the work of
Marras et al. (1993) where variables such as load moment and trunk kinematics were found
to be related to surrogates for injury, such as compensation claims, and Norman et al. (1998),
who calculated a range of exposure indices from a static biomechanical model and found
that peak lumbar moments or compression forces as well as cumulative lumbar moments or
compression forces were related to reporting of low back pain. Trunk kinematics were also
predictive of reporting low back pain in both studies. Obtaining estimates of trunk kinematics before material prototypes are available is currently not possible.

3.5.7.2 Composite risk predictions
Injury risk is also predicted from combinations of previously described acute and repeated
tissue loading data, discomfort data, epidemiological data, psychophysical data, and
metabolic data. For example, the NIOSH equation uses a combination of biomechanical
model data, physiological energy consumption data, and psychophysically determined
information. The NIOSH equation (Waters et al., 1993) for manual handling can be used
before a physical prototype is available as long as the distance from the ankles to the load
can be judged from the environment and task description. For the upper limb, the strain
index (Moore and Garg, 1995) was created based upon existing epidemiological and
biomechanical data and its predictions veriﬁed by epidemiological methods.

3.6 Closing remarks
Biomechanical assessments can contribute to improving a wide range of ergonomic characteristics while a product or process is still at the earlier design stages. Adjusting the design
for reduced biomechanical exposure is most cost-effective in early design stages where there
is greater leeway in the design and construction costs have not been committed. The
interaction of a person with a product or process can be approximated from the external
characteristics of the environment. Limits and preferred ranges for parameters such as
reaches, clearances, or force requirements are valuable. To use biomechanical models
requires a prediction of behavior, even if it is as simple as where a person stands to work
with an object at a known height. As the design stages advance, more sophisticated biomechanical analyses become available until the system is fully operational and all assessment
methods including EMG and perceived exertion and discomfort are available.
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4.1 Introduction
The motion of the musculoskeletal system is guided by ligaments and tendons, bands of
tough connective tissue that traverse the diarthrodial joints of the body and bind the
skeleton. The major functions of ligaments include: to attach articulating bones to one
another across a joint, to guide joint movements, to maintain joint congruency, and to act as
a strain sensor. Tendons, on the other hand, link the muscle to the bone to allow force
transmission and to achieve locomotion of joints. Commonly, ligaments and tendons are
subjected to a relatively low level of forces during repetitive activities of daily living.
However, during strenuous activities such as running, jumping, or joint twisting, the forces
are high and injuries to these structures frequently occur. These injuries can lead to marked
changes in joint motion and signiﬁcant morbidity of patients. The incidence of ligament
and tendon injuries is continuously climbing and affecting daily function in both occupational and athletic settings. Ligaments, particularly the knee ligaments, are especially

109

Kumar/Biomechanics in ergonomics, second edition 7908_C004 Final Proof page 110 30.10.2007 4:39pm Compositor Name: TSuresh

110

Biomechanics in ergonomics, second edition

susceptible to injury during sports activities. It is estimated that annually as many as
150,000 new anterior cruciate ligament (ACL) injuries, approximately 100,000 medial
collateral ligament (MCL) injuries, and 25,000 posterior cruciate ligament (PCL) injuries
occur in the United States (Miyasaka, Daniel et al. 1991; Beaty 1999). The incidence of
tendon injuries is also on the rise as tendinopathy accounts for an estimated 30%–50% of all
sports injuries (Kannus 1997).
To help patients avoid unnecessary injuries and to achieve better outcome following
treatment, it is important for us to understand the basic science behind ligament and
tendon function, injury mechanisms, and the healing process. Numerous laboratory studies have shown that ligaments and tendons exhibit complex and nonlinear load-elongation
behavior under uniaxial tensile loads. They also display viscoelastic and temperaturedependent properties. Various factors such as skeletal maturity, aging, homeostatic
responses to immobilization or mobilization of the joint, and exercise can greatly alter
these properties. After injury, the composition and microstructure of ligaments and tendons will be largely altered. As a result, their biomechanical properties will also be
dramatically impaired. The treatment options vary depending on their intrinsic ability to
heal. Various approaches attempting to return the injured ligaments and tendons to their
original status have been tried. However, it has been shown that all current treatment
strategies cannot restore the tissue quality and normal joint function (Frank, Woo et al.
1983; Woo, Inoue et al. 1987). Recently, novel technology including functional tissue
engineering methods, i.e., the application of bioscaffolds, growth factor, gene therapy,
cell therapy, etc. have been investigated, some of which have shown particular promises
(Batten, Hansen et al. 1996; Badylak, Arnoczky et al. 1999; Awad, Boivin et al. 2003;
Musahl, Abramowitch et al. 2004; Liang, Woo et al. 2006).
In this chapter, we will ﬁrst address the basic science of the structure of ligaments and
tendons with a brief review of the anatomy and biochemistry. This is followed by a
description of their biomechanical properties as well as the biomechanical methods used
to obtain the properties. In this section, the basic principles involved in the rehabilitation
protocols are illustrated. Furthermore, to help readers to better understand the roles of
ligaments and tendons in joint motion, the knee ligaments are chosen to demonstrate their
contribution to joint function. The discussion will include how immobilization and exercise
affect their biomechanical properties, which has had a profound inﬂuence on current
physical therapies. Then, the sections that follow will focus on the injuries and healing
responses of ligaments and tendons, with special attention devoted to the current concept
of functional tissue engineering to improve their healing response. To conclude, we will
relate the basic science=knowledge to clinical signiﬁcance and present ideas for future
research. A thorough knowledge of these areas will provide a basis for ergonomics
specialists, physical therapists, and clinicians to improve the treatments and rehabilitation
protocols, which could enhance the patient's outcomes.

4.2 Structure of ligaments and tendons
Ligaments and tendons are predominantly made of a highly organized extracellular matrix
(ECM) of densely packed collagen ﬁbers and interspersed cells named ﬁbroblasts.
In healthy ligaments and tendons, the ﬁbroblasts are spindle-shaped and aligned along
the direction of loading. Like cells, the collagen ﬁbers are oriented in the direction of
normal loading as well. These ﬁbers follow a typical architectural hierarchy with tropocollagen as the basic molecular component. They are systematically arranged into microﬁbrils, subﬁbrils, ﬁbrils, and ﬁbers (see Figure 4.1). Inspection of ligaments and tendons
under a microscope reveals an undulating crimp pattern that can elongate easily when a
force is applied. Figure 4.2 shows a histological image of a rabbit MCL.
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Figure 4.1 Tendon architectural hierarchy. (Adapted from Kastelic J., Galeski, A., and Baer, E.,
Connect. Tissue Res., 6, 11, 1978.)

Another important functional area of ligaments and tendons is the insertion site. The
insertions of ligaments and tendons into bone distribute and dissipate loads from soft to
hard tissues. There are two types of insertions, direct and indirect. Direct insertions are more
common where the transition of ﬁbers from ligament to bone occurs in four distinct phases:

Figure 4.2 Histological image of rabbit medial collateral ligament showing highly organized collagen ﬁbers and the crimp pattern (hematoxylin and eosin staining).
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Figure 4.3 Morphology of the insertion sites in ligament. (A) Direct insertion. (B) Indirect
insertion. (Adapted from Woo, S.L-Y., Gomez, M.A., et al., J. Bone Joint Surg. Am., 69, 1200, 1987.
With permission.)

ligament, ﬁbrocartilage, mineralized ﬁbrocartilage, and bone (Figure 4.3A) (Cooper and
Misol 1970; Figgie, Bahniuk et al. 1986; Woo, Gomez et al. 1987). The middle two phases,
uncalciﬁed and calciﬁed ﬁbrocartilage, minimize stress concentrations (Woo, Gomez et al.
1987). Indirect insertions are less common but they are more complex as they contain distinct
superﬁcial and deep ﬁbers. The superﬁcial ﬁbers are connected to the periosteum (Figure
4.3B) (Cooper and Misol 1970; Laros, Tipton et al. 1971; Woo, Gomez et al. 1987) while the
deeper ﬁbers, sometimes called Sharpey ﬁbers, are anchored directly on the bone. Indirect
insertions usually occur when the ligaments attach to bone after crossing the epiphyseal
plate. The MCL of the knee has both direct (femoral) and indirect (tibial) insertion sites.
For tendons, the musculotendinous junction is of equal importance as the tendon–bone
junction since high local stress can occur and cause injury at the site. Frequently, the tendons
have an internal portion within the muscle fascia, called the aponeurosis (Zajac 1989). The
aponeurosis provides a large surface area for the load transfer from muscle to tendon.
At the molecular level, type I collagen is the major component of all ﬁbers and is
primarily responsible for a ligament's or tendon's tensile strength (Frank et al. 1994; Viidik
1994). Other collagen types such as types III, V, VI, IX, X, XI, and XII appear in minor
amounts. However, they play a signiﬁcant role in ﬁbrillogenesis and homeostasis. Type III
and V collagen have been implicated in the regulation of collagen ﬁbril diameter and
organization (Birk, Fitch et al. 1990; Linsenmayer, Gibney et al. 1993; Birk and Mayne 1997)
and they also function in wound healing where their levels were found to be elevated
(Niyibizi, Kavalkovich et al. 2000). Research has shown that type XII collagen provides
lubrication between collagen ﬁbrils. Types IX, X, and XI collagen have been identiﬁed to
coexist with type II collagen at the ﬁbrocartilaginous zone of the ligament–bone and
tendon–bone interface (Niyibizi, Visconti et al. 1995; Niyibizi, Sagarrigo Visconti et al.
1996; Fukuta, Oyama et al. 1998). They are believed to have the function of minimizing the
stress concentrations when loads are transmitted from soft tissue into bone (Cooper and
Misol 1970; Matyas, Anton et al. 1995; Woo and Buckwalter 1998).
Elastin, another ﬁbrous protein present in ligaments and tendons (usually <1% of the
dry weight), allows the tissue to return to its prestretched length following physiological loading, yet its detailed signiﬁcance has to be further elucidated. Other constituents
include glycoprotiens (e.g., ﬁbronectin), proteoglycans, and glycosaminoglycans (GAGs).
Although they exist in relatively small amounts, they have a signiﬁcant function in the
formation, organization, and maintenance of the ECM (Frank, Loitz et al. 1994).
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4.3 Biomechanical properties
As the major function of ligaments and tendons is to resist tensile loads, it is of clinical
importance to characterize their biomechanical behavior and their relative contribution to
joint kinematics. Uniaxial tensile tests are the common way to obtain structural and mechanical properties. Generally, a bone–ligament–bone complex or bone–tendon–muscle complex is tested; the resulting load-elongation curve exhibits nonlinearity that has an initial
nonlinear region called the ‘‘toe region.’’ During this stage, in which normal joint movements occur, the progressive straightening and stretching of an increasing number of ﬁbers
takes place (ﬁber recruitment). Once a majority of the ﬁbers are recruited with an increasing
applied load, the curve gradually transitions to a ‘‘linear region’’ where the slope of the
curve becomes constant. This biphasic behavior allows ligaments and tendons to maintain
normal joint laxity in response to low loads (low stiffness toe region), and to prevent
excessive joint displacement in response to high loads (high stiffness linear region). Finally,
a continuous increase in loading will eventually cause the specimen to fail. Figure 4.4A
shows a typical nonlinear load-elongation curve for a bone–ligament–bone complex.
The load-elongation curves represent the tensile behavior of the whole structure including their insertions to bone or muscle, or both (i.e., to mimic ligament or tendon function
in vivo). Structural properties are represented by parameters such as stiffness, ultimate
load, ultimate elongation, and energy absorbed to failure. Stiffness is deﬁned as the slope
of the linear portion of the curve. Ultimate load and elongation correspond to the maximum values of the load or elongation before failure during a tensile test, while the energy
absorbed is the area under the load-elongation curve that represents energy stored in the
complex before failure.
To assess the quality of the ligaments and tendons, mechanical properties as represented
by a stress–strain curve must be obtained. These properties reﬂect collagen ﬁber organization and orientation, as well as the microstructure. Mechanical properties are determined
by normalizing the load to the cross-sectional area (stress, s) and normalizing the change in
elongation to the ligament's original length (strain, «). Cross-sectional area can be obtained
by a variety of methods, but it is best to use a noncontact method such as a laser
micrometer system (Woo, Danto et al. 1990) or laser reﬂectance system (Moon, Abramowitch
et al. 2006). For strain, video cameras and a video dimension analysis system are used to
track the position of contrasting markers placed on the ligament. Thus, measuring stress and
strain is possible without making physical contact with the soft tissue. In order to avoid
the contribution of the insertion sites, it is important to use the stress–strain relationship of
the midsubstance of the ligament or tendon. A typical stress–strain curve for a ligament
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Figure 4.4 The structural properties of a bone–ligament–bone complex represented by a load-elongation
curve (A) and mechanical properties of the ligament substance represented by a stress–strain curve (B).
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Stress

Elongation

midsubstance is shown in Figure 4.4B. Mechanical properties of the ligament or tendon are
represented by parameters such as the modulus, ultimate tensile strength, ultimate strain,
and strain energy density. Modulus is the slope of the linear portion of the stress–strain
curve. Ultimate tensile strength (also called ultimate stress) is the highest stress experienced
by the tissue before failure. Ultimate strain is the strain in the ligament at failure. The strain
energy density is the area under the stress–strain curve, and can be described as the amount
of energy absorbed per unit volume.
Ligaments and tendons also exhibit complex time- and history-dependent viscoelastic
properties that reﬂect complex interactions between proteoglycan molecules, water, collagen, and other structural components of soft tissues. When a ligament or tendon is pulled
to a particular elongation, either once or repeatedly in cycles, the stress in the tissue
decreases with time. Speciﬁcally, this means that when soft tissue is elongated to a given
length and remains at this same length over time, the load supported by the tissue
progressively declines. This behavior is referred to as a stress relaxation (Figure 4.5A).
Conversely, there is a time-dependent increasing elongation when a viscoelastic material is
subjected to a constant stress. This behavior is called cyclic creep (Figure 4.5B). During
cyclic loading, an elastic material follows the same stress–strain curve, whereas a viscoelastic material, like tendon or ligament, displays a hysteresis loop, a phenomenon in which
the load-elongation curve differs during loading and unloading and results in net internal
energy loss (Figure 4.6). Due to these properties, the shape of the load-elongation curve for
the ligament or tendon depends on the previous loading history and the time over which
the load is applied. However, over the course of several cycles, the area of hysteresis is
reduced, and the curves become more repeatable. Because the mechanical behavior of a
tissue tested after the ﬁrst cycle will differ from that of a tissue tested at the tenth cycle, the
specimen must be preconditioned by a number of cycles to obtain consistent data.
The viscoelastic behavior of ligaments and tendons has important physiological and
clinical implications. During walking or running, the ligaments and tendons undergo cyclic
loading; and as a result, cyclic stress relaxation will effectively lower the stress in the
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Figure 4.5 (A) Schematic representation of stress relaxation. (B) Schematic representation of creep.
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Figure 4.6 The loading and unloading curves for a ligament or tendon do not follow the same path,
forming a hysteresis loop. Note the decrease in the area of hysteresis by the tenth cycle of loading and
unloading.

ligament substance (Woo 1982; Woo, Gomez et al. 1982). This phenomenon may help
prevent fatigue, failure of ligaments and tendons in conditions where repetitive stress
causes failure at a much lower load than that required to cause failure from a single
application of stress. Similarly, cyclic creep can be used to demonstrate how warm-up
exercises and stretching can increase ﬂexibility of a joint, as a constant applied stress during
stretching increases the length of the ligaments and tendons.

4.4 Role of ligaments and tendons in human motion
The properties of ligaments and tendons are well suited to the physiological functions they
perform. Multiple ligaments and tendons serve a single joint, providing a mechanism for both
locomotion and maintenance of static and dynamic protection of the joint through a wide
range of movements. By adding dynamic muscular control and neural feedback mechanisms,
the static stabilizers are protected from displacements beyond their mechanical limits.
The knee is a good example to illustrate the function of ligaments and tendons. Like all
weight-bearing joints, it needs mobility but must maintain stability. Figure 4.7 is an anterior
Femur
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Lateral
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Medial
collateral
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Figure 4.7 The anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), medial collateral
ligament (MCL), and lateral collateral ligament (LCL) of the right knee.
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view of the right knee showing the four major ligaments of the knee: ACL, PCL, MCL, and
lateral collateral ligament (LCL). These ligaments act together with the joint capsule and
articular surfaces of the knee to maintain stability as well as to guide the joint through the
passive range of motion. The functional role of the ACL, for example, is mainly to limit
excessive knee motions in the anterior tibial direction, while the PCL is important to
limit posterior tibial translations (Butler, Noyes et al. 1980; Livesay et al. 1997). The MCL
works with the ACL to limit coupled motion like anterior tibial translation and varus=valgus
rotation. When one of these knee ligaments is injured during sports- and work-related
activities, knee instability often results in a serious pathological sequel. Thus, knowledge
of the biomechanical properties of knee ligaments is not only important in the basic understanding of the functional behavior of these ligaments, but also essential for ligament repair
and replacement grafts to match the function of the native ligaments.
A novel robotic=universal force–moment sensor (UFS) testing system that was developed in our research center proves to be very useful in determining the functions of these
ligaments during knee motion (Figure 4.8). This system is capable of applying external
loads to the knee, i.e., multiple and combined loading conditions similar to those used
during clinical examinations. Additionally, it can quantitatively measure the in situ forces
in ligaments and replacement grafts, without contacting these tissues. The motions of the
intact, ligament deﬁcient and reconstructed knee can be obtained with respect to the same
reference position (Fujie, Mabuchi et al. 1993; Rudy, Livesay et al. 1996). As a result, not
only has the role of ACL been elucidated, but also this information aid in the development
of novel ACL reconstruction techniques. Recently, we have provided quantitative data to
serve as the basis for the anatomic double bundle reconstruction, a surgical procedure that
could better restore the knee kinematics especially in the rotatory direction to be closer to
the intact ACL (Yagi, Wong et al. 2002; Miura, Woo et al. 2006). We have also found safe
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Figure 4.8 Schematic drawing illustrating the six degrees of freedom of motion of the human knee
joint. The robotic=universal force–moment sensor (UFS) testing system is capable of applying external
loads to knees, i.e., multiple and combined loading conditions similar to those used during clinical
examinations.
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ranges of knee ﬂexion angles for graft ﬁxation. So, for surgeons who perform doublebundle reconstruction, this protocol and scientiﬁc data can be adopted so that the grafts
will not be put at risk of overloading.

4.5 Tissue homeostasis: immobilization and exercise
Ligaments and tendons respond to physical stimuli in vivo and undergo changes accordingly through remodeling of their morphological appearance, biochemical constituents,
and biomechanical properties. In the past, ligament and tendon injuries were treated with
prolonged immobilization of joints followed by a delayed therapeutic exercise after surgery in order to protect the healing ligament from stress. In time, as the detrimental effects
of immobilization were elucidated by laboratory and clinical studies, the clinical paradigm
shifted toward the introduction of stress as rapidly as possible. This limits the damage to
the joint as well as improving the healing response. On the other hand, over zealous
therapeutic approaches that introduce excessive stress or motion can cause further injury
and retard recovery. Hence, observing the effects of the time course of immobilization and
mobilization on joint function is important for rehabilitation specialists and clinicians to set
up an efﬁcient rehabilitation protocol so that the patients can effectively return to sport or
daily function after suffering an injury.
Immobilization of joints with casting is frequently used in clinical settings for various
purposes such as fracture healing. However, it has been shown that immobilization of
joints leads to signiﬁcant impairment of ligament properties and to stiffening of the joint
itself (Woo, Matthews et al. 1975). In rabbits and rats, the stiffness and ultimate load were
reduced by 25%–33% after 4–9 weeks of immobilization (Noyes 1977; Woo, Gomez et al.
1982; Larsen, Forwood et al. 1987). The reduction of structural properties appears to be the
result of a combination of changes to the insertion sites and the ligament substance itself.
Because of the decline in structural properties of bone–ligament–bone complexes resulted
from immobilization, there is a high risk of subsequent injury.
Remobilization can reverse the effects of immobilization on the structural properties in a
bone–ligament–bone complex, but requires a much longer time period to restore the basic
function of the ligament. Experimentally, 18 weeks of remobilization were necessary to
reverse the detrimental effects of a 6 week immobilization period on the structural properties
of ligaments (Laros, Tipton et al. 1971). Studies from our institution on the effects of a 9 week
immobilization period of rabbit knees revealed that histologically, the tibial insertion of the
MCL was not reestablished until after 52 weeks of remobilization (Woo, Gomez et al. 1987).
More importantly, the failure mode was consistently shifted to the tibial insertion. Ideally,
the remobilization period would include a gradual increase in activity over a manyfold
longer time period than the immobilization to allow the tissue to restore its original function.
In addition to the immobilization=mobilization, experimental ﬁndings also suggest that
moderate exercise has an effect on the structural properties, in which the stiffness and
ultimate load of ligaments increased by about 10%–20% (Tipton, Matthes et al. 1975; Woo,
Matthews et al. 1975). In a study, the effect of short-term exercise demonstrated little or no
effect on the digital extensor tendon properties, whereas long-term exercise resulted in
positive changes including an increase in cross-sectional area, as well as a 22% increase in
tensile strength (Woo, Ritter et al. 1980; Woo, Gelberman et al. 1981). On the other hand, for
the digital ﬂexor tendons, the mechanical properties of the tendon substance exhibited no
statistical changes for both short-term and long-term exercises, whereas the ultimate load
of the exercised ﬂexor–tendon complexes increased by 6% in the short-term exercised
group and 19% in the long-term exercised group secondary to changes at the bony
insertion sites (Woo, Gomez et al. 1981). Figure 4.9 represents a summary of the literature
on the effects of immobilization and exercise, and their relationship to ligament mass and
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Figure 4.9 Mechanical properties of rabbit MCL from control and 9 week immobilization
groups. (From Woo, S.L-Y., Gomez, M.A., Woo, Y.K., and Akeson, W.H., Biorheology, 19, 397, 1982.
With permission.)

properties. For any ligament, a physiological level of stress and strain duration exists,
ensuring a certain level of mechanical properties. Any reduction in stress–strain duration,
such as immobilization, will reduce the structural properties enormously. On the other
hand, an increase in stress–strain duration (exercise) will enhance these properties, but
only moderately.
Essentially, excessive increases in stress–strain as well as duration will result in structural damage and eventually failure. It is generally believed that ‘‘overloading’’ is a major
initial event in the development of tendinopathy, leading to pain, swelling, inﬂammation,
tendon degeneration, loss of function, and ultimately rupture. In vitro studies have shown
that overstimulation of tendon and ligament cells induced increases inﬂammatory cytokines and degradative enzymes (Almekinders, Banes et al. 1993; Banes, Horesovsky et al.
1999; Archambault, Tsuzaki et al. 2002; Tsuzaki, Guyton et al. 2003; Wang, Jia et al. 2003a,b).
In addition, the effect of repetitive mechanical loading on tendons can be adversely
synergized by intrinsic factors, including malalignment, age-related degeneration of the
tendon, inﬂexibility, and muscle weakness or imbalance. However, there is no consensus on
the exact etiology and the pathology is still not well known. Readers are encouraged to read
the Tendinopathy in Athletes book to be published in the series of the International Olympic
Committee (IOC) Encyclopedia of Sports Medicine, for more details and a showcase of other
postulated etiologic factors in this complex multifactorial pathology.
On the aspect of rehabilitation, any procedure raises the question of how soon and how
much. The answers must be tailored to the age and physical state of the patient, as well as
the location and severity of injury. An understanding of the effects of immobilization,
remobilization, and exercise on the function and structure of ligaments and tendons is
essential for establishing a robust rehabilitation procedure.

4.6 Effect of aging
Another factor affecting the biomechanical properties of ligaments and tendons is age. The
biomechanical changes associated with skeletal maturation and senescence have been well
documented in the MCL, ACL, and patellar tendon using animal models, as well as human
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cadavers (Woo, Orlando et al. 1986; Woo 1991; Johnson, Tramaglini et al. 1994; Dressler,
Butler et al. 2002). Before puberty, the weakest link in the bone–ligament–bone complex is
the epiphyses in the developing bone. For example, the failure of the MCL in the knee
usually occurs with tibial avulsions, rather than midsubstance failure (Woo, Orlando et al.
1986). During skeletal maturation, the biomechanical properties of ligaments and tendons
are gradually improved. In rabbits, signiﬁcant increases in the linear stiffness, ultimate
load, and energy absorbed at failure of the FMTC were noted. The modes of failure
were mainly ligament midsubstance, correlating well with the closure of the epiphyses.
The tangent modulus of the rabbit MCL also showed an increase during the maturation.
Afterwards, only slight decreases in these properties were found with increasing age
(Woo, Ohland et al. 1990).
In the case of the ACL, the age-related changes have been demonstrated by studying
human cadavers. By comparing different age groups (22–41 years old, mean age 35 years
and 60–97 years old, mean age 76 years), a study found that the stiffness and ultimate load
in the femur–ACL–tibia complex declined substantially as a function of aging. While the
cross-sectional area of the ligament remained relatively constant, a large decrease in
structural properties indicates that the mechanical properties of the ACL also reduce
(Noyes and Grood 1976; Woo, Hollis et al. 1991). The mechanisms of the deterioration of
the biomechanical properties in older individuals are still unclear. A decrease in the level of
activity, the changes in hormone levels and other physiological conditions might contribute to the phenomenon.
The age-related changes in tendons are also investigated. By using fresh-frozen human
patellar tendons, a study found that minimal differences in tensile and viscoelastic properties existed between younger (29–50 years of age) and older (64–93 years of age)
individuals, except that the ultimate tensile strength was 17% less for the older group
(Johnson, Tramaglini et al. 1994). Similarly, another study also showed that the biomechanical properties of patellar tendon allografts from donors aged 18–55 years had no signiﬁcant correlation to age. These results imply that patellar tendon allografts harvested from
individuals up to 55 years of age can be used for ACL reconstruction without a signiﬁcant
loss in the mechanical properties.

4.7 Healing of injured ligament=tendons
Due to their specialized structure, ligaments and tendons have a slower and more limited
healing response after injury (Frank et al. 1994) than tissues like skin and bone. It is also
known that ligaments and tendons heal with more inferior tissue when compared to
normal. The process of the healing of ligaments and tendons roughly follows the overlapping phases shown below (Frank, Woo et al. 1983):
1. Hemorrhage and inﬂammatory phase: Characterized by the formation of a blood
clot within the damaged region and the invasion of polymorph nuclear cells and
monocytes=macrophages. The monocytes remove debris and attract granulation
tissue producing reparative cells.
2. Proliferative phase: Forms new blood vessels while ﬁbroblasts are recruited from the
local environment to develop circulation and to produce new ECM material (mainly
collagen).
3. Remodeling phase: Starts within weeks after the injury and can last up to several
years. It is characterized by a progressive maturation of the newly formed collagen
ﬁbers as well as their alignment into a longitudinal orientation in response to loads
experienced by the ligament or tendon.
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Some ligaments and tendons such as the MCL of the knee can heal spontaneously. Their
structural properties, e.g., the stiffness and ultimate load, can reach normal or nearly
normal values, thus providing the necessary function for the joint stability (Frank, Woo
et al. 1983; Indelicato 1983; Woo, Inoue et al. 1987). However, their mechanical properties,
e.g., tangent modulus and ultimate tensile strength, remain inferior to normal (Woo, Inoue
et al. 1987). Therefore, the MCL has been an ideal model to study ligament healing in the
laboratory due to its propensity to heal. Its distinct shape and easy accessibility are
additional reasons (Weiss, Woo et al. 1991). In contrast, other ligaments such as the ACL
of the knee, cannot heal after a complete midsubstance rupture.
Since the healing behavior of ligaments and tendons differ, clinical treatment of ligament and tendon injuries varies. An isolated MCL injury could be treated conservatively.
This regimen has been substantiated in a canine model where a transected MCL healed
spontaneously without surgical treatment or immobilization (Woo, Gomez et al. 1987).
Actually, compared to surgical repairs plus 6 weeks immobilization, the healed tissue had
better alignment of the ﬁbroblasts and ﬁbers than the repaired ligaments. At 12 weeks postinjury, biomechanical measurements on valgus knee rotation, the stiffness, and ultimate
load of the FMTC for the non-repair group were closer to the controls. These advantages
over surgical repair treatment continued to 48 weeks. Nevertheless, it should be noted that
the quality of the healed tissue (i.e., the mechanical properties) of both the non-repaired
and surgically repaired MCLs did not improve with time.
Following severe ACL injuries, surgical reconstructions using tissue autografts are
usually performed to regain knee function. Various factors, such as graft selection, tunnel
placement, graft tension, graft ﬁxation, tunnel motion, and graft healing can affect the
outcome of surgery. To choose an optimal graft, it is important to consider the initial
stability and early integration of the replacement graft within the bone tunnels. For
autografts, the current most popular choices are hamstring tendons (semitendinosus
and=or gracilis) and bone–patellar tendon–bone complex (BPTB). The BPTB graft has
bony ends allowing for bone-to-bone healing and more rapid integration of the graft into
the joint, while the hamstring tendon grafts lack bony ends, resulting in a soft tissue to hard
tissue interface that is weaker and takes a longer time to integrate. On the other hand, the
hamstring tendon grafts are advantageous because of limited donor site morbidity, for
example, anterior knee pain, fat pad adhesion, and arthroﬁbrosis. Because of this, there has
been a shift in use from the BPTB graft to hamstring tendon grafts. Although stronger
ﬁxation methods have been tried and multiple-loop hamstrings grafts have been used to
increase the stiffness and ultimate load, the relatively slow bone–tendon healing in the
tunnel are still potential concerns. With the development of new techniques using a
functional tissue engineering approach to solve the problem of donor site morbidity, the
BPTB graft has the possibility to be a better choice again. Generally, graft selection for ACL
reconstruction surgery remains a highly debated issue. Clinicians must take into account
all of the biomechanical data available as well as the potential complications of each type of
graft. Regardless of the surgical techniques, a proper rehabilitation protocol is necessary
after ACL reconstruction. A recent trend for ACL reconstruction rehabilitation uses an
aggressive accelerated rehabilitation program. Compared to the conventional rehabilitation protocols, this program features faster mobilization, earlier weight bearing and
quicker return to sport as well as closed-chain functional activities, which have been
shown to achieve better knee functions (Shelbourne, Wilckens et al. 1991). Investigators
have found in clinical trials that this aggressive methodology did not negatively affect
long-term stability (Shelbourne, Klootwyk et al. 1995).
Clinical treatment of combined ligamentous injuries to the knee is still controversial
(Hillard-Sembell, Daniel et al. 1996; Frolke, Oskam et al. 1998). Some authors have reported
satisfactory results with nonoperative treatment of the combined ACL=MCL injuries
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(Jokl, Kaplan et al. 1984). Others advocate surgical reconstruction of the ACL with repair of
the MCL to adequately restore knee function (Frolke, Oskam et al. 1998). Still others choose
to surgically reconstruct the ACL without addressing the MCL (Hillard-Sembell, Daniel
et al. 1996). Regardless, the biomechanical results on the injured MCL is generally worse
than for the isolated MCL injuries as demonstrated in canine, rabbit, and goat models
(Woo, Young et al. 1990; Ohno, Pomaybo et al. 1995; Abramowitch, Yagi et al. 2003), clearly
suggesting that a ruptured ACL plays a factor in the quality of healing of the MCL.
Although in a rabbit model, the surgical repair of the MCL could reduce the valgus knee
laxity initially over the non-repaired; in the long term (52 weeks), there was no difference in
the biomechanical properties of the healing MCL (Ohno, Pomaybo et al. 1995).
A larger animal model further substantiates the combined injury issue. As ACL reconstruction could be done more precisely in a goat knee than a rabbit, our research
center investigated the healing of a combined injury treated with ACL reconstruction
(Abramowitch, Yagi et al. 2003). Again, it was demonstrated that from time 0 to 6 weeks
the initially high in situ force in the ACL graft was transferred to the healing MCL,
suggesting that an ACL graft could stabilize the knee initially. But with graft remodeling,
loads were transferred to the healing MCL. As a result, the healing MCL increases in crosssectional area in order to compensate for the lesser tissue quality. This results in similar
structural properties of the healing FMTC, but with poorer mechanical properties of the
MCL, when compared to normal ligament. These ﬁndings prove that in combined
ACL=MCL injuries, healing of the MCL depends on the quality of ACL reconstruction.
For tendon healing, the controlled passive motion modality following surgical repair of
ﬂexor tendon healing is particularly relevant to rehabilitation specialists. Unlike the MCL, a
lacerated digital ﬂexor tendon needs surgical repair. Canine forepaws were used to study
the effects of postoperative immobilization versus controlled passive mobilization on
its healing. With controlled passive mobilization, tendons had a higher survival rate, and
the strength at the repair site was improved as the ultimate loads were signiﬁcantly higher
than those of the immobilized controls. Controlled passive mobilization can also signiﬁcantly minimize adhesion formation between the repaired tendon and the surrounding
shaft, thus providing better gliding function of the digits (Woo, Gelberman et al. 1981).
Thus, both clinical and basic science studies continue to elucidate the effects of various
treatments on ligament and tendon injuries.

4.8 Functional tissue engineering—new approaches to improve
healing of ligaments and tendons
As the conventional methods of management led to suboptimal results, new approaches
are investigated to help with the healing process. Functional tissue engineering has been
an attractive approach not only to restore the macro- and microstructures of injured
ligaments and tendons, but also to regain the normal joint function. Currently, the usage
of a variety of growth factors, gene transfer and gene therapy, cell therapy, as well as
scaffolding materials are being explored and these technologies offer great potential.

4.8.1 Growth factors
By binding to their speciﬁc receptors on cell surfaces, growth factors can arouse targeted
biological responses. Thus, both in vitro and in vivo studies have been conducted with an
attempt to determine appropriate strategies for delivering them to enhance healing of
ligaments and tendons. An in vitro study from our research center demonstrated that the
application of transforming growth factor (TGF)-b1 increases collagen synthesis 1.5-fold
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over controls in both MCL and ACL ﬁbroblasts (Marui, Niyibizi et al. 1997). In vivo studies
also showed that locally applied TGF-b2 and platelet-derived growth factor (PDGF)-BB
had the potential to enhance the structural properties of the FMTC in rat and rabbit (Batten,
Hansen et al. 1996; Lee, Harwood et al. 1998; Spindler, Murray et al. 2003). Furthermore,
PGDF may also improve the mechanical properties of the ipsilateral ﬂexor tendon graft
after ACL reconstruction (Weiler, Forster et al. 2004).
To optimize the treatment effects, the combination of using two or more growth factors
has been explored. However, the results were inconsistent and the beneﬁts could not be
conﬁrmed. It was found that a combination of PDGF-BB and TGF-b1 did not enhance the
structural properties of the healing FMTC when compared to PGDF-BB alone (Scherping,
Schmidt et al. 1997; Spindler, Murray et al. 2003). On the other hand, the local application
of TGF-b1 together with epidermal growth factor (EGF) was shown to improve the
structural properties of the BPTB autograft for ACL reconstruction in a canine model
(Yasuda, Tomita et al. 2004). Clearly, the healing process of ligaments is complex and
more research efforts are needed on the timing, mode of delivery, dosage as well as
appropriate combination of various growth factors before success may be achieved.

4.8.2 Gene therapy and cell therapy
Gene therapy can be conducted for two purposes to improve tissue healing: (1) By
introducing therapeutic genes into cells to increase or supplement target protein synthesis
or induce the expression of therapeutic proteins (gene transfer) or (2) by using oligonucleotides (ODN) to interfere with inherent gene expressions (antisense gene therapy, RNAi,
etc.). For both approaches, the use of a vector to deliver the new gene or ODN across the
cell membrane and into a cell is required. Currently, mammalian viruses and cationic
liposomes are widely used as delivery vectors. For the application in ligaments and
tendons, adenovirus, retrovirus, liposome, or the combination of virus and liposome
(e.g., HVJ–liposomal complex) have been proven effective (Nakamura, Hart et al. 2000).
Gene transfer was proven to be effective in improving the healing of ligaments
and tendons by delivering genes of growth factors. The recombinant human BMP-2 gene
was once transferred to the bone–tendon interface and obtained better integration of
semitendinosous tendon graft to the bone tunnel in rabbits (Martinek, Latterman et al.
2002). In addition, an in situ gene transfer of TGF-b1 using an adenoviral vector increased
the cellularity and enhanced the deposition of types I and III collagen in a ruptured ACL
(Pascher, Steinert et al. 2004).
Despite the supplement of useful genes by gene transfer, antisense ODNs were
employed to block the target genes that may be excessively expressed in the healing
ligaments and tendons. In our research center, we have successfully down-regulated
the overproduction of collagens III and V in ﬁbroblasts by utilizing antisense ODNs
(Shimomura, Jia et al. 2003). The following in vivo experiments using a rabbit MCL gapinjury model also showed that by directly introducing the ODNs to the healing ligaments,
the level of collagen type V was decreased in 60% of the animals, indicating the feasibility
of using ODNs to improve the healing of ligaments and tendons.
Cell therapy, is another potential strategy to enhance ligament and tendon healing by
supplementing healthy cells. This strategy is sometimes combined with gene therapy to
facilitate gene delivery to achieve sustained effects. For ligament and tendon studies,
the focus has been on the application of mesenchymal stem cells (MSCs) and bone
marrow-derived cells (BMDCs; Young, Butler et al. 1998; Watanabe, Woo et al. 2002).
It has been shown that the structural and mechanical properties of the healing rabbit
Achilles tendon were greatly improved when the autologous marrow-derived progenitor

Kumar/Biomechanics in ergonomics, second edition 7908_C004 Final Proof page 123 30.10.2007 4:39pm Compositor Name: TSuresh

Tissue mechanics of ligaments and tendons

123

cells were transplanted into the defect (Young, Butler et al. 1998; Juncosa-Melvin, Boivin
et al. 2006). Similarly, the modulus and ultimate tensile strength of the healing rabbit PT
following BMDC-treatment increased signiﬁcantly over natural repairs (Awad, Butler et al.
1999; Awad, Boivin et al. 2003; Juncosa-Melvin, Boivin et al. 2006).
Despite these promising results, the practical implementation of gene and cell therapy as
a biological intervention in ligament and tendon healing still need much investigation. The
complex interaction involved in gene expression and regulation, cell interaction and
function are not yet well elucidated, for these biological tools to be used for practical
application.

4.8.3 Biological scaffolds
Scaffolding materials, especially bioscaffolds, on the other hand show more immediate
promise for ligament and tendon repair. These scaffolds can serve as the guidance for cells
to migrate in, proliferate, and synthesize new ECM, as well as to provide mechanical
support for tissue repair (Voytik-Harbin, Brightman et al. 1997; Hodde, Record et al. 2002).
There are several known biological scaffolds, gels, or membranes made from alginate,
chitosan, collagen, hyaluronic acid, or other extracellular matrices (Kim, Putnam et al.
1998; Drury and Mooney 2003). Additional examples include acellular dermis, amniotic
membrane tissue, small intestine submucosa (SIS), fascia, and acellular bladder matrix
(Hodde, Record et al. 2002).
One bioscaffold, namely the porcine SIS, shows distinct promise in accelerating softtissue healing and regeneration (Badylak, Tullius et al. 1995; Hiles, Badylak et al. 1995;
Badylak, Arnoczky et al. 1999; Musahl, Abramowitch et al. 2004; Liang, Woo et al. 2006).
SIS possesses a structural hierarchy of naturally arranged collagen type I. It contains
many bioactive agents (growth factors, ﬁbronectin, etc.) (Voytik-Harbin, Brightman et al.
1997; McPherson, Liang et al. 2000; Hodde, Record et al. 2002). Its degradation products
have been shown to be chemoattractants for cells (including BMDCs) (Zantop, Gilbert
et al. 2006).
SIS has been shown to enhance the healing of Achilles tendon with a segmental defect in
dog (Badylak, Tullius et al. 1995). Our research center also has demonstrated its enhancement on the biomechanical properties and biochemical compositions of the healing rabbit
MCL (Musahl, Abramowitch et al. 2004; Liang, Woo et al. 2006). The tangent modulus of
the healing MCL treated with SIS increased by more than 50% at 12 weeks and this effect
persisted up to 26 weeks postinjury. The collagen ﬁbers in the healing MCL were more
aligned and a concomitant decrease in collagen type V levels and increase in collagen ﬁbril
diameters were found in comparison with nontreated MCLs.
Recently, we have attempted to improve the healing patellar tendon defect created
by grafting for ACL reconstruction as well as to reduce the postoperative adhesion
formation between the healing tissue and underlying infrapatellar fat pad. Using the
rabbit knee model, the application of SIS to the patellar tendon defect showed that for all
time points (3, 6, 12, 26 weeks) studied, there was more healing tissue ingrowth in the
SIS-treated PTs than that in the nontreated ones. The structural properties for the SIStreated patellar tendons showed a 98% higher stiffness and 113% higher ultimate load.
Another important observation was that the SIS, acting as a barrier, prevented adhesions
and ﬁbrosis from being formed between the healing patellar tendon and underlying
soft-tissue structures. Clearly, the results are encouraging for further exploration of this
application.
Although scaffolds can be used alone in tissue engineering, more and more recent
studies are designed to use scaffolds as a carrier as well for delivering bioactive factors
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and cells including stem cells. Therefore, to improve the reparative process of ligaments
and tendons by using a bioscaffold, seeding cells especially stem cells and applying
mechanical stimuli by means of bioreactors have been attempted to modify the scaffold
as well as to study the mechanisms of healing.
It has been shown that cyclic stretching of ligament and tendon ﬁbroblasts in vitro could
increase collagen synthesis (Desrosiers, Methot et al. 1995; Hsieh, Tsai et al. 2000) as well as
change intracellular processes, i.e., different regulation of metabolic and inﬂammatory
genes, and calcium signaling (Banes, Horesovsky et al. 1999; Archambault, Tsuzaki et al.
2002; Ralphs, Waggett et al. 2002; Wang, Jia et al. 2003a,b). Similarly, multidimensional
mechanical strains applied to BMDCs embedded in a collagen gel up-regulated the gene
expression of collagen types I and III and tenascin-C, which are typically expressed in
ﬁbroblasts (Altman, Horan et al. 2002). Furthermore, it was found that cells react actively
to the topography of the scaffolds as ﬁbroblasts aligned themselves on a substrate along
the direction of the microgroove, a phenomenon called contact guidance (Eastwood,
Mudera et al. 1998). Our research center has also observed that the matrix produced by
aligned cells is more aligned as well (Wang, Jia et al. 2003a,b). Moreover, laboratory studies
showed that with cyclic stretching and cell seeding, the collagen ﬁbers in the porcine SIS
became much more aligned than the original scaffold, suggesting these approaches have a
higher potential to further improve the bioscaffold for a better repair of injured ligaments
and tendons.
With the advance of molecular and cellular sciences, the strategies suggested by functional tissue engineering, i.e., the use of growth factors, bioscaffolds, gene therapy, cell
therapy, and the combined therapy, are becoming more feasible for the treatment and
rehabilitation of ligament and tendon injuries.

4.9 Clinical signiﬁcance and future directions
Extensive laboratory and clinical research on ligaments and tendons has enriched our
knowledge of their anatomy, biomechanical properties, function, homeostasis, and mechanisms of healing, which ﬁnally provides new and improved paradigms for clinical
management (i.e., better treatment methods and rehabilitation protocols). It is clearly
recognized that these tissues, although simple in appearance, are extremely complex. The
multiple factors including their unique microstructures, speciﬁc responses to immobilization and exercise, as well as the age-related alterations of their biomechanical properties
complicate the healing process. Therefore, the clinical treatments and rehabilitation protocols should consider the effects from these factors. Since the outcomes of present treatments
are still not optimal, signiﬁcant efforts must continue.
Advances in molecular and cell biology have opened some doors to the possibility of
manipulating the healing environment and the cells within it, thus enhancing the properties of the healing tissue. Functional tissue engineering including the use of various
strategies of growth factors, gene and cell therapy, and scaffolds, has shown potential
to enhance the healing of ligaments and tendons. A combination of these therapies
should be pursued to achieve more optimal results. In our research center, promising
results with the healing of the MCL as well as patellar tendon defect were obtained
following the application of porcine SIS. We believe that with further reﬁnement (e.g.,
stem cell seeding, mechanical stimuli) and in combination with other strategies, this
bioscaffold could bring more improvements to the treatment and rehabilitation paradigm
for ligament and tendon injuries.
With the appreciation for ligaments and tendons being living, complex, and dynamic, it
will require a team approach involving multidisciplinary collaboration among molecular
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biologists, biochemists, bioengineers, therapists, and clinicians to better understand the
complexity, address issues, and establish better methodologies for their healing and repair
so as to improve the clinical outcome for patients.
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5.1 Normal ligament structure and function
5.1.1 Deﬁnition
As alluded to elsewhere in this text by Woo and colleagues on normal tendons and
ligaments, the term ligament is derived from the Latin term ‘‘ligare,’’ meaning ‘‘to bind’’
or ‘‘to tie’’ (Webster, 1970). Skeletal ligaments have since been deﬁned as dense bands of
connective tissue that bind or tie two bones across a joint and function not only to guide
joint motion (Bray et al., 1991; Frank, 2004) but also act as joint stabilizers (Solomonow
et al., 1987; Spalazzi et al., 2006) and as proprioceptive transducers of joint kinematics
(Abbott et al., 1944; Schultz et al., 1984; Zimney et al., 1986; Barrach and Skinner, 1990;
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Sbriccoli et al., 2005). They are anatomically and functionally distinct from tendons, which
connect muscles to bones.
There are several hundred skeletal ligaments in the human body that are named by a
variety of gross, structural, and functional features (Basmajian and Slonecher, 1989). Most
commonly, these ligaments are named by their points of bony attachment (i.e., glenohumeral, scapholunate); however, other anatomic adjectives such as shape (i.e., deltoid), function (i.e., capsular), relation to a joint (i.e., collateral), relation to a surface (i.e., superﬁcial or
deep), or simply their relation to one another (i.e., cruciates) can also be used to describe
them. Yet, as simple and similar as ligaments appear grossly, they are very complex
heterogeneous structures that differ in many respects, including their response to injury
(September et al., 2007).

5.1.2 Gross appearances of normal
Skeletal ligaments have a wide variety of gross appearances and locations. The majority of
them are anatomically distinct, homogeneous appearing, dense, white structures that
appear to be stretched between their points of bony attachment (Figure 5.1). Next in the
spectrum of ligament forms are the somewhat less-distinct sheet-like ligaments that
are, nonetheless, still fairly discrete and well oriented for their functions. The last type of
ligament, termed ‘‘capsular ligaments,’’ is nearly impossible to distinguish without delicate dissection. These broad complex ﬁbrous forms have been the last to be deﬁned as
discrete anatomic entities because of their deep periarticular location and interdigitation
with other structures (Loitz and Frank, 1993).
Upon closer inspection, even with the naked eye, all ligaments can be seen to be
composed of roughly parallel ﬁbers that tighten or loosen in different joint positions as
different forces are applied across a joint. In some cases ﬁbers appear bundled or grouped,
suggestive of subtle functional differences in ﬁber bands within the same structure (Frank
et al., 1985). In others, ﬁbers remain relatively separate and distinct.

Figure 5.1
(MCL).

Gross appearance of a very distinct ligament—the rabbit medial collateral ligament
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5.1.3 Ultrastructure=histological appearances of normal
At a microscopic level all ligaments have been shown to be made up of multiple parallel
collagen ﬁbers spanning a joint between two bony insertions. Collagen appears to be
oriented roughly in-line to the long axis of the ligament, providing maximum resistance
to tensile loads in that direction. Speciﬁc ultrastructural organization, however, differs
within and among ligaments and further distinguishes ligaments from tendons (Kennedy
et al., 1974; Amiel et al., 1983; Yahia and Drouin, 1989). Although the collagen ﬁbers
themselves are generally arranged in parallel, evidence exists to suggest extensive crosslinking between ﬁbers to allow for the lateral distribution of load, thus minimizing stress
concentrations within the ligament (Boorman et al., 2006).
Using polarized light, another subtlety of ligament substance can be observed. A regular
wavy undulation of cells and matrix can be seen, known as collagen ‘‘crimp’’ (Figure 5.2)
(Diamant et al., 1972; Viidik, 1972; Frank et al., 1988; Frank et al., 2005). Although its
functional signiﬁcance continues to be investigated, it appears that this accordion-like
pattern of crimp creates a loading ‘‘buffer’’ or ‘‘shock absorbing’’ phenomenon that
plays a protective role during rapid loading (Amiel et al., 1990; Thornton et al., 2002).
Ligament insertions are even more complex, heterogeneous, and dynamic than ligament
substance (Woo et al., 1988). Contrary to popular belief, ligaments are not simply riveted to
their bony insertions by Sharpey’s ﬁbers. These ﬁbers do act as anchors as they are surrounded
by and embedded within bone but only as part of a transition continuum of collagen ﬁbers and
cells from ligament substance into bone. The transition of midsubstance cells from ﬁbroblasts
through to ﬁbrochondrocytes very near the insertion, into mineralized ﬁbrocartilage, and
ﬁnally into bone creates a progressive stiffening of matrix at the normal ligament insertion,
thus preventing the presence of a sharp stress interface between the ligament and the bone.
This is a clever means by which nature has likely created a conﬁguration and a transition of
tissue properties, which can help minimize injuries at insertion sites.
Another important concept regarding ligament structure is that the extracellular matrix
must be maintained by the ligament ﬁbroblasts. These highly specialized cells are constantly turning over the complex ligament-tissue matrix (Amiel et al., 1984). Very importantly, these cells are mechanically linked to the tissue matrix (Arnoczky et al., 2002). In this
way the cells are able to respond to the loading environment through signal transduction,
and (under normal circumstances) appropriately maintain the ligament ultrastructure. For

Figure 5.2 The microscopic appearance of ligament ‘‘crimp.’’ This is one of the keys to normal ﬁber
recruitment (H & E, 360).
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instance, exercise and movement of joints has been shown to enhance ligament strength,
whereas immobilization of a joint will result in reduced biomechanical properties (Woo
et al., 1987a).
Ligament ﬁbroblasts are also able to respond to other external signals. Recent investigations have looked at the effect of sex hormones on ligament injury and repair. Hormone
receptors have been identiﬁed on ligament ﬁbroblasts (Sciore et al., 1998), and correlations
have been made between phases of the menstrual cycle and the incidence of knee ligament
injuries (Slauterbeck et al., 2002). However, the exact physiological mechanisms of any
gender-speciﬁc differences in normal and injured ligament behavior have yet to be elucidated. The innervation of ligaments has also recently been suggested to inﬂuence ﬁbroblast
metabolism, particularly following injury (Ivie et al., 2002).

5.1.4 Biochemical composition
Normal skeletal ligaments are composed of a number of substances that can be chemically
isolated and characterized (Amiel et al., 1990). In general, ligaments consist of several
major biochemical components (Figure 5.3). Most contain approximately two-thirds water
by weight, while roughly three-quarters of their dry mass is made up of collagen. More
than 90% of this collagen is type I collagen, with a few percent being made up of type III
plus several other so-called minor collagens including types V, VI, XI, and XIV. Smaller
proportions of the normal ligament matrix are composed of elastin, glycosaminoglycans
(GAGs), and other substances (Hildebrand et al., 2007). No doubt, every component is
critical to normal ligament functions. As of 2007, it is not obvious what all of these so-called
minor components (by weight) actually do.

5.1.5 Biomechanical properties
As noted by Woo, ligament properties in response to loads can be described in three
different ways: structural behavior (load–deformation), material behavior (stress–strain),

Fibronectin and other
glycoproteins (1%– 2%)
Elastin (1%– 2%)
Other collagens (3 % – 5%)

Proteoglycans (<1%)

Type I collagen (20%)

Water (70%)

Figure 5.3 Pie graph showing the normal biochemical composition of a typical ligament.
(From Frank, C., Bray, R.C., Hart, D.A., Shrive, N.G., Loitz, B.J., Matyas, J.R., and Wilson, J.E., in
Fu, F.H., Harner, C.D., and Vince, K.G. (Eds.), Knee Surgery, Williams and Wilkins, Baltimore,
MD, 1994.)
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and viscoelastic behavior (relaxation and creep) (Butler et al., 1978; Woo et al., 1982; Woo
and Adams, 1990; Woo and Young, 1991; Frank, 1996; Woo et al., 2006).
Structural behavior refers to a ligament’s response to a mechanical load regardless of its
size or shape. Under load, ligaments resist displacement with increasing stiffness until
eventually some part of the bone–ligament–bone complex fails. This increasing tensile
resistance of ligaments as they are distracted has been characterized and described as
nonlinear (Figure 5.4).
The reasons for this nonlinear behavior are multifactorial. During the stretching of a
complex, an increasing number of collagenous ligament ﬁbers are recruited under tension.
Under relatively small tensile loads, crimped ﬁbrils begin to straighten. Initially, there is
little resistance to tension as the ﬁbers lengthen, but as elongation progresses, an increasing
number of ﬁbrils become taut and carry load. This process of straightening and collagen
ﬁber recruitment results in the nonlinear characteristic of the load–deformation curve of a
ligament referred to as its ‘‘toe’’ region. As elongation continues at higher loads, all
remaining ﬁbrils become taut (Boorman et al., 2006), and ligaments display a more linear
‘‘stiffer’’ response. Ultimately, as elongation exceeds the capacity of the ﬁbers, yield and
failure of the ligament then results from progressive ﬁbril failure.
In order to compare properties between ligaments of different size, the concept of
‘‘material properties’’ is used. Normalizing load with respect to tissue cross-sectional
area (stress) and elongation relative to initial tissue length (strain) eliminates some of the
inﬂuences of tissue geometry. Expressing ligament properties via these so-called material
properties allows all ligament tissues to be compared with each other and with many other
materials as well (tendons, etc.). This comparison shows that ligaments, like tendons, are
highly adapted to resist tensile stress and strain.
The third behavior, which is equally important to recognize, is referred to as ligament
viscoelasticity. Viscoelasticity refers to the ability of tissues to adapt or adjust to repetitive
elongation or loading by altering either their length or their intrinsic load over time. In a
tissue which is viscous, sustained load, for example, results in tissue ‘‘ﬂow,’’ known as
creep (increasing deformation with time). Its elastic properties allow it to return to its
original shape and length after the load is removed and its subsequent stress–strain

Ligament sprains
Load

Ultimate
load

Linear stiffness

“Toe” region

Energy
absorbed

Elongation

Figure 5.4 Schematic representation of a typical load–elongation curve as the ligament is
loaded in tension. (From Woo, S.L-Y., Smith, B.A., and Johnson, G.A., in Fu, F.H., Harner, C.D.,
and Vince, K.G. (Eds.), Knee Surgery, Williams and Wilkins, Baltimore, MD, 1994. With permission.)
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behavior would be identical to its original normal behavior with repeated or cycled loads.
Similarly, a viscous tissue readjusts to decrease its internal load when either cycled at a
repeated deformation or held at a constant deformation, again as the elements of the
tissue ﬂow. Water displacement is certainly involved as one mechanism of this
ﬂow. Interestingly, ligaments normally maintain the capacity for both viscous and
elastic responses. At low loads viscous behaviors dominate, whereas at higher loads, elastic
behaviors dominate. This balance likely allows normal ligaments to function within a fairly
wide range of loads without their ﬁbers or other components being damaged. Fatigue
resistance is a particular feature of ligaments—allowing ligaments to be cycled literally
thousands of times at relatively high tensile loads (up to 25% of their failure capacity) with
minimal damage. This is undoubtedly a function of many subtle features of the ligament
composition and organization (including load sharing between collagen ﬁbrils and
so-called cross-linking between functional units of a ligament, discussed elsewhere in
this chapter). The mechanisms of these fascinating viscoelastic behaviors are currently
being investigated, but clearly involve a dynamic reorganization of several tissue components during loading and unloading (water, collagen, etc.).

5.2 Ligament injury and healing
5.2.1 Mechanisms of injury
Based on the biomechanical properties of normal ligaments, an understanding of the
mechanisms of ligament injury can be gained. However, it must again be emphasized
that all ligaments are not identical, and various ligaments are biomechanically adapted to
their own unique environment. For instance, the ligamentum nuchae of the neck in animals
must be able to allow repetitive cycles of elongation, but still be able to return to its original
length (Davidson et al., 1992). This ligament has much greater quantities of elastic ﬁbers
than most skeletal ligaments, which are apparently able to protect it against permanent
elongation.
On the other hand, as noted in the previous section, many ligaments, if loaded repetitively will either deform permanently or fail. At higher loads, all ligaments will either
partially or completely fail. Interestingly, it has been shown that the failure strength of
so-called normal ligaments actually increases slightly with training and exercise and
decreases quite dramatically with long periods of immobilization (Cabaud et al., 1980;
Woo et al., 1982; Thornton et al., 2003).
Ligament injuries can be classiﬁed into two main categories: the ﬁrst is repetitive
microtrauma and the second can be called macrotrauma. Repetitive microtrauma causes
the failure of a soft-tissue structure secondary to multiple exposures to forces, which are
actually well below the normal ultimate tensile strength of that structure when exposed to
a single load. Wilson (1996) for example, has suggested that the ultimate tensile stress of
the rabbit patellar tendon decreased with increasing cycle number in vitro, supporting the
concept that fatigue failures of these structures can occur. Fatigue failure has been shown
to result from the propagation of microtears in materials, causing this type of structural
failure at a lower-than-normal load. Importantly, a chronic state of inﬂammation and
repair may be established in an attempt to heal microtears in living tissues, potentially
leading to pain and disability for the patient (Safran, 1995). It has been hypothesized that if
the rate of microtear production and propagation is more rapid than the rate of the repair
in vivo, then persisting symptoms and signs of an injury will be manifested. This type of
injury is common and well documented in tendon, since these structures tend to carry
higher loads in vivo than ligaments (Woo et al., 1994a; Beynnon et al., 1995; Safran, 1995;
Screen et al., 2004). However, it has also been speculated that ligaments can also be injured

Kumar/Biomechanics in ergonomics, second edition 7908_C005 Final Proof page 137 30.10.2007 6:10pm Compositor Name: TSuresh

Ligament sprains and healing

137

by this mechanism. For instance, the medial collateral ligament of the elbow has been
diagnosed as one structure that may be damaged as a result of repetitive loading in
throwing athletes (Safran, 1995; Cain et al., 2003).
By far the most clinically recognizable ligament injuries result from acute macrotrauma,
in which forces are sufﬁcient within a ligament to cause partial or complete rupture of its
ﬁbers. These injuries, which are generally known as ‘‘ligament sprains,’’ tend to occur in
skeletally mature individuals with strong bone (Hurov, 1986; Matyas et al., 1990; Lam,
1988). Most tend to have well-documented mechanisms of injury and each is based on
loads, which must be resisted by a speciﬁc ligament. For instance, the lateral collateral
ligament of any joint is injured through a varus producing force, whereas the medial
collateral ligament will be injured through a valgus producing force. The anterior cruciate
ligament of the knee is torn commonly during a quick, turning (twisting) deceleration,
producing anterior tibial external rotation (Dehaven, 1990; Olsen et al., 2004).
Ligament sprains have historically been graded according to the severity of a tear: grade
1 is an incomplete tear with no, or minimal, clinical laxity. This type of tear often involves
only part of the ligament tearing (e.g., only one of its so-called bands). The band of the
ligament that was tight when the joint was stressed will obviously tear ﬁrst. Thus, the joint
will only be seen to be unstable in that speciﬁc joint position. Note: a little known ‘‘trick’’ of
physical examination is to test joint stability in multiple joint positions—until the position
that it was in when injured is reached, where ‘‘latent (minor) instability’’ may be revealed.
A grade 2 ligament sprain is also an incomplete tear with more obvious joint laxity, but
an attainable ‘‘end-point’’ on physical examination; and grade 3 is a complete ligament
tear resulting in signiﬁcant joint laxity. Grade 2, and especially grade 3 tears, often involve
more than one ligamentous structure, since the forces often progress through other
ligamentous restraints.
Ligaments normally work in concert with each other and with other joint stabilizers to
maintain stability throughout the range of motion of a joint. Therefore, after a particular
ligament is injured, other joint stabilizers must assume the load that it was carrying
(Frank et al., 1985). This redistribution of loads has considerable implications to subsequent remodeling and adaptation or to failure of the other joint structures that assume
these loads.

5.2.2 Healing response
Just as the morphology and biomechanical properties of skeletal ligaments differ signiﬁcantly, so do their responses to injury (Frank et al., 1983). The ligaments of the knee have
been studied most extensively, and it has been well documented that the functional healing
potential of the medial collateral ligament exceeds that of the anterior cruciate ligament
(O’Donoghue et al., 1971; Frank et al., 1983; Inoue et al., 1987; Spindler et al., 2006). Many
hypotheses have been postulated to explain these different healing potentials. These
include differences in lattices to grow on, intrinsic ligament ﬁbroblastic response to injury,
mechanical environment, intraarticular versus extraarticular environment (synovial ﬂuid
effects), blood supply, and inﬂammatory response. As of 2007, it appears that a combination of these factors deﬁne the relative failure of unaided cruciate healing versus that of
collateral healing.
The actual phases of ligament healing are analogous to healing in other connective
tissues, such as the skin (Frank et al., 1983; Kondo, 2007). Speciﬁcally, ligaments generally
appear to attempt to heal through scar-tissue production; scar formation is best explained
by examining it in three speciﬁc phases: bleeding and inﬂammation, proliferation, and
remodeling.
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5.2.3 Bleeding and inﬂammation
When ligaments tear, there is immediate local pain (due to pain ﬁbers within the ligament)
and bleeding (due to tearing blood vessels in and around the ligament). As with bleeding
in any other injured structure, a rapid inﬂammatory response is initiated. A platelet and
ﬁbrin clot is produced, and a complex cascade of cytokines and growth factors are released,
which promote and direct the inﬂammatory response. Local blood vessels dilate, acute
inﬂammatory cells inﬁltrate, and ﬁbroblastic scar cells begin to appear. This ﬁrst phase of
ligament healing lasts for hours to a few days.

5.2.4 Scar proliferation
The second phase of ligament healing involves the production of scar matrix by proliferation of scar ﬁbroblasts (Akeson et al., 1984; Broughton et al., 2006). The source of these
cells is controversial; however, they are likely to be a combination of local ﬁbroblasts and
differentiating mesenchymal cells from the vasculature. Macrophages and other inﬂammatory cells simultaneously remove damaged ligament, clot, and other cellular debris in
an attempt to leave only the dense scar matrix. Although gaps may not be ﬁlled by scar in
some cases (e.g., anterior cruciate ligament [ACL] of knee) the gap injury in most extraarticular ligaments probably does not become ﬁlled with a disorganized scar matrix within
days (Figure 5.5). Neovascular ingrowth is then seen. This new matrix then rapidly
increases in mass, and becomes less viscous and more elastic as the inﬂammation decreases
and the scar matures over the next few weeks of healing. By 6 weeks most gaps are bridged
and ﬁlled by new scar. This has prompted people in the distant past to conclude that
‘‘healing is complete by 6 weeks,’’ but that is not true.

5.2.5 Scar remodeling
The third and ﬁnal phase of ligament healing is matrix remodeling. Once bridging has
occurred, the scar matrix begins to contract, becomes less viscous, and becomes both
denser and better organized. This process takes place over months to years. Histologic
evidence reveals that biomechanical ﬂaws within the scar matrix (debris, fat cells, loose
matrix, hypercellular areas, and areas with matrix) are gradually ﬁlled in with collagenous
matrix. This progressive removal of relative ﬂaws has been shown to correlate with
increased biomechanical strength (Shrive et al., 1995). Collagen ﬁbers are also reorganized

Normal MCL

Scar MCL

Figure 5.5 Scanning electron microscopic appearance of a normal medial collateral ligament (MCL)
versus a 3 week MCL scar.
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Figure 5.6 A composite of scanning electron micrographs of ligament scars at (A) 00 weeks,
(B) 6 weeks, and (C) 14 weeks of healing showing reorganization and realignment of matrix along
the axis of the ligament (the ligament is horizontal in each case). (From Frank, C., Bray, R.C., Hart,
D.A., Shrive, N.G., Loitz, B.J., Matyas, J.R., and Wilson, J.E., in Fu, F.H., Harner, C.D., and Vince, K.G.
(Eds.), Knee Surgery, Williams and Wilkins, Baltimore, MD, 1994. With permission.)

to become less random, and more aligned to resist tensile forces (Figure 5.6). Interestingly,
however, normal crimp is never restored. In fact, it has also been shown that even after
years of remodeling, ligament scar matrix remains different to normal ligament. The
speciﬁcs of these differences have been well documented elsewhere (Frank et al., 1983;
Chimich et al., 1991).
Importantly, it has been shown in animal models of collateral ligament injury that even
after one year of healing, the ligament is not normal histologically, biomechanically, or
materially (Frank et al., 1983; Majima et al., 2006). Although the structural tensile strength
of a rabbit or canine medial collateral ligament (MCL) at one year, for example, can reach
nearly normal values (80%–90%) by virtue of being large, if corrected for its size, its
material properties reach only about 30%–55% of that of a normal ligament (Woo et al.,
1987b; Chimich et al., 1991).

5.3 Treatment options
Goals of treatment for ligament injuries include eliminating symptoms and impairments
with the aim of returning the injured person to their normal activity or to their work in a
safe and healthy environment as quickly as possible. Initial treatment of an acute injury
involves pain control by providing ice, analgesics or a short period of rest, antiinﬂammatory medications, patient education, and then the progressive use of appropriate therapeutic modalities combined with joint mobilization, increasing joint function,
proprioceptive retraining, and progressive return to activity or work.

5.3.1 Early mobilization versus immobilization
As of 2007, it is now almost universally acknowledged that after major ligamentous injuries
to any joint, rehabilitation is a major factor in the success of ligament healing and relatively
rapid restoration of joint function, with or without surgery (Beynnon et al., 2002a). The
reasons for this effectiveness are almost certainly multifactorial—including beneﬁts to the
injured structures themselves, the adjacent normal tissues, perhaps joint proprioception
(Reider et al., 2003), and to the whole individual, physically and psychologically. Improved
neuromuscular control of joint loading (Hewett et al., 2005) and muscle training
with minimization of muscular ‘‘fatigue-related injury’’ (Chappell et al., 2005) are almost
certainly two of the elements of rehabilitation effectiveness, but there are many others.
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At a local, tissue level, early controlled movement of a joint in which a ligament has been
injured appears to have a number of speciﬁc beneﬁcial effects on healing when compared
with total immobilization. Controlled motion with low loads on the healing site may
provide improved scar strength and stiffness without compromising scar length (Frank
et al., 1984; Hart and Dahners, 1987; Gomez et al., 1989; Beynnon et al., 2002a). Mobilization of a joint stimulates ﬁbroblast synthesis of increased total quantities of collagen and
proteoglycans within the sprained ligament making the scar bigger. In addition, motion
may promote progressive return of proper collagen ﬁber orientation (Muneta et al., 1993)
in the scar as it is forming and remodeling, making the scar slightly better. Collectively, a
stronger scar is produced. On the other hand, excessive motion or high loading of a healing
ligament can result in its stretching or creep. What loads or amounts of motion that are too
great, however, are unknown at present (Figure 5.7).
These principles are also true after surgical reconstruction of ligaments, including the
ACL of the knee (Beynnon and Johnson, 1996), but likely for all ligament reconstructions and
repairs. For the ACL reconstructed knee, the value of ‘‘closed kinetic chain exercises’’ (foot
ﬁxed against a resistance) appears to control A-P knee movement to be within contralateral
limits better than ‘‘open kinetic chain exercises’’ (foot not ﬁxed against resistance) and thus
can be defended as ‘‘more controlled movement.’’ Although this theoretically should
improve ACL graft healing and clinical outcomes, probably due to the huge number
of other variables involved in such population-based research, this has not yet been
deﬁnitively demonstrated.
Controlled, eccentric thigh exercises introduced 3 weeks following ACL reconstruction
and carried on for 12 weeks have very recently been shown by Gerber and colleagues
(Gerber et al., 2007) to increase the volume and cross-sectional area of quadriceps and
gluteus maximus muscles, thus potentially combating one of the known negative consequences of surgical reconstruction (thigh muscle atrophy). Major reconstructive surgery
Biomechanics in ergonomics
Ligament injury
• Bleeding
• Inflammation
• Hypervascularity

Repair
• Restores continuity
• Slight increase in mass
strength and stiffness

No Repair
• Scar fills hole
• Slightly slower increase
in strength and stiffness

Early motion
• Increases scar strength
• Increases scar stiffness
• Some increase in mass
• Scar remodels

Immobilization (3−6 weeks)
and late motion
• Decreases scar strength
• Decreases scar stiffness
• Less increase in mass
• Less remodeling

Safe stress
(if joint stable or forces low)
• Scar contracts over time
• Can recover normal laxity

Excessive stress
(if joint unstable or
forces high)
• Scar stretches
• Laxity increases

Safe stress
• As with early motion but
• Scar weaker
• Scar less stiff
• Laxity may not recover

Excessive stress
• Scar stretches
• Scar lax
• Scar may fail

Figure 5.7 Flow chart of ligament injury, showing the effects of movement and immobilization on
ligament healing. (From Frank, C., J. Am. Acad. Orthopaed. Surg., 4, 74, 1996. With permission.)
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itself, perhaps irrespective of graft choice between a local autograft and a cadaveric
allograft (Lephart et al., 1993), appears to worsen the already compromised strength of
the extremity (Keays et al., 2000)—further emphasizing the ongoing need for further
improvement in rehabilitation approaches and techniques intended to fully restore muscle
strength, power, endurance, and function.
Contrary to controlled motion, lengthy immobilization of ligament scar tissue appears
to inhibit its mass and decrease its mechanical quality (Gomez et al., 1989; Bray et al., 1992;
Padgett and Dahners, 1992; Newton et al., 1995; Provenzano et al., 2003; Thornton et al.,
2003). Such immobilized ligament scars are smaller, weaker, and less viscous than nonimmobilized scars. Long-term immobilization also causes some irreversible changes to the
whole joint, including ﬁbro-fatty connective tissue proliferation, increased collagen crosslink formation in the capsule, loss of water and GAGs, articular cartilage degeneration, and
the development of a haphazard arrangement of collagen ﬁbers (Enneking and Horowitz,
1972; Basso and Heersche, 2006), making the joint stiffer than normal. In other words, joints
should never be immobilized for long periods of time, as the effects of such immobilization
are detrimental and likely permanent. Immobilization beyond a few weeks should never
be considered unless absolutely essential for some other reason.

5.3.2 Other therapeutic modalities
A plethora of therapeutic modalities have been advocated for use in the attempt to
improve joint function after ligament sprains. These include ice, heat, antiinﬂammatories,
electromodalities, proprioception, and bracing. Although many of these treatments are
based on sound theories and (still disturbingly rare) evidence in animal models, their
actual clinical efﬁcacy has yet to be documented. The current understanding of some
commonly used clinical modalities will be discussed brieﬂy below.
Antiinﬂammatory effects on very early ligament scar tissue have been investigated
extensively over the past decade in a rat model of medial collateral ligament injury by
Dahners and colleagues (Hanson et al., 2005) and Warden and colleagues (Warden et al.,
2006). The recent summary of Hanson’s ﬁndings in that model suggests that only piroxicam resulted in slightly stronger scars (27%) at 14 days of healing. There was no beneﬁcial
effect of therapeutic doses of the antiinﬂammatories naproxen or rofecoxib, butorphanol
(an opiate analgesic), or acetaminophen on the structural failure properties of those scars.
Based on 33.3% less energy absorption to failure at 14 days after injury, Warden et al.
(2006) meanwhile suggested that 5 mg=kg of celecoxib may actually delay healing in
that model. The longer-term effects of antiinﬂammatories on ligament healing and joint
functions remain unknown.
The use of ice during the (early) bleeding and inﬂammatory stage of ligament healing is
thought to reduce bleeding by arteriolar vasoconstriction, reduce inﬂammation and swelling by decreasing metabolism and inﬂammatory mediators, and decrease sensory nerve
conduction thereby reducing pain sensation (Michlovitz, 1990; Ivins, 2006). On the other
hand, the application of heat to an injured joint, usually during the slightly later proliferative and remodeling phases of healing, theoretically increases blood ﬂow by arterial
vasodilatation while reducing the viscosity of connective tissue. Collectively, the use of
both ice and heat has the potential of reducing pain and stiffness and restoration of slightly
improved function over time; however, their actual effects on ligament healing processes
and outcomes has still not been documented speciﬁcally (even as of 2007).
Several have attempted to determine the effectiveness of therapeutic ultrasound in soft
tissue healing. Although ultrasound can elevate tissue temperature to depths of 5 cm or more
(Michlovitz, 1990), thus theoretically increasing collagen extensibility, increasing blood ﬂow,
altering nerve conduction velocity with increasing pain thresholds and increasing ligament

Kumar/Biomechanics in ergonomics, second edition 7908_C005 Final Proof page 142 30.10.2007 6:10pm Compositor Name: TSuresh

142

Biomechanics in ergonomics, second edition

scar formation via increased growth factor synthesis (Leung et al., 2006)—all potentially
positive effects on ligament and joint repair, there is some evidence to the contrary. In fact,
there has been a recent suggestion of the potential inhibition of ligament healing by lowintensity pulsed ultrasound in a rat model (Warden et al., 2006) supporting the notion that
more evidence should be obtained before ultrasound is recommended for the routine clinical
treatment of ligament injuries (Ennis et al., 2007).
Transverse frictional massage is a type of deep massage used on tendons and ligaments
for the purpose of facilitating their healing. Potential effects of transverse frictions include
hyperaemia, stimulation of mechanoreceptors to reduce pain perception, and prevention of
adhesion formation between neighboring tissues. In addition, it is postulated that deep
friction massage may assist orientation of collagen along appropriate lines of stress and
also help synthesize new collagen (Cyriax, 1982). As with other modalities mentioned
above, however, this speculation requires validation (Moraska, 2005).
Prophylactic use of bracing, taping, and bandaging for ligamentous injury and rehabilitation also remains controversial. While the use of splints and soft braces for temporary
immobilization following injuries or surgery do help control pain for the ﬁrst few days,
their longer-term use can be detrimental (as noted above). Therapeutic braces are prescribed during recovery, rehabilitation, and return to activity in order to theoretically
minimize loads on the healing tissue and the joint overall. However, recent biomechanical
studies indicate that although therapeutic braces may provide protection to the knee
during the application of low loads to the joint during simple activities, they probably
do not have as great an effect during high loads (Beynnon and Johnson, 1996). Braces or
splints may also have a short-term role in improving some aspects of proprioception (e.g.,
for up to 2 years following an ACL reconstruction a neoprene sleeve helps somewhat in
those with a deﬁciency), but given that there is no longer a deﬁciency in detection of
passive knee motion in ACL reconstructed knees after 2 years, braces have no effect on that
outcome (Beynnon et al., 2002b). Longer term, functional braces may signiﬁcantly decrease
reinjury risk of previously surgically repaired people who participate in high-risk sports on
a regular basis (Sterett et al., 2006), but given their questionable beneﬁts in others with
similar injury and surgery (McDevitt et al., 2004), their cost-effectiveness for the vast
majority of surgically repaired or reconstructed people requires further investigation.
On the other hand, in terms of prophylaxis, ankle lace-up stabilizers have been found to
be effective in prevention of ankle injury and reinjury in some populations (Rovere et al.,
1988). Najibi and Albright also concluded from two epidemiologic studies involving cadets
and defensive players that knee braces appeared to offer some protection to the MCL but
might have negative impacts on performance levels, leg cramping, and fatigue symptoms
(Najibi and Albright, 2005). Given their common use and ongoing controversies surrounding both their clinical effectiveness and cost-effectiveness, further work in the use of braces
for ligament protection and rehabilitation is clearly required.

5.4 Ergonomic considerations
This knowledge of ligament structure, function, injury, and rehabilitation can be used in
ergonomic planning. Speciﬁcally, measures can be taken that will help prevent ligamentous injuries and aid in the recovery of workers who have already suffered a sprain. This
may entail a job analysis and work-place revisions in order to identify hazardous exposures and to eliminate excessive biomechanical stresses associated with the job (Peate, 1994).
Ergonomic or equipment design can be found to be responsible for ligamentous injuries.
With the aim of minimizing ligamentous overload and subsequent reinjury, ergonomic
assessment must address both the high-load stress and the low-load repetitive mechanisms
in the workplace.
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The key to both the prevention and treatment of ligament injuries is the minimization of
excessive forces on the joints in question. Prevention and treatment of ligament macrotrauma involves attention to the details of a person’s job description and to the workplace
in an effort to minimize the chances that the worker may suffer a sudden forceful loading
of any joint. Uneven surfaces, wet or slippery surfaces, and stairs or ladders are the most
common sites of a sudden load on the lower extremities. Falls, due to any cause, are the
reasons for most upper limb ligament sprains. Attention to the details of the work
environment, in an effort to prevent such falls or slips, is obviously critical. Also as noted
above, ligament microtrauma is caused by joint overloading; but in the case of these
injuries, the cause is most commonly ‘‘repetitive joint overloading’’ at subfailure stresses.
Ergonomic measures that can either modify the task to decrease the joint stresses, or
alternatively, decrease the number of repetitions that must be preformed sequentially can
keep a ligament within its viscoelastic adaptive range, and prevent its injury. Similarly,
once injured, the same stress-minimization measures need to be considered in order to
optimize ligament healing. The design of the workplace is central to keeping all joints
within their physiological, comfortable ‘‘safety limit.’’ As with all areas of medicine,
attention to prevention of ligament injuries by paying attention to measures that can be
taken to prevent them is preferable to trying to implement these measures after an injury
has occurred.
If signiﬁcant ligament injuries do occur, however, appropriate diagnosis and treatment,
implemented quickly, are essential to minimize the possibility of increasing damage,
recurrent injury, and ongoing disability. This is likely to involve some form of prescribed
rehabilitation with a period of loading modiﬁcation of the affected joint, with or without
splinting, taping, or bracing and a gradual return to work. Major joint injuries can be
catastrophic in the long term and ligaments heal very slowly, as noted above, so rehabilitation and recovery cannot be rushed. ‘‘Weeks to months’’ is a reasonable time frame for
recovery from any signiﬁcant ligament injury. A ligament sprain, if serious, can have
permanent consequences to the worker. Ligament injuries, ideally, therefore should be
prevented if at all possible.
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6.1 Introduction
To appreciate the mechanical failure of bone, it is critical to understand the interactions
between mechanical forces and bone at the level of the organ and the tissue. Here, we
describe the form and function of bone, explain mechanical testing procedures and basic
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biomechanical concepts, review bone's mechanical behavior, and illustrate common bone
fractures.

6.2 Composition and function of bone
Bone is a specialized connective tissue and one of the hardest and strongest tissues in the
human body. Although macroscopically it appears inert, bone is a dynamic structure
undergoing continuous remodeling throughout life. These dynamics are highlighted by
bone's ability to adjust its mass and morphology in response to changes in endogenous
(e.g., hormones) or exogenous (e.g., mechanical loading) factors.
Bone function is multifaceted, including serving as levers to facilitate muscle-controlled
movements, protection of vital organs, storehouse of minerals, and production of hematopoietic cells. These factors are synergistically interrelated and, on a larger scale, may
represent mutually antagonistic objectives. For instance, bones have to be strong enough to
withstand forces generated during daily activities but, at the same time, should minimize
their mass as maintaining bone tissue is metabolically very costly.
Grossly, bone tissue can be classiﬁed as cortical (also called compact) or trabecular (spongy
or cancellous) (Figure 6.1). The mid-diaphysis of long bones typically consists of cortical bone,
whereas vertebrae comprise trabecular bone covered with a cortical shell. The distinct morphology of trabecular bone can be attributed to the arrangement of interconnecting trabeculae
that may be of rod-to-rod, rod-to-plate, or plate-to-plate structure. The lattice-work organization of trabecular bone can vary substantially among bones and among individuals. With its
high surface-to-volume ratio, trabecular bone plays a central role in mineral homeostasis as
calcium stores can be mobilized quickly in response to decreased serum calcium levels.
At the tissue level, bone can be divided into woven, primary, and secondary bone. Woven
bone can be deposited de novo (without a preexisting bony or cartilaginous model). It is laid
down as a disorganized structure of collagen ﬁbers and osteocytes in situations in which
temporary, rapid mechanical support is required, such as after traumatic injuries. Primary
bone comprises several types of bone tissue, each with unique morphology and function. For
instance, trabecular bone in vertebral bodies and in epiphyses of long bones consists mostly of
primary lamellar bone. Other types of primary bone are plexiform bone, as found in rapidly
growing animals, and primary osteons that are formed during growth. Secondary bone is
generated when preexisting primary (or secondary) bone is replaced during remodeling.
Bone is richly innervated and vascularized. Approximately 10% of the cardiac output is
sent to the skeleton. Within cortical bone, primary arteries and veins travel within the
Haversian canals that are aligned with bone's longitudinal axis (Figure 6.1a). Volkmann's
canals interconnect Haversian canals and are oriented transversely to them. Trabecular
bone is void of Haversian and Volkmann's canals, however, individual trabeculae are in
intimate contact with rich vascular supply via bone marrow. Osteocytes are the housekeeping cells in bone and are located in small caves, called lacunae. Small bone canals
(canaliculi) connect the lacunae. An osteocytic cellular network exists within the lacunae–
canaliculi system, creating the potential for communication among osteocytes via gap
junctions. Other major bone cell populations are osteoblasts (bone forming cells) and
osteoclasts (bone resorbing cells). Despite obvious structural differences between cortical
and trabecular bone, they share the same types of cells.
The extracellular matrix of bone comprises inorganic, organic, and ﬂuid components.
Calcium hydroxyapatite crystals (inorganic) constitute about half of total bone volume and
account for 99% of total body calcium. Another 39% of bone volume consists of organic
components, primarily type I collagen (95%) and proteoglycans (5%). The remaining
volume is taken up by ﬂuid in lacunae and canaliculi, within the hydroxyapatite matrix,
and in vascular channels.
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Figure 6.1 (a) Organization of Haversian cortical bone in the mid-diaphysis of a long bone. (From
Nordin, M. and Frankel, V.H., Basic Biomechanics of Musculoskeletal System, Lea & Febiger, Philadelphia, 1989. With permission.) (b) Microphotograph of the rod-to-rod lattice arrangement of human
trabecular bone in the femoral head. (From Gibson, L.J., J. Biomech., 18, 317, 1985. With permission.)

6.3 Mechanical properties of bone
6.3.1 Stress and strain
The concepts of stress and strain are central to bone biomechanics. Mechanical stress (s) in
a structure can be considered as the internal resistance developed in response to an
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externally applied load. Stress is deﬁned as a force (F) per unit area (A), (s ¼ F  A1), and
is expressed in Pascals (1 Pa ¼ 1 N  m2 or 1 MPa ¼ 1 N mm2). Mechanical strain («)
is a change in length (DL) normalized to the original length (L) of any given specimen
(« ¼ DL  L1). Thus, strain is a dimensionless measure and is commonly expressed in
microstrain (106 strain); 1% deformation ¼ 0.01 « (or strain) ¼ 10,000 m« (or mstrain).
Strains are closely related to stress through material properties. In its simplest form,
« ¼ s  E1, where E is a material constant (elastic modulus).

6.3.2 Mechanical testing of bone tissue
Material testing of tissue is essential to understand both its function and its response to
mechanical load. The mechanical properties of cortical bone can be investigated with a
variety of methods such as testing in uniaxial compression or tension, in three- or fourpoint bending, in torsion, by nano-indentation, acoustic microscopy, or noninvasively by
ultrasound. Mechanical tests generate simpliﬁed stress conﬁgurations as bones are loaded
multiaxially during functional activities. Consequently, each test reveals different details
about bone's mechanical behavior, and different tests are necessary for a complete description of bone's mechanical response.
The basic output from a mechanical test is a load–deformation curve (Figure 6.2).
Initially, the load–deformation curve increases in a relatively linear fashion with increasing
loads (Hooke's law). The slope of this linear region is related to bone's structural stiffness or
rigidity and is called ﬂexural rigidity in bending tests or torsional rigidity in torsional tests.
The yield region marks the transition from the elastic to the plastic region. Once the
yield point (region) is passed, the bone sample does not return to its original conﬁguration
after load release. In the plastic region, further load increments produce overproportional
increases in deformation. Catastrophic failure occurs at the failure point. The area
under the load–deformation curve is the amount of energy that the specimen has absorbed
at a given load or deformation. Load behavior, stiffness, and energy absorbed
are structural properties of a tested bone sample as they provide information on bone
as a structural element within the body. Thus, parameters obtained from the load–
deformation curve depend highly on geometry and bone quantity of the sample.
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Figure 6.2 Load–deformation curve derived from a cortical bone specimen tested in uniaxial
tension. The ultimate and failure load are typically similar for cortical bone.
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If the geometry (shape) of the sample is known, the material properties of the bone can be
determined to provide information on the mechanical quality of bone. For this purpose, the
applied force is normalized to unit area (stress), and deformation is transformed into strain.
In the resulting stress–strain diagram, the slope of the linear portion of the curve refers to the
elastic modulus (also called Young's modulus) of the material. The elastic modulus is a
measure of the stiffness of the material. As stress increases within the linear portion of the
stress–strain curve, eventually the elastic limit is reached. At stresses below the elastic limit,
the bone is elastic and returns to its original shape when the load is removed. Above the
elastic limit, the bone experiences permanent, plastic deformation. When the load is
removed, stress decreases, and the material begins to return to its original shape, but since
the tissue has exceeded its elastic limit, the bone is no longer able to return to its original
shape; it takes on permanent set. The strength of the material can be referred to as the stress
at yield (yield strength). After the yield stress has been reached, the bone experiences a brief
region of relatively large strain for little increase in stress. Further increase in stress eventually brings the material to its ultimate stress (ultimate or material strength), after which
fracture is initiated. Because the failure of some tissues is typically not instantaneous, the
propagation and completion of the fracture may occur at a stress level below ultimate stress.
The area under the stress–strain curve is a measure of toughness of the bone.
Bone stress cannot be measured directly but can be calculated indirectly. For instance in
a uniaxial test, the generated axial stress (sufﬁciently far away from the clamps) is equal to
the applied force divided by the cross-sectional area of the specimen. Bone strain, on the
other hand, can be measured directly by using a clip-on extensometer or by bonding strain
gages to the surface of the bone. Strain values can also be derived from the machine
displacement and the measured length of the sample, however, this method may be
inaccurate due to inhomogenous strain ﬁelds.

6.3.3 Mechanical behavior of bone tissue
Bone is considered viscoelastic and is sensitive to the applied strain rate. Strain rate is
deﬁned as change in strain (deformation) per unit time. Many mechanical properties of
bone are highly strain-rate dependent. Ultimate strength, for instance, increases signiﬁcantly when a bone is loaded more rapidly. For instance, the ultimate compressive strength
of a bovine bone sample doubles from about 180 to 370 MPa when the applied strain rate is
increased from 0.001 to 1500 s1.
Most materials can be characterized as brittle (e.g., glass) or ductile (e.g., gold); ductility
is the ability of a material to undergo change of form without breaking. The ductility of
bone is related, in part, to its type-I collagen, and immature bone is more ductile than aged
bone. Although bone is not as strong as most engineering materials, it is very tough (i.e.,
signiﬁcant energy can be absorbed before fracture or yield). With increasing age, bone
toughness decreases signiﬁcantly.
Fatigue in bone is characterized by a loss of strength and stiffness when subjected to cyclic
loading and is associated with microcracks in the bone matrix. In general, fatigue life of a
material depends on its ability to prevent microcrack initiation and to resist subsequent
crack propagation. The latter quality is more important for a fatigue-resistant material, and
bone displays this characteristic. The fatigue behavior of bone (and many other composite
materials) can be subdivided into three regions (Figure 6.3). The ﬁrst region is associated
with the initiation of microcracks and a rapid loss of stiffness. Stiffness is stabilized in the
second region. In the third region, stiffness decreases rapidly and leads to catastrophic
failure of the bone that is related to the accumulation and growth of microcracks.
Bone is an anisotropic material, and as such, its mechanical properties depend on the
loading direction. Bone is much stiffer longitudinally (along the bone's long axis) than it is
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Figure 6.3 Fatigue plotted as a function of loading cycles. Microcracks have been associated with
decreased strength and stiffness of the bone matrix. These microcracks are initiated in Region I, then
accumulate and grow until failure. (Adapted from Martin, R.B. and Burr, D.B., Structure, Function,
and Adaptation of Compact Bone, Raven Press, New York, 1989.)

in any other direction. In human femoral bone, the modulus of elasticity may vary from
about 17 GPa in the longitudinal direction to about 12 GPa in a circumferential direction.
Nonetheless, in simpliﬁed models, Haversian bone can be considered an orthotropic
material possessing three axes of material symmetry. This model is analogous to wood,
which exhibits material symmetry longitudinally along the stem, radially from the center,
and circumferentially along the rings formed during growth. In extensively remodeled
bone, there is no signiﬁcant difference between material properties in radial and circumferential direction and, hence, older secondary Haversian bone can be modeled as transversely isotropic.
The applied strain mode affects the mechanical properties of bone. Bone is strongest
in compression, moderately strong in tension, and weakest in shear. For human femora
(19–80 year old) tested longitudinally, the ultimate compressive stress of cortical bone is
about 193 MPa, the ultimate tensile stress is about 133 MPa, whereas the ultimate shear
strength is less than 30% of the ultimate compressive strength (68 MPa). Relatively low
ultimate shear stresses are typical of ductile materials. Although mechanical properties of
bones across a variety of species are similar for functionally equivalent bones, they may
differ dramatically for bones with different functions. Refer to Keaveny and colleagues
(2001) and Burr (2002) for a more comprehensive review of the mechanical properties and
mechanical behavior of cortical and trabecular bone.

6.3.4 Unique considerations for trabecular bone
Trabecular bone can be tested either as an isolated structure or in whole-bone preparation,
such as with a femoral neck or a vertebra. The ﬁrst approach is necessary to determine the
mechanical behavior of trabecular bone, whereas the latter approach is ergonomically (clinically) relevant because the integrated behavior can be determined of the composite structure.
Most studies on mechanical properties of trabecular bone focus on its structural properties, because high-resolution techniques such as nano-indentation are required to
quantify the material properties of individual trabeculae. When measuring structural
properties, results have to be interpreted with great care as (1) mechanical properties of
trabecular bone are highly dependent on its apparent density. Apparent density is the ratio
of mineral mass of a given bone specimen to its total volume (trabeculae and spaces
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between trabeculae). The typical apparent density of human tibial trabecular bone is about
0.3 g  cc1 compared to 1.9 g  cc1 in femoral cortical bone. However, variations in
apparent density are substantial for trabecular bone, and local changes in apparent density
within the human proximal tibia can inﬂuence mechanical trabecular bone properties
by up to two orders of magnitude. (2) The architecture of trabecular bone dictates potent
nonlinear effects. The trabeculae appear to be aligned with principal stresses generated
during loading. These trabecular patterns add a layer of structural anisotropy to bone
tissue's intrinsic anisotropy, and together make mechanical testing of trabecular
bone specimen extremely dependent on the direction of load application. (3) Spaces
between trabeculae are typically ﬁlled with marrow that can contribute signiﬁcantly to
the mechanical behavior of trabecular bone when tested under high-speed impact. These
factors demonstrate that it is difﬁcult to make general statements about values for mechanical properties of trabecular bone, but typically, the strength of trabecular bone is less
than 10% of the strength of cortical bone (Keaveny and Hayes, 1993).

6.4 In vivo mechanical loading of bones
6.4.1 Bone's mechanical environment
Unlike in vitro mechanical tests (e.g., uniaxial tensile test), daily activities generate a
complex in vivo mechanical environment in bones. During functional loading, bone tissue
is subjected to a combination of bending moments, torsional moments, axial loads, and
shear loads (Figure 6.4a). The relative composition of moments and forces acting on a
cross-section depends on the kind of activity, the speciﬁc bone, the location of the section,
the degree of eccentric loading, the amount of diaphyseal curvature of the bone, and the
existence of diaphyseal muscular attachments. For the mid-diaphysis of long bones, most
functional activities, including running, induce stresses that are generated, principally, by
bending and torsional moments (Judex et al., 1997).
The complex loading environment is exacerbated in injury situations when large additional forces act on the bone. These forces may be created directly (e.g., by an opponent's
foot during a soccer match) or indirectly by load transfer through adjacent tissues (i.e.,
bones, ligaments, and tendons). At the tissue level, any loading environment generates
normal stresses and shearing stresses in a given volume of bone. Consider a cube of unit
length at an arbitrary position (Figure 6.4b). Normal stresses (s) act perpendicular to the
faces of the cube and can be classiﬁed as tensile or compressive. Thus, normal stresses
either elongate or compress the cube, but, leave the angles of the cube intact. Shearing
stresses (t) act tangential to the faces and alter the angles of the cube.
Stresses produced in the cube depend not only on the location of the cube within the
bone but also to a large extent on the orientation of the cube. Normal and shear stresses in
the cube change their magnitude with a rotation of the cube about any of the three
orthogonal axes. If the cube is rotated so that all shear stresses become zero, then the
normal stresses are called principal stresses, and the directions of these stresses are deﬁned
as principal stress directions. Principal stresses represent the maximal or minimal values of
normal stresses that can be generated in the cube for the given loading conﬁguration. As
noted earlier, stress and strain are closely interrelated, but because bone is an anisotropic
material, the principal directions for stress and strain do not coincide.

6.4.2 In vivo strain data
One problem encountered in quantifying bone's in vivo stress (strain) environment is that
the forces and moments acting on the bone are unknown, and stresses engendered cannot
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Figure 6.4 (a) Load environment acting on a mid-diaphyseal section of a long bone consisting of
bending moments (Mx, My), a torsional moment (Mz), shear forces (Fx, Fy), and an axial force (Fz).
Many functional activities induce diaphyseal stresses that are generated primarily by moments.
Diaphyseal moments are engendered by joint forces and moments as well as by muscular attachments to the bone. (b) Depiction of stresses acting on a given unit cube within the bone. Normal
stresses (s) act perpendicular to the faces of the cube and compress or elongate the cube.
Shear stresses (t) that are primarily produced by shear forces and torsional moments cause a change
in angles in the cube.

be computed directly. Bonding strain gages directly on the periosteal surface of bone
represents one means of overcoming this deﬁciency. The use of this method has been
mostly limited to animal experiments; however, studies have reported in vivo strain data
from humans (e.g., Burr et al., 1996). Information from strain gages is limited to their sites
of attachment. Linear beam theory or the ﬁnite element method can be employed to
calculate a more complete description of bone's mechanical milieu.
Analysis of in vivo strain gage data reveals that peak strains induced in limb bones
during functional loading (e.g., running at maximal speed) are remarkably similar across a
variety of species, including humans (2000–3500 m«) (Rubin and Lanyon, 1982). This
phenomenon has been referred to as ‘‘dynamic strain similarity.’’ For functionally engendered strains during vigorous activities, bone's safety factor to yield is about 2–3, and the
safety factor to fracture is approximately 6–7 (Rubin and Lanyon, 1984). These safety
factors were calculated using 6,800 m« for yield strain and 15,700 m« for ultimate tensile
strain (Carter et al., 1981).

6.5 What needs to be measured?
6.5.1 Bone quantity is not sufﬁcient to predict bone strength
Bone strength is a central predictor of fracture risk. Currently, the gold standard for
the clinical skeletal assessment of bone integrity is dual x-ray absorptiometry (DXA),
which focuses on bone quantity or the amount of bone present. However, it is becoming
more apparent that the simple evaluation of bone quantity is inadequate and that a

Kumar/Biomechanics in ergonomics, second edition 7908_C006 Final Proof page 157 23.10.2007 11:04am Compositor Name: VAmoudavally

Bone biomechanics and fractures

157

concomitant assessment of bone quality is equally or more important for accurately estimating fracture risk. For example, there is a considerable overlap in bone densities among
normal individuals and those that sustain fractures, indicating that low bone mass cannot
solely explain the increased fracture rate in the postmenopausal and aging population
(Ciarelli et al., 1991). Moreover, teenagers have essentially the same bone mineral density
(BMD) as the elderly, but they are not considered osteoporotic, and certainly are at little risk
of fracture even given the greater physical demands they place on their skeleton.
Some treatments for low bone mass may deteriorate mechanical properties of the
skeleton. For example, ﬂuorides never became an effective treatment for osteoporosis
despite their ability to effectively promote bone formation and quantity (Kleerekoper,
1998), because their incorporation into the bone matrix appears to decrease bone strength
and increase the risk for hip fractures (Riggs et al., 1990). More recently, bisphosphonates
have become the most commonly prescribed pharmaceutical treatment for osteoporosis
because of their powerful antiresorptive abilities that increase bone quantity and decrease
short-term fracture rates. However, treatment with bisphosphonates also inhibits bone cell
activity and bone turnover, inevitably increasing the incidence of microdamage within the
bone matrix (Mashiba et al., 2000), which, at least in the long term, may increase fracture
rates. It is apparent from these two examples that bone quantity alone is not sufﬁcient to
fully evaluate risk of fracture. These data demonstrate that bone strength is heavily
inﬂuenced by bone quality and not only by bone quantity.
Although these examples demonstrate the necessity to assess the quality of bone for the
evaluation of bone strength, it is difﬁcult to deﬁne what exactly ‘‘quality’’ means in this
context. Quality is inﬂuenced by macroscopic, morphologic features such as a bone's crosssectional cortical geometry, trabecular connectivity, and the architecture of the trabeculae,
but it is also affected by microscopic material properties, such as the chemical and
mechanical properties of the bone material itself.

6.5.2 Effect of geometry on bone mechanics
Geometry, even in the absence of differences in bone quantity, can have powerful effects
on bone's mechanical behavior. Consider two prismatic long bones that exhibit the same
material properties (Figure 6.5). Both bones have a cylindrical cross-section and the
same cross-sectional area (295 mm2), but the second bone has a larger periosteal diameter
(40.0 vs. 25.0 mm) and a corresponding larger endosteal diameter (35.0 vs. 15.8 mm).
Pure axial loading would produce the same stresses in the two bones. However, similar
bending moments applied to both bones would generate dramatically different responses.
The maximal generated stress in the second bone would be only 50% of the maximal stress
produced in the ﬁrst bone. Thus, not only bone mass and bone quality are important for the
prevention of bone fractures but also bone's relative distribution. This concept is expressed
quantitatively in the second moment of inertia (I). Values of I increase as the square of the
distance between a given area of bone and the loading induced neutral axis (line of zero
stress) (Figure 6.5). Consequently, changing the ratio between periosteal and endosteal
diameter provides a means for bone to increase its bending or torsional stiffness without
adding additional bone mass or changing bone mineral density.
The preceding example assumed a homogenous material without any porosities or
geometrical incongruities. As cortical bone ages, its internal porosity increases, and that
increase in porosity causes a disproportional decline in bone stiffness, which cannot be
explained by a change in bone's structural or material properties. Stress distributions
within the cortical structure can be altered dramatically by stress risers that the porosities
cause. If trabecular bone was considered to be a structure with very large porosities, it
is then not surprising that the architecture of trabecular bone also strongly affects its
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Figure 6.5 Example of the effect of cross-sectional geometry on bending-induced maximal stresses.
Both long bones depicted possess the same cross-sectional area, but bone A has a smaller medullary
area. The same applied bending moment generates 50% larger peak stresses in bone A. The moment
of inertia (I) of a given area (gray square) about the neutral axis is proportional to the square of the
distance (d) from the neutral axis. The bending induced neutral axis (zero stress) is represented by the
dashed line. Thus, bone B is subjected to smaller stresses because more bone tissue is distributed
further away from the neutral axis (db > da).

mechanical properties. Fortunately, microcomputed tomography (mCT) scanning is capable of imaging bone at very high resolutions (up to 1 mm), and algorithms have been
developed that can quantify bone's microarchitecture in three dimensions. Architectural
parameters that inﬂuence the stiffness of trabecular bone include the degree of connectedness of individual bone struts and the structural model index, which quantiﬁes how many
trabecular rods vs. trabecular plates are present.

6.5.3 Relation between bone's chemical makeup and its
mechanical properties
The strength and stiffness of bone are related to the degree of mineralization (Follet et al.,
2004). Osteomalacia, which may be caused by diets insufﬁcient in calcium and phosphorus,
represents a condition in which a poorly mineralized matrix dramatically increases fracture
risk. Extremely high bone mineral densities, however, are not desirable either as the bone
becomes increasingly brittle and susceptible to fracture at higher loading rates. From
theoretical considerations, it has been suggested that the optimal percentage of mineral
(by weight) in the bone matrix is approximately 67%.
Although mineralization levels are important for bone stiffness and strength, other
chemical properties of both the organic and inorganic matrix also contribute to bone's
material properties. The organic matrix of bone consists primarily of collagen type I, which
provides a great degree of the tensile strength of bone. Similar to a reinforcing bar
embedded in concrete, the collagen provides bone matrix toughness, resilience to fracture,
and ductility. The strength of collagen-mineral bonding and the quality, maturity, and
orientation of the collagen ﬁbers play a role in bone's mechanical behavior (Wang et al.,
2001). Changes in the content and organization of the collagen can have marked effects on
the mechanical properties of the bone. This applies not only to metabolic bone diseases,
such as osteogenesis imperfecta (Gajko-Galicka, 2002), but also to functional parameters,
such as a high collagen content providing resilience to impact, as needed in the horns of
rams, or low collagen content providing high acoustic impedance, as is needed in the
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tympanic bulla (Currey, 1979). Although the quantity and quality of the collagen directly
inﬂuences the quality and quantity of bone, no routine clinical assessment of the skeleton
(e.g., DXA or CT scanning) is sensitive to such changes.
Compressive strength of the bone comes primarily from the inorganic (mineral) phase of
the bone, composed of crystalline hydroxyapatite, Ca10(PO4)6(OH)2. Collagen ﬁbrils,
immediately after synthesis of new osteoid, are initially not capable of supporting mineralization until maturation stage is reached, which involves ﬁber formation and cross-linking
(Puzas, 1996). Initially, the mineral formed is poorly crystalline apatite, but over time, the
crystals mature, increasing the density and strength of the bone. Mechanically, the ratio of
mineral to matrix concentration is critical; as bone mineralizes, the stiffness of bone
increases (Torzilli et al., 1981). In addition to the mineral=protein ratio, substitutions into
the mineral lattice can affect bone strength as well (Akkus et al., 2004). For example, the
calcium site can be substituted by cations such as strontium (Sr2þ) and lead (Pb2þ), and the
anionic sites can be substituted with carbonate (CO3 2 ), acid phosphate (HPO4 2 ), and
ﬂuoride (F) (Glimcher, 1992). Fluoride increases mineral density by stabilizing the apatite
lattice. Strontium also increases bone mass, but it may also decrease its density by loosening the apatite lattice and increasing bone mineral solubility (Grynpas, 1993).
The complexity by which chemical and mechanical parameters deﬁne bone quality is
reﬂected by the conﬂicting results of many studies; although a number of chemical
properties, including measures of mineral quantity, mineral quality, or organic matrix
quantity and quality, have been related to variations in bone's mechanical behavior,
other data are equivocal. Aside from the different techniques used to probe chemical
(e.g., Raman spectroscopy, infrared spectroscopy, or electron microscopy) and mechanical
(e.g., whole bone bending tests, nano-indentation, or acoustic microscopy) properties, the
many discrepancies between these studies may lie with the different hierarchical levels
(Weiner and Traub, 1992) at which these relations were developed (i.e., organ vs. tissue vs.
material). At the microscopic level (<20 mm) measurements do not require the consideration of voids and geometrical nonhomogeneities that may have a substantial inﬂuence if
data are collected at a more macroscopic level.

6.6 What factors deﬁne bone's mechanical properties?
Structural and material properties of bone can be affected signiﬁcantly by age, sex,
hormonal variations (e.g., estrogen), diet (e.g., high fat), diseases (e.g., diabetes), drugs
(e.g., corticosteroids), genetics (e.g., osteogenesis imperfecta), or physical environment
(e.g., exercise). When considering any of these factors by themselves or in combination, it
is important to delineate their mechanical effects at different levels and from different
angles. For instance, increased matrix stiffness does not imply a stronger bone just as a
greater load at the proportional limit does imply improved failure behavior.
Of all the factors listed above, genetics typically plays the largest role. If only bone's
quantity is considered, genetic variations between individuals account for 60%–80% of their
differences in bone mass while the other factors combined account for the remaining 20%–
40%. As an example, the higher bone mineral density (BMD) at skeletal maturity measured
in African American women, in comparison to Caucasian women, combined with their
lower rates of postmenopausal bone loss result in an approximately 50% lower incidence of
osteoporosis (Aloia et al., 1999). As bone mass has a large inﬂuence on bone's structural
mechanical properties, an individual's genetic makeup heavily contributes to the strength of
the skeleton. Similarly, genetics also affects bone's material properties and, together, genetics
is the single most prominent contributor to a skeleton's mechanical behavior.
Genetic heterogeneity in humans, even within a given race, is reﬂected in substantial
differences in body size and shape, peak bone mass, and rates of fracture, and
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consequently it is difﬁcult to separate environmental from genetic factors. Inbred mouse
strains with distinct mechanical bone phenotypes provide an effective system to establish
the degree by which genetics (as deﬁned by polymorphisms in speciﬁc genes) can modify
the magnitude of any given mechanical parameters as well as to deﬁne the interactions
between the mechanical parameters (or their relative contributions) that deﬁne bone's
mechanical behavior. For instance, the femoral diaphysis of an adult C3H=HeJ mouse is
about 80% stiffer than the diaphysis of C57BL=6J mice, despite similar body size, body
mass, and cortical bone density. That large difference in mechanical phenotypes has been
used to identify their speciﬁc chromosomal regions (genes).
Inbred mice, transgenic mice, and transgenic mutant mice have been used to identify
genes that inﬂuence mechanical properties. Mouse models of bone diseases with aberrations in bone mineralization can demonstrate the grave consequences of mutations in
genes related to inorganic or organic matrix components. For instance, in oim mice
carrying a mutation in the collagen type I (a2) gene (osteogenesis imperfecta), mechanical properties (e.g., torque to failure and stiffness) are reduced (Sims et al., 2003), in
addition to an increased susceptibility of the skeleton to damage accumulation (Jepsen
et al., 1997). Similarly, defects in tissue nonspeciﬁc alkaline phosphatase result in
impaired mineralization and crystal alignment patterns (Tesch et al., 2003), whereas
inactivating mutations of phex, a cell membrane metalloprotease that is involved in
regulating phosphate and mineral homeostasis, causes a mineralization defect and renal
phosphate wasting. Genetic defects do not always give rise to lower levels of mineralization. For instance, mice, with a spontaneous point mutation in the gene encoding for
macrophage colony-stimulating factor, are inﬂicted with osteopetrosis due to defective
differentiation of osteoclasts, monocytes, and macrophages that result in a complete lack
of osteoclasts within 3–4 days after birth (Umeda et al., 1996). That lack of functional
osteoclasts causes an altered bone matrix composition (Yamada et al., 1998) and altered
levels of mineralization, which are codependent on the calcium and phosphorus content
of the diet (McCary et al., 1997). Similarly, a mouse model with a mutation in the BMP-5 gene
(formerly called short ear mouse) (King et al., 1994) that is important for bone development
(Zuzarte-Luis et al., 2004) has been characterized by short ears, shorter long bones, altered
mesoderm formation (Pfendler et al., 2000), delayed fracture healing, altered chondrocytic
differentiation and proliferation (Bailon-Plaza et al., 1999), but enhanced bone mechanical
matrix properties. For instance, ultimate shear stress of bone as a material is elevated by 33%
in this BMP-5 mutation (Mikic et al., 1996). Because of the large differences in speciﬁc matrix
components, genetic models provide a unique opportunity to identify speciﬁc relations
between matrix properties and mechanical properties.

6.7 Bone fractures
6.7.1 Why does bone fracture?
From a mechanical point of view, Currey and Alexander (1985) deﬁned the requirements
of bone to be
1. Strong enough not to yield under the greatest bending moments likely to act on it,
2. Strong enough not to fail by fatigue under the greatest bending moments expected to
act repeatedly on it,
3. Strong enough not to fracture under the greatest bending moments likely to act on it,
4. Stiff enough in bending, and
5. Strong enough in bending under impact loading.
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Obviously, healthy bone tissue satisﬁes these requirements during functional (but not
excessive) loading conditions. The high incidence of bone fractures demonstrates, however,
that safety margins are not sufﬁcient for all loading environments.
In simplest terms, a bone fractures when it cannot withstand the applied load. Bone
fracture mechanics, however, is a complex combination of the applied loading environment, material and structural properties of the bone, and type of bone involved. In
particular, the interactions among complex loading conditions, viscoelastic characteristics,
anisotropic effects, and bone porosity and geometry make the analysis of fracture anything
but simple. Different aspects of the mechanical loading environment determine, to a large
extent, the potential for fracture and the type of fracture generated. Either large-magnitude
single loads or smaller repetitive loads may induce a fracture. The predominant type of
load can usually determine the fracture type. For instance, long bones subjected primarily
to torsional loads produce an oblique (spiral) fracture line. That kind of loading often
causes fracture in skiing accidents when the ski acts as an extended moment arm for
applying torque. Axial loads tend to induce transverse fracture lines. A range of fracture
types and their corresponding mechanisms are depicted in Figure 6.6.

6.7.2 Characterization of bone fractures
Most bone fractures can be characterized as direct injuries occurring close to the site of load
application. In contrast, a fracture is labeled an indirect injury if the fracture stems from
forces transmitted through other tissues; an example for an indirect injury is an avulsion
fracture that occurs when large tendinous or ligamentous forces are transferred to their
bony attachment site and cause a piece of bone to be pulled out. The viscoelastic properties
of both bone and tendon (or ligament) play a large role when excessive forces act on
tendons or ligaments. In general, when the load is applied slowly, the bone tends to be the
weaker element, but if the load is applied rapidly, then the likelihood of a tendon or
ligament rupture is increased.
Once a fracture has been diagnosed, it is commonly characterized by (Whiting and
Zernicke, 1998)
1. Injury site: location, such as diaphyseal, epiphyseal, or metaphyseal.
2. Extent of injury: complete or incomplete, depending on whether the fracture lines
completely or partially traverse the bone.
3. Conﬁguration: shape of the fracture. If a single line is present it may be either
transversely, obliquely, or spirally oriented. In the case of multiple fracture lines,
the fracture may be characterized as a comminuted or butterﬂy fracture.
4. Fragment relations: displaced or undisplaced. Fragments can be displaced in many
ways, including angulated displacement, rotational displacement, distraction, overriding, impaction, and sideway shifting (Figure 6.7).
5. Environmental relations: open or closed fractures depending on whether the skin is
penetrated or not.
6. Complications: immediate, early, or late complications may accompany a bone
fracture. Visceral, vascular, neurological, and muscular injuries are examples of
immediate complications. Tissue necrosis, infection, and tetanus represent early
complications, and osteoarthritis, growth disturbances, and refracture are late complications.
7. Etiology: predisposing factors that may inﬂuence progression to a fracture as seen in
stress fractures or pathological fractures. Examples are bone diseases or inﬂammatory
disorders.
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Figure 6.6 Frequent clinically encountered bone fractures characterized by their injury mechanism;
(a–d) direct force, (e–j) indirect force. (a) Tapping mechanism producing a transverse fracture by
inducing relatively small forces over a small area. (b) Crushing from large forces distributed over a
large area causing an extensive comminuted fracture. (c–d) Comminuted fracture from penetration
(large force acting on a small area) induced (c) at low velocity and (d) at high velocity. (e) Tensile
force related traction mechanism producing transverse or avulsion fracture. (f) Bending moment
induced angulation resulting in angulated or butterﬂy fracture. (g) Torque induced rotational
mechanism causing spiral fracture. (h) Vertical compression resulting in oblique fracture. (i) Combination of axial compression and angulation. (j) Combination of angulation with torsion and axial
loading resulting in complex fracture pattern. (From Harkess, J.W. and Ramsey, W.C., Principles of
Fractures and Dislocations. Rockwood and Green's Fractures in Adults, Lippincott-Raven, Philadelphia,
1996. With permission.)

6.7.3 High impact fractures
Occupational injuries, vehicle–pedestrian accidents, and sports-related high-energy
impacts frequently lead to traumatic fractures of long bones. Bone is a viscoelastic material
and increases its ultimate strength when loads are applied rapidly. At higher strain rates, it
can store much more energy (area under the load–deformation curve) before it fractures.
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Figure 6.7 Displacement of bone fragments following fracture. (a) Bending induced angular displacement. (b) Torque induced rotational displacement. (c) Tension induced distraction. (d) Compression
induced overriding. (e) Compression induced impaction. (f) Shearing induced lateral shifting.

At the point of fracture, this large quantity of energy creates multiple fractures to absorb
the energy released (law of conservation of energy).

6.7.4 Stress fractures
Stress fractures are an overuse injury of bone attributed to the repetitive trauma associated
with vigorous, weightbearing activities such as running, jogging, or marching. Stress
fractures of the metatarsal shaft were ﬁrst clinically described in military recruits as early
as 1855. As exempliﬁed by the Israeli Defense Force (IDF), stress fracture lesions are most
commonly incurred during the ﬁrst 2 weeks of military training, an incidence (in the
IDF, at least) that can approach 30% (Milgrom et al., 1985). Although stress fractures
occur substantially less often in the U.S. military (Jones et al., 1993), that difference is to a
large extent attributable to the different techniques used to diagnose stress fractures
(scintigraphy vs. radiography) rather than to the different forms and intensities of the
training protocols used by the United States and Israeli armed forces (Jones et al., 1989).
Initially, it was thought that the stress fracture lesion is caused by fatigue-damage,
similar to a paper clip failing when it has been bent too many times. Within the last decade,
however, epidemiological data suggested that, in addition to the accumulation of microdamage, the stress-fracture etiology is also a result of excessive bone remodeling due to
bone's high sensitivity to mechanical stimuli. Although normal remodeling activity is
viewed as a beneﬁcial process for bone strength (as it removes old bone material and
replaces it with new material), if too many remodeling processes are started at the same
time, a large number of porosities and amount of unmineralized bone may unduly weaken
the bone shortly after the onset of remodeling activity and, thus, lead to the stress fracture
lesion and compromised bone health. Recent data derived from strain gage measurements
of the tibia from soldiers undergoing extreme training regimens, demonstrated that strains
in the tibia rarely exceed 400 m«, substantially below that required—within the ﬁrst
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2 weeks of training—for damage to contribute realistically to the etiology. Indeed, cadaveric bones subjected to such strain levels can withstand tens of millions of loading cycles,
without catalyzing a mechanically related reduction in material properties (Schafﬂer et al.,
1990). The majority of stress fractures (64%) occur, however, in the ﬁrst 7 days of training.
Even under the direst of circumstances (e.g., tibia of army recruit subject to one vigorous
loading cycle per second for 12 h per day), it would still take one month for one million
loading cycles to accumulate. Thus, the early onset of the pathology (and the unlikelihood
that damage has accumulated) makes it likely that the pathology arises from highly focal
turnover, even though treatment with antiresorptives was unable to decrease the incidence
of stress fractures (Milgrom et al., 2004). Thus, the etiology of stress fractures remains
incompletely understood, but it is most likely related to bone's sensitivity to mechanical
stimuli rather than to its inability to repair accumulated fatigue-damage (Milgrom et al.,
2000).
The stress fracture syndrome ranges from mild pain to serious lifetime disability (Jones
et al., 1989), and management and rehabilitation of stress fractures have proven to be
difﬁcult (Brukner and Bennell, 1997). The severity of the condition is reﬂected by the
inability of a 1 week rest period to affect the outcome (Popovich et al., 2000). Tibial stress
fractures account for up to 50% of all stress fractures observed clinically. The location
of stress fractures depends on the activity that induced the fracture, emphasizing that
different activities generate different mechanical environments. Tibial stress fractures, for
instance, happen most commonly between the middle and distal thirds of the diaphysis in
runners, in the proximal diaphysis in basketball and volleyball players, and in the middiaphysis in dancers.

6.8 Relevance to ergonomics
Although work-related injuries are commonly associated with damage to soft tissues or
joints (e.g., repetitive strain injuries), the prevalence of bone fractures is still high. In 2004,
4.5% of all employees in private industry in the United States incurred nonfatal workplace
injuries (Bureau of Labor Statistics, 2005). Fractures accounted for 6% of total injuries
causing a mean of 18 days away from work per person. The primary means for preventing
fractures should consist of eliminating situations that may generate high-risk mechanical
environments. The workplace related mechanical environment should be adjusted to have
a minimal impact on the worker. Minimization of forces and moments acting on bones
may be accomplished by educating employees about better techniques or by using
improved equipment. Secondary prevention of occupational, bone-related injuries
should emphasize the enhancement of bone quantity and quality, muscular strength, and
proprioception. Regular physical exercise, a balanced diet rich in calcium, and ‘‘normal’’
hormonal levels are the optimal means to achieve this goal.
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7.1 Outline
This chapter deals with determinants of muscle strength. Muscle strength is deﬁned here
as the force a muscle can exert as a function of its contractile conditions, where contractile
conditions refers to the length of the muscle, its instantaneous speed of shortening, and
the history of its length change. In the ergonomic system, muscle force translates into a
moment about a joint. For example, if the vastus lateralis (a one-joint knee extensor muscle)
produces a force of 100 N, and its moment arm about the knee joint is 5 cm (0.05 m), its
action will be reﬂected as a knee extensor moment of 5 N m (100 N 3 0.05 m).
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In order to understand how muscle force is affected by contractile conditions, I will
ﬁrst review some basic principles on muscle structure and innervation. Then I will focus
on muscle force production as a function of muscle length, speed of shortening and
stretch, and contractile history. While establishing these foundations, I will outline how
the distribution of ﬁber types inﬂuences force and power as a function of the speed of
muscle contraction, and how it affects fatigability of muscle force production. Similarly,
architectural features inﬂuencing the contractile speed, the force, the power, and work
potential of muscle will be discussed. Finally, I will address brieﬂy the effect of age on
muscle force.

7.2 Introduction
One of the basic concerns in ergonomic research is whether a person can perform a
physical job requirement without undue fatigue and without risking a traumatic or
a repetitive motion injury. It has been argued that the ratio of the absolute muscle strength
and the strength required for a physical task is a potent predictor for injury. In other words,
the stronger a person, or the smaller the strength required to perform a work task, the
better the chance that injury is avoided.
In this chapter, I primarily deal with the basic determinants of muscle strength. These
include structural considerations, the length of the muscle, and the speed of muscle
shortening and stretch as the primary factors. From a structural point of view, it is obvious
that a ‘‘bigger’’ muscle is also ‘‘stronger’’. But muscles of equal size (volume) may have
completely different strength capabilities depending on the arrangement of ﬁbers within
the muscle. For example, the instantaneous length of the muscle is a crucial determinant for
muscle strength. Length is directly inﬂuenced by body position (i.e., joint angles): for
example, strength in the knee extensor muscles is about 5–10 times greater with the knee
ﬂexed by about 60–708 compared to the knee near full extension (e.g., about 108 of ﬂexion).
Therefore, when performing a physical task, body position and limb orientation play a
crucial role in the available muscle strength.
Similarly, the speed of contraction is a powerful determinant of muscle strength,
especially at small speeds of shortening or stretch. For example, shortening of a muscle
at a mere 10% of its maximal speed causes an approximately 50% loss of strength from the
isometric value. The speed of muscle contraction is directly related to the speed of
movement, and therefore the speed at which a physical task is performed. Therefore, the
speed of performing a physical task critically inﬂuences the available muscle strength.

7.3 Muscle structure, excitation, and strength
Skeletal muscles are organized in an intricate way, cross-sectionally, and longitudinally.
The entire muscle is surrounded by a layer of connective tissue called fascia and by a
further connective tissue sheath known as the epimysium (Figure 7.1). The next smaller
structure is the muscle bundle (fascicle), which consists of a number of muscle ﬁbers
surrounded by a connective tissue sheath called perimysium. Then comes the muscle
ﬁber, an individual muscle cell surrounded by a thin sheath of connective tissue (endomysium) which connects the individual ﬁbers within a fascicle. Muscle ﬁbers are cells with
a delicate membrane, called the sarcolemma. Muscle ﬁbers are made up of myoﬁbrils
(discrete bundles of myoﬁlaments) lying parallel to one another. The systematic arrangement of the myoﬁbrils gives muscle its typical striated pattern, which is visible under the
light microscope. The repeat unit in this pattern is a sarcomere (Figure 7.2). Sarcomeres
are the basic contractile units of skeletal muscle; they are bordered by the Z-lines
(Zwischenscheibe). Z-lines are thin strands of protein extending perpendicular to the
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Figure 7.1 Schematic illustration of different structures and substructures of a muscle.

long axis of the myoﬁbrils. Sarcomeres contain thick (myosin) and thin (actin) ﬁlaments.
The Z-lines intersect the thin myoﬁlaments at regular intervals.

7.3.1 The thick ﬁlament
Thick ﬁlaments are typically located in the center of the sarcomere. They cause the dark
band of the striation pattern in skeletal muscles, referred to as the A (anisotropic) band
(Figure 7.2). A thick ﬁlament is made up of approximately 180 myosin molecules. Each
myosin molecule has a molecular weight of 5 kDa, and contains a long tail portion
consisting primarily of light meromyosin and a globular head portion, consisting of
heavy meromyosin. The heads extend outward from the thick ﬁlament in pairs (Figure
7.3). They contain a binding site for actin and an enzymatic site that catalyses the hydrolysis of adenosine triphosphate (ATP) which releases the energy required for muscular
contraction. Since the myosin heads have the ability to establish a link between the thick
and thin ﬁlaments, they have been termed cross-bridges.
The myosin molecules in each half of the thick ﬁlament are arranged with their tail ends
directed toward the center of the ﬁlament. Therefore, the head portions are oriented in
opposite directions for the two halves of the ﬁlament, and upon contraction (i.e., when
myosin heads—cross-bridges—attach to the thin ﬁlament) the myosin heads pull the actin
ﬁlaments toward the center of the sarcomere.

Thin filament

Thick filament

M-band

Z-line

Titin

I-band

Z-line

A-band

Figure 7.2 Schematic illustration of the basic contractile unit of the muscle, the sarcomere.
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Figure 7.3 Schematic illustration of the thick myoﬁlament.

The cross-bridges on the thick ﬁlament are about 14.3 nm apart longitudinally and
are offset from each other by a 608 rotation (Figure 7.4). Since two cross-bridge pairs
are offset by 1808, cross-bridge pairs with identical orientation are approximately 42.9
nm apart (3 3 14.3 nm).

7.3.2 The thin ﬁlament
The Z-lines bisect the thin ﬁlaments (Figure 7.2). Thin ﬁlaments appear light in the striation
pattern, and the light band formed between the opposite ends of two thick ﬁlaments is
called the I (isotropic) band. The backbone of the thin ﬁlament consists of two helically
interwoven chains of actin globules (Figure 7.5), whose diameter is about 5–6 nm. Thin
ﬁlaments also contain the proteins tropomyosin and troponin. Tropomyosin is a long
ﬁbrous protein that lies in the grooves formed by the actin chains (Figure 7.5). Troponin
is located at intervals of approximately 38.5 nm along the thin ﬁlament. Troponin is
composed of three subunits: troponin C that contains sites for Ca2þ binding, troponin
T that contacts tropomyosin, and troponin I that is thought to physically block the crossbridge attachment site in the resting (i.e., in the absence of Ca2þ) state.
When performing a cross-sectional cut through the zone of overlap between the thick
and thin ﬁlaments in the sarcomere, it is revealed that each thick ﬁlament is surrounded by
six thin ﬁlaments in a perfect hexagon (Figure 7.6). The cross-sections of the thick and thin
ﬁlaments are approximately 12 and 6 nm in diameter, respectively. The distance between
adjacent thick ﬁlaments is approximately 42 nm.

60⬚

14.3 nm
42.9 nm

Figure 7.4 Schematic illustration of the arrangement of the cross-bridges on the thick ﬁlament.
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Figure 7.5 Schematic illustration of the thin myoﬁlament, consisting of two helically interwoven
chains of actin globules, tropomyosin, and troponin.

7.3.3 Other protein ﬁlaments in the sarcomere
Aside from the contractile proteins actin and myosin, skeletal muscle sarcomeres contain a
variety of other proteins that are associated with structural and passive functional properties of the sarcomere, rather than active force production. The most important of these
proteins from a functional point of view is titin.
Titin is a huge (mass  3 MDa) protein that is found in abundance in myoﬁbrils of
vertebrate (and some invertebrate) striated muscle. Within the sarcomere, titin spans from
the z-line to the M-band, i.e., the center of the thick ﬁlament (Figure 7.2). Although the
exact functional role of titin remains to be elucidated, it is generally accepted that titin acts
as a molecular spring that develops tension when sarcomeres are stretched. Titin's location
has prompted the idea that it might stabilize the thick ﬁlament within the center of the
sarcomere (Figure 7.2). Such stabilization may be necessary to prevent the thick ﬁlament
from being pulled to one side of the sarcomere when the forces acting on each half of the
thick ﬁlament are not exactly equal.
Evidence for the role of titin in thick ﬁlament centering has been provided by Horowits
and colleagues [1–3] who showed that upon prolonged activation in chemically skinned
Cross-bridges

Thick myofilament

Thin myofilament

12 nm
42 nm
6 nm

Figure 7.6 Schematic illustration of thick and thin myoﬁlament arrangement in a cross-sectional
view through the myoﬁlament overlap zone.

Kumar/Biomechanics in ergonomics, second edition 7908_C007 Final Proof page 174 26.10.2007 7:30am Compositor Name: VAmoudavally

174

Biomechanics in ergonomics, second edition
Unipennate

Bipennate

Multipennate

Fusiform

Figure 7.7 Classiﬁcation of muscles into fusiform, unipennate, bipennate, and multipennate.

rabbit psoas ﬁbers, the thick myoﬁlaments could easily be moved away from the center of
the sarcomere at short (<2.5 mm) but not at long (>2.8 mm) sarcomere lengths when the
titin ‘‘spring’’ presumably was tensioned and so helped center the thick myoﬁlament.

7.3.4 Muscle shapes
The structure of ﬁbers, sarcomeres, and myoﬁlaments is extraordinary, and so is the
organization of the ﬁbers within a muscle. Skeletal muscles contain ﬁbers from a few
millimeters to several centimeters in length, which are arranged either parallel to the
longitudinal axis (i.e., parallel or fusiform muscles) or at a distinct angle to the longitudinal
axis of the muscle (pennate muscles, Figure 7.7). Depending on the number (n) of distinct
ﬁber directions, a muscle is called unipennate (n ¼ 1), bipennate (n ¼ 2), or multipennate
(n  3).
The variety of muscle shapes indicates the variety of functional tasks that need to be
satisﬁed within an agonistic group of muscles. For example, the primary ankle extensor
muscles in the cat are the two heads of the gastrocnemius, the soleus, and the plantaris. The
soleus is essentially parallel-ﬁbered. The medial head of the gastrocnemius and the plantaris are excellent examples of unipennate ﬁber arrangements, whereas the lateral head of
the gastrocnemius is multipennate. The pennate muscles, by design, have shorter ﬁbers
than the parallel-ﬁbered soleus [4]. Therefore, their absolute length range over which force
can be generated (which is directly related to ﬁber lengths) is smaller compared to soleus.
This arrangement makes perfect sense considering that the soleus is a one-joint muscle that
should ideally accommodate the entire range of ankle motion. The gastrocnemius and the
plantaris cross the ankle and the knee, and during locomotion, ﬂexion, and extension of
these two joints occur in such a way that a shortening of these muscles at one joint is (at
least partly) offset by an elongation at the other joint, therefore requiring less excursion
than the one-joint soleus.

7.3.5 Motor unit
Muscles receive the commands for force production from nerves. A single muscle nerve
contains afferent and efferent axons. The afferent axons deliver information about the
contractile status of the muscle to the central nervous system; the efferent axons deliver
signals for contraction from the central nervous system to the muscle. The primary efferent
pathways are called a motoneurons. Each a motoneuron innervates a number of muscle
ﬁbers. This functional unit (one a motoneuron and all the muscle ﬁbers it innervates) is
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called a motor unit. A motor unit is the smallest control unit of a muscle, because all ﬁbers
belonging to the same motoneuron will always contract and relax in a synchronized
manner. The force in a muscle can be increased in two ways: (1) by increasing the number
of active motor units or (2) by increasing the frequency of stimulation to a motor unit.
When a motor unit receives a single stimulation pulse from its motoneuron, the
corresponding force response is a single twitch. The average twitch duration is approximately 200 ms in a purely slow-twitch ﬁbered mammalian muscle, such as the cat soleus
(Figure 7.8). Therefore, if the soleus receives less than about ﬁve equally spaced stimulation
pulses per second, it will show a series of individual twitch responses. When the stimulation frequency exceeds about 5 Hz, a second pulse will stimulate the muscle before the
force effects of the ﬁrst pulse have completely subsided. In this case, the force begins to
add, and with increasing frequencies, the force response becomes larger in magnitude
and smoother (Figure 7.8). Therefore, aside from changing the number of active motor
units, a muscle can adjust its force production by the frequency of stimulation of the
motor units. For relatively low frequencies of motor unit stimulation (less than about
20 Hz for slow motor units, and less than about 50 Hz for fast motor units), there will be
some force relaxation between stimulation pulses. The corresponding force–time history of
such contractions has force ‘‘ripples’’ (Figure 7.8, traces 6, 10, and 12.5 Hz). Such contractions are called unfused tetanic contractions. With increasing stimulation frequencies, the
corresponding force–time traces become smoother until the force oscillations disappear;
such contractions are referred to as fused tetanic contractions.
Sometimes contractions are referred to as submaximal, maximal, or supramaximal.
During voluntary contractions, a maximal contraction corresponds to a maximal voluntary
effort, and a submaximal contraction is any contraction that is less than maximal. During
artiﬁcially elicited contractions of muscle, for example by stimulating a muscle nerve
using a stimulation electrode, force production may exceed that which a subject may
produce voluntarily. Such artiﬁcial contractions are called supramaximal. They may be
achieved by employing a stimulation frequency of all motor units (e.g., 100–150 Hz), which
cannot be achieved by voluntary effort.
Motor units are composed of muscle ﬁbers with similar biochemical and twitch properties. According to these properties, motor units are classiﬁed as fast or slow (there are
more ﬁber types than just fast and slow, and the difference in the properties varies not

50 Hz
Contraction force (N)

20

20 Hz
12.5 Hz
10 Hz

10
d

s
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0
0

2
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Time (s)

Figure 7.8 Single twitch (s), doublet twitch (d, two twitches separated by a 10 ms interval),
and unfused and fused contractions of a cat soleus muscle at stimulation frequencies 6, 10, 12.5,
20, 50 Hz.
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discretely but in a continuous manner; however, these detailed differences are of no
importance in the present context). Fast motor units, as the name implies, have a high
maximal speed of shortening and a brief twitch duration. Slow motor units have a
slower maximal speed of shortening and an increased twitch duration compared to the
fast motor units. Furthermore, fast motor units are better equipped than slow motor units
to produce muscle forces via anaerobic (not involving oxygen) pathways, whereas slow
motor units are better suited than fast motor units to produce the energy for muscular
contraction via aerobic pathways (involving oxygen). Slow motor units are typically much
more fatigue-resistant than fast motor units.
Morphologically, slow motor units are innervated by small diameter motoneurons and
they contain fewer muscle ﬁbers than the corresponding fast motor units. This structural
arrangement by itself is not particularly fascinating, except when viewed in the context of
muscle force control. Henneman et al. [5] and Henneman and Olson [6] revealed the
signiﬁcance of the structural differences in slow and fast motor units. They showed that
during a graded increase of force in a muscle, the small motoneurons innervating the small
and slow motor units were recruited ﬁrst. With increasing force demands, larger motoneurons innervating progressively larger motor units with increasingly fast-type properties, were recruited. Therefore, a graded increase in force was accomplished by recruiting
the smallest and slowest motor units ﬁrst and the largest and fastest motor units last. This
pattern of motor unit recruitment means that over a period of time there is a greater
dependence on the slow motor units; the fast motor units are only recruited when particularly high forces are required or when a movement is executed at a high speed. Since
the small motor units typically have a large aerobic capacity, and thus, great endurance
properties, and the fast motor units typically have little aerobic capacity, and thus
fatigue quickly, the order of recruitment of motor units makes perfect sense; it is referred
to as the size principle of motor unit recruitment.
The size principle was formulated and tested for the recruitment order of motor units
within a given muscle. It is interesting to observe that there exist vast differences in the
ﬁber type distribution of skeletal muscles, even within the same functional group. Again,
the cat ankle extensors are a perfect example. The cat soleus is composed of primarily slow
motor units (95%–100%) [7,8], whereas the medial gastrocnemius contains predominantly
fast motor units (70%–80%) [7,9]. During quiet standing, it has been observed that the
soleus produces substantial forces while the medial gastrocnemius may be silent [10].
With increasing speeds of locomotion, the peak soleus forces remain about constant and
the medial gastrocnemius forces increase several times [11]. Finally, during a rapid paw
shake action (a movement which occurs at a frequency of about 10 Hz), soleus forces are
low (or even zero), whereas the medial gastrocnemius activity is high [12,13]. This series of
experiments illustrates the change in the functional role of the soleus and medial gastrocnemius for a variety of different movements. Likely, the changes in the functional roles
are tightly associated with the distribution of ﬁber types in these two muscles. However,
one must be careful to not interpret the results of these studies as a possible reversal of the
size principle (i.e., fast motor unit recruitment prior to slow motor unit recruitment) when
the medial gastrocnemius (fast-twitch ﬁbered muscle) is active during a paw shake
response while the soleus (slow-twitch ﬁbered muscle) is silent, as the size principle was
formulated for motor unit recruitment patterns within a muscle and not across a synergistic group of muscles.

7.3.6 Excitation–contraction coupling
The process of excitation–contraction coupling involves the transmission of signals along
nerve ﬁbers, across the neuromuscular junction (Figure 7.9, the place where the end of the
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Figure 7.9 Schematic illustration of the neuromuscular junction with motoneuron and muscle cell
membrane.

nerve meets the muscle ﬁber), and along muscle ﬁbers. At rest, nerve and muscle ﬁbers
maintain a negative charge inside the cell compared to the outside (i.e., the membrane is
polarized). Nerve and muscle ﬁbers are excitable, which means that they can change the
local membrane potential in a characteristic manner when stimuli exceed a certain threshold. When a muscle membrane becomes depolarized beyond this threshold, there is a
sudden change in membrane permeability, particularly to positively charged sodium ions
whose concentration outside the cell is much higher than that inside the cell. The resulting
inﬂux of sodium ions causes the charge inside the cell to become more positive. The
membrane then decreases permeability to sodium and increases permeability to potassium
ions, which are maintained at a much higher concentration inside than outside the cell. The
resulting outﬂow of the positively charged potassium ions causes a restoration of the
polarized state of the excitable membrane. This transient change in membrane potential
is referred to as an action potential and lasts for approximately 1 ms. In the muscle ﬁber,
this action potential propagates along the ﬁber at a speed of about 5–10 m=s (Figure 7.10).
In a motoneurons, action potentials propagate at speeds in proportion to the diameter of
the neurons, with the largest neurons (in mammals) conducting at 120 m=s.
The neuromuscular junction (Figure 7.9) is formed by an enlarged nerve terminal
known as the presynaptic terminal that is embedded in small invaginations of the muscle
cell membrane, the motor endplate, or postsynaptic terminal. The space between presynaptic and postsynaptic terminals is called the synaptic cleft.
When an action potential of a motoneuron reaches the presynaptic terminal, a series of
chemical reactions take place that culminate in the release of acetylcholine (ACh) from
synaptic vesicles located in the presynaptic terminal. Acetylcholine diffuses across the
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Figure 7.10 Schematic illustration of a single muscle ﬁber action potential (top) and the corresponding propagation of the action potential along the muscle ﬁber (bottom).

synaptic cleft, binds to receptor molecules of the membrane on the postsynaptic terminal,
and causes an increase in permeability of the membrane to sodium (Naþ) ions. If the
depolarization of the membrane due to sodium ion diffusion exceeds a critical threshold,
then an action potential will be generated, which travels along the stimulated muscle ﬁber.
In order to prevent continuous stimulation of muscle ﬁbers, acetylcholine is rapidly broken
down into acetic acid and choline by acetylcholinesterase that is liberally distributed in the
postsynaptic membrane.
The action potential of the muscle ﬁber is not only propagated along and around the
ﬁber, but also reaches the interior of the muscle ﬁber at invaginations of the cell membrane
called T-tubules (Figure 7.11). Depolarization of the T-tubules causes the release of calcium
(Ca2þ) ions from the terminal cisternae of the sarcoplasmic reticulum (membranous saclike structure which stores calcium) into the sarcoplasm surrounding the myoﬁbrils. Ca2þ
ions bind to specialized sites on the troponin molecules of the thin myoﬁlaments, and so
remove an inhibitory mechanism that otherwise prevents cross-bridge formations in the
relaxed state (Figure 7.12). Cross-bridges then attach to the active sites of the thin ﬁlaments,
and through the breakdown of ATP into ADP plus a phosphate ion (Pi), the necessary
energy is provided to cause the cross-bridge head to move and so attempt to pull the thin
ﬁlaments past the thick ﬁlaments (Figure 7.13). At the end of the cross-bridge movement,
Cell membrane
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T
SR

T
SR

T
SR

T
SR

Contractile elements

Figure 7.11 Schematic illustration of T-tubules (T) in a section of a muscle ﬁber and its association
with the sarcoplasmic reticulum (SR) and the contractile myoﬁlaments.
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Figure 7.12 Schematic illustration of the inhibitory=excitatory regulation of cross-bridge attachment
on the actin ﬁlament (A). Without calcium (left), the tropomyosin (TM) and troponin complex
(troponin T, C, and I) are in a conﬁguration that blocks the cross-bridge attachment site (S). Adding
calcium (Ca2þ) to the calcium binding site of the troponin (troponin C) changes the conﬁguration of
the tropomyosin–troponin complex in such a way that the cross-bridge attachment site is exposed
and cross-bridge attachment is possible.

an ATP molecule is thought to attach to the nucleotide binding pocket of the cross-bridge
and the cross-bridge can release from its attachment site, go back to its original conﬁguration, and be ready for a new cycle of attachment. This cycle repeats itself as long as the
muscle ﬁber is stimulated. When stimulation stops, Ca2þ ions are actively transported back
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Figure 7.13 Schematics of the mechanics and biochemistry of a cross-bridge cycle as envisioned by
Rayment et al. [109]. Note here, that the power stroke is assumed to occur about a point in the neck
region of the cross-bridge. Note, further, how one cross-bridge cycle is associated with one cycle of ATP
hydrolysis. (From Rayment, I., Holden, H.M., Whittaker, M., Yohn, C.B., Lorenz, M., Holmes, K.C.,
and Milligan, R.A., Science, 261, 58, 1993. With permission.)
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into the sarcoplasmic reticulum, resulting in a decrease of Ca2þ ions in the sarcoplasm. As a
consequence, Ca2þ ions diffuse away from the binding sites on the troponin molecule, and
cross-bridge cycling stops.

7.4 Muscle length and strength
The force–length property of a muscle is deﬁned by the maximal isometric force a muscle
can exert as a function of its length. The fact that force production in skeletal muscle is
length-dependent has been known for a long time [14]. Force–length properties have been
derived for sarcomeres [15], for isolated ﬁbers [16], and for entire muscles [17–19].
Force–length properties may be described in the simplest case by a symmetric curve and
the corresponding peak force (F0) and working range (L) [20]. An example of two force–
length curves with different peak force values and working ranges is shown in Figure 7.14.
Muscle 1 has a large cross-sectional area, corresponding peak force, F01, short ﬁbers, and a
corresponding small working range, L1; muscle 2 has a small peak force, F02, and a large
working range, L2.
The maximal isometric force a muscle can exert isometrically is primarily governed by
its physiological cross-sectional area (PCSA), where
PCSA ¼

Muscle volume
Fiber length

Force

1

F01

2
F02

Fiber
length

L1
L2
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length
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length
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Figure 7.14 Schematic force–length relation of two muscles with different cross-sectional areas and
ﬁber lengths.
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and muscle volume is the volume of the muscle, and ﬁber length is the mean length of
muscle ﬁbers at optimal sarcomere lengths. (Optimal sarcomere length is the length at
which a sarcomere can produce maximal force; e.g., about 2.1, 2.4, and 2.7 mm for frog, cat,
and human skeletal muscles, respectively [21,22].) The PCSA may be thought of as the sum
of the cross-sectional areas of all ﬁbers arranged in parallel within a muscle. The maximal
isometric force, F0, is typically calculated from the known PCSA using a proportionality
factor, i.e.,
F0 ¼ k  PCSA
where k is typically taken as 20–40 N=cm2 with a median value of about 25 N=cm2 for
mammalian muscles at body temperature.
The working range of the muscle, L, may be approximated by
L ¼ Optimal fiber length
indicating that the working range is approximately equal to the mean optimal ﬁber length.
This relation between the working range and optimal ﬁber length makes sense when
realizing that the working range of a sarcomere corresponds approximately to the optimal
length of a sarcomere [15], and that ﬁbers contain sarcomeres in series along their entire
length.
The sarcomere force–length relation depends on the lengths of the thick and thin
myoﬁlaments. Once these lengths are known, the exact relation between sarcomere length
and force can be calculated based on the cross-bridge theory [15,21,23]. For frog skeletal
muscle, the equations relating to sarcomere lengths (SL) in micrometers and normalized
force (F) (the force divided by the maximal isometric force) are described by four straight
lines (Figure 7.15).
F ¼ 2:667 þ 2:1 SL; 1:27 mm  SL < 1:70 mm
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Figure 7.15 The sarcomere force–length relation of frog skeletal muscle. (Adapted from
Gordon, A.M., Huxley, A.F., and Julian, F.J., J. Physiol., 184, 170, 1966. With permission.)
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F ¼ 0:04 þ 0:48 SL; 1:70 mm  SL < 2:00 mm
F ¼ 1:0; 2:00 mm  SL < 2:20 mm
F ¼ 1:592  0:71 SL; 2:20 mm  SL < 3:65 mm

For entire muscles, the relation between normalized force (F) and muscle ﬁber lengths (L)
has been approximated by (Figure 7.16)
F ¼ 6:25(L=L0 )2 þ 12:5(L=L0 )  5:25

(7:1)

where L0 is the optimal muscle length [20]. Note, Equation 7.1 gives a working range, R, of
the muscle of 0.8 L0.
In the sarcomere force–length relationship shown in Figure 7.15, the region of positive
slope (i.e., for sarcomere lengths ranging from 1.27 to 2.00 mm) is called the ascending limb
of the force–length relationship; the area of zero slope (2.0–2.20 mm) is the plateau region;
the region of negative slope (2.20–3.65 mm) is the descending limb of the force–length
relationship. These regions have also been deﬁned (albeit less rigorously) for the force–
length relationships of entire muscles (Figure 7.16).
When considering the human musculoskeletal system, or parts thereof, it is useful to
know not only the generic force–length properties of skeletal muscle, but also the force–
length property of a speciﬁc muscle within the anatomical constraints of the skeleton. For
example, the human elbow joint can go through an angular displacement of approximately
1508. Questions that are relevant to the force–length properties of elbow ﬂexor muscles
include the following: Can the elbow ﬂexors produce force over the entire range of elbow
movements? At what joint angles do the elbow ﬂexors produce maximal force? On what
part of the force–length relation do the elbow ﬂexors operate? Are the force–length
properties of all elbow ﬂexors about the same, or do they vary signiﬁcantly? Are the
force–length properties of the elbow ﬂexors the same across individuals, or do they
adapt to the speciﬁc needs of an individual? How are the force–length properties of the
elbow ﬂexors inﬂuenced by changes in the neighboring joint angles?
It is not our intent to elaborate on all of these questions here; however, some selected
comments will be made regarding the operating range of muscles within the constraints
of the skeleton, the force–length properties of agonistic muscles (muscles producing
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Figure 7.16 The normalized force–length relation of mammalian skeletal muscle obeying Equation 7.1.
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moments in the same direction at a given joint), and the variations of force–length
properties across subjects.
From the point of view of force production, the optimal operating range of a muscle is
centered around the plateau region, i.e., a muscle that is working on the plateau region in
the middle of the working range, and working on the descending limb when extremely
elongated and the ascending limb when extremely shortened (Figure 7.16). Such a working
range has been found for a variety of muscles, for example, the frog semimembranosus [24]
and the human rectus femoris [19]. However, other muscles have been found to work
predominantly on the ascending limb and plateau region, or the plateau region and
descending limb of the force–length relation (Figure 7.16). For example, when the frog
jumps, the knee and hip angles go from full ﬂexion to full extension, and for this movement
the semitendinosus was found to operate primarily on the plateau and descending limb
region [25]. Muscles that have been found to work primarily on the ascending limb and the
plateau regions include the triceps surae muscles of the striped skunk [17], the triceps surae
and plantaris of the cat [18], and the human gastrocnemius [26]. It is not clear why the
operating range within the anatomical range of joint movements varies across muscles;
however, some insight may be gained by studying the changes of the force–length properties through chronic alterations of the movement demands.
When considering joint function, the question arises as to whether or not the force–
length properties of all agonistic muscles are similar, and therefore may be thought of as a
scaled version of the force (or moment)–angle relation observed for the entire agonistic
group. If the force–length properties of all agonistic muscles are similar, they reach their
maximal force potential at a similar joint angle, and therefore the peak forces that can be
achieved are high; however, the operating range is restricted. If the force–length properties
are not similar and the muscles reach their maximal force potential at different joint angles,
the peak forces are not as high as for the previous case; however, the working range is
increased compared to the previous possibility. Experimental work in this area is sparse;
however, it appears that agonistic muscles tend to have similar force–length properties
[17,18]. Similar, in the present context, refers to the shape of the force–length curve and not
to the absolute force values. This result suggests that muscles with similar functions have
similar force–length properties, or it might even suggest that the function of a muscle
dictates its force–length properties.
It has typically been assumed that the shape of the force–length property of speciﬁc
muscles does not vary across subjects [27–31]. For human or animal subjects who use
muscles primarily for normal everyday tasks such as locomotion, force–length properties
across subjects are probably similar. However, what about these properties if subjects place
different demands on muscles? In a study on the force–length properties of the rectus
femoris (RF) in elite cyclists and runners it was found that RF of the cyclists was operating
on the descending, and RF of the runners was operating on the ascending limb of the force–
length relation (Figure 7.17). The adaptations were as one would expect; the cyclists who
use RF in a chronically shortened position, because of the small hip angle associated with
cycling, were relatively strong at short compared to long RF lengths; the runners who use
RF at longer lengths than the cyclists, were relatively strong at long compared to short RF
lengths. The possible mechanisms of adaptation of the force–length properties in this
situation are not known; however, a shift of the force–length relationship in the way
observed for these two groups of athletes could be achieved through a change in the
number of sarcomeres arranged in series in the RF ﬁbers [32]. Such adaptations to the
everyday functional demands, as observed here in athletes, may very well also occur in
ergonomic situations with stereotypical movement demands. However, possible adaptations of the force–length properties of muscles to ergonomic tasks have not been studied to
the same extent as they have been for athletic tasks and for basic research questions.
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Figure 7.17 Schematic summary of the force–length results determined for the rectus femoris of elite
runners and elite cyclists. The runners appeared to use the rectus femoris on the ascending limb, and
the cyclists on the descending limb of the force–length relationship (top graph). This result could be
explained if the number of sarcomeres in series in the rectus femoris ﬁbers was greater in the runners
compared to the cyclists (bottom graph). This would cause a shift of the force–length relationship of
the runners to the left compared to that for the cyclists. Interestingly, force–length relationships
of rectus femoris from nonathletes appear to be in between those shown in this ﬁgure; that is, they are
centered around the plateau region.

7.5 Speed of contraction and strength and power
It has been known for almost a century that the speed of contraction affects the maximal
force that can be produced by a muscle. Hill [33] popularized what is commonly referred to as
the force–velocity relationship. The force–velocity relationship describes the maximal, steadystate force of a muscle as a function of its speed of shortening and stretch (Figure 7.18). For

Force
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V0
Velongation

Figure 7.18

Vshortening

Schematic illustration of the force–velocity relationship of skeletal muscle.
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shortening, Hill [33] described the force–velocity relationship using part of a rectangular
hyperbola:
(F þ a)(v þ b) ¼ (F0 þ a)b

(7:2)

where
F is the steady-state force for shortening at a velocity, v
F0 is the maximal, isometric force at optimal contractile element length
a and b are constants with units of force and velocity
Solving for the force, F, Equation 7.2 becomes
F¼

F0 b  av
bþv

(7:3)

F can be calculated if F0, v, a, and b are known. For shortening at the maximal velocity, v0,
the force F becomes zero (Figure 7.18), therefore Equation 7.3 may be rewritten for this
special case as
F0 b ¼ av0
or
a=F0 ¼ b=v0 ¼ 0:25

(7:4)

a=F0 and b=v0 are dimensionless quantities with an approximate value of 0.25 for many
muscles across species and temperatures [34], including human fast-twitch ﬁbers at 378C
[35,36].
Force–velocity properties are available for a variety of animal muscles [33,37–41], and
moment–angular velocity relationships have also been derived for agonistic groups of
human skeletal muscles during maximal voluntary contractions [42,43]. Force–velocity
descriptions of individual human skeletal muscles are rare. Faulkner et al. [35,36] determined force–velocity properties of isolated ﬁber bundle segments (10–25 mm long) from
human fast- and slow-twitch muscles and found values for a=F0 of 0.25 and 0.15 for fast
and slow ﬁbers, respectively. Therefore, knowing the PCSA of a muscle, the maximal
isometric force, F0, may be calculated using F0 ¼ k  PCSA, with k ¼ 25 N=cm2, and the
constant a may then be calculated as a ¼ 0.25F0.
For a given cross-sectional area, slow and fast-twitch ﬁbers produce similar levels of
isometric force, but the maximal velocity of shortening differs by a factor of 1.5–4. For
human skeletal muscles, Faulkner et al. [35] reported values for v0 of 6 and 2 ﬁber length
per second for fast and slow ﬁber bundle preparations, respectively. Compared to other
reports of mammalian skeletal muscle at 378C, these v0-values appear low. Values obtained
from fast and slow muscles in the mouse and rat range from 9.4 to 24.2 length per second
and from 6.5 to 12.7 length per second, respectively [44–48]. One of the reasons why the
human v0-values reported by Faulkner et al. [35] are relatively low may be associated
with the fact that they did not measure v0, but approximated v0 by extrapolating Hill's
equation to a value of zero force. Edman [38] showed that Hill's equation gives good
approximations of experimental force–velocity relations in a range of approximately
5%–80% of the isometric force, but that it overestimates the actual values of F0 and
underestimates the actual values of v0 considerably.
Measuring the maximal velocity of shortening in human skeletal muscles is difﬁcult;
however, a rough estimate may be obtained by determining the maximal power output of
a group of muscles as a function of movement speed, and knowing that maximal power is
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achieved at about 31% of v0, if it is assumed that a=F0 ¼ b=v0 ¼ 0.25 [49]. For human knee
extensor muscles, Suter et al. [50] found that maximal power was produced at knee angular
velocities of about 2408=s and 4008=s for predominantly slow-twitch ﬁbered subjects (more
than 55% slow-twitch ﬁbers in the vastus lateralis) and predominantly fast-twitch ﬁbered
subjects (more than 60% fast-twitch ﬁbers in the vastus lateralis). Therefore, the maximal
speeds of contraction for these two subject groups are approximately 7748=s and 12908=s,
respectively. Assuming a moment arm of the knee extensor muscles about the knee axis of
0.05 m [51] at the instant of peak force production, the speeds of shortening for the two
groups are about 0.68 m=s and 1.13 m=s. Knowing that the average ﬁber length in the knee
extensor muscles is approximately 0.08 m [52], the maximal speeds of shortening expressed
in terms of the contractile element lengths are about 8 and 14 length per second for the
slow-twitch and the fast-twitch ﬁbered groups, respectively. These values for v0 agree
better with those obtained for slow and fast mammalian skeletal muscles [44–48], and they
are considerably larger than those obtained by Faulkner et al. [35] for human slow and fast
ﬁbers. The estimated v0-values of 8 and 14 length per second must be considered with some
reservation because they were extrapolated from measurements of mixed muscles and they
were obtained assuming that ﬁbers shorten at the same speed as muscles, which they do
not do. It is expected that the v0-value of a purely fast-twitch ﬁbered muscle should be
higher than 14 length per second, and the v0-value of a purely slow-twitch ﬁbered muscle
should be lower than 8 length per second.
Once an estimate of F0 and v0 is obtained, the constants in Hill's [33] equation, a and b,
can be calculated using Equation 7.4. Knowing F0, v0, a, and b, the maximal, steady-state
force, F, as a function of the shortening velocity, v, at optimal contractile element length is
given by Equation 7.3.
So far, we have primarily discussed the force–velocity properties of shortening muscle.
When a muscle is stretched at a given speed, its force exceeds the maximal isometric force,
F0, reaching an asymptotic value of about 2F0 at speeds of stretching much lower than the
maximal velocity of shortening [53]. Also, using isotonic [40] or isokinetic stretches [54],
there appears to be a ‘‘discontinuity’’ in the force–velocity relation across the isometric
point: the rise in force associated with slow stretching is much larger than the fall in force
associated with the corresponding velocities of shortening. In contrast to the force–velocity
relation during shortening, the force–velocity relation during stretching is rarely described
using a standard equation, such as the hyperbolic relation proposed by Hill [33] for
shortening. The primary reason for this discrepancy is the fact that force–velocity properties during stretching have been investigated much less, and that these properties are not
as consistent as those obtained during shortening.
When modeling the force–velocity properties of skeletal muscles, the ﬁber-type distribution must be accounted for [34,35,55]. Slow- and fast-twitch ﬁbers of the same crosssectional area have similar F0-values, but they differ substantially in the maximal velocity
of shortening (Figure 7.19a). Skeletal muscles are typically comprised of a mixture of slow
and fast-twitch ﬁbers. Hill [34] made an attempt to model the force–velocity properties of a
muscle containing 82 ‘‘ﬁbers’’ with ten different intrinsic speeds of shortening. He found
that the regular force–velocity equation ﬁt the mixed-ﬁbered muscle well, except at forces
less than 5% of F0.
The difference in ﬁber-type distribution of skeletal muscles is particularly important for
power production. Power (P) is deﬁned as
P¼F.v
where F is the force (vector), v is the velocity (vector) and ‘‘.’’ represents the scalar (or dot)
product. For muscles, power is calculated as the product of the muscle's force magnitude
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Figure 7.19 (a) Schematic illustration of the force–velocity properties and (b) power–velocity properties of a fast and a slow skeletal muscle ﬁber.

(scalar) and the speed of contraction (scalar). The power of a fast-twitch ﬁber is higher at all
speeds of shortening than that of the corresponding slow-twitch ﬁber (Figure 7.19b). Also,
the peak power is achieved at a higher absolute speed of shortening in the fast compared to
the slow ﬁber.
In a study aimed at determining the power output of slow and fast human skeletal
muscle ﬁbers, Faulkner et al. [35] found that slow ﬁbers of equal isometric force as fast
ﬁbers produced peak powers that were 25% of those of the fast ﬁbers (Figure 7.20). Also, a
muscle comprised of 50% slow- and 50% fast-twitch ﬁbers was estimated to have a peak
power value of only 55% of that of a corresponding 100% fast-twitch ﬁbered muscle.
Similar results were found by other investigators [55].
Up to now, the force–length and the force–velocity properties were treated as separate
entities. Once both these properties have been determined, the question arises as to how
they should be combined in a description of contractile element properties. It has been
suggested that Hill's [33] equation of the force–velocity relation can be used for all muscle
lengths provided that the F0-value (the maximal isometric force at optimal length) is
replaced by the maximal isometric force at the length of interest (F0(l), Equation 7.2).
Using this suggestion, Equation 7.3 becomes
F¼

F0 (l)b  av
bþv

(7:5)
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Figure 7.20 Power–velocity relation of human fast, slow, and mixed (50% fast, 50% slow) ﬁbered
skeletal muscle. (Adapted and reprinted from Faulkner, J.A., Claﬂin, D.R., and McCully, K.K., Human
Muscle Power, Jones, N.L., McCartney, N., and McComas, A.J. (eds). Human Kinetics Publishers, Inc.,
Champaign, 1986. With permission.)

Assuming that v is zero (i.e., we have an isometric contraction) F ¼ F0(l). The maximal
velocity of shortening, v0, according to Equation 7.5 becomes
v0 ¼

F0 (l)b
a

(7:6)

because F is zero in this situation. Since a and b are constants in Equation 7.6, v0 depends
directly on F0(l). This result suggests that the maximal speed of shortening is highest at
optimal muscle length and becomes progressively smaller at lengths other than optimal.
However, Edman [38] showed convincingly that v0 does not depend directly on the
contractile element length. He performed experiments on single ﬁbers of frogs aimed at
measuring v0 as a function of sarcomere length. The results of these experiments are
summarized in Figure 7.21. Velocity v0 was nearly constant in the range of sarcomere
lengths from 1.65 to 2.70 mm. Below sarcomere lengths of 1.65 mm, v0 fell because of a
presumed force resisting shortening at these sarcomere lengths [15]. Beyond sarcomere
lengths of 2.70 mm, v0 increased with increasing sarcomere lengths. This increase was
associated with passive elastic forces which produce rapid shortening of unstimulated
muscle ﬁbers at these lengths and which appear to enhance v0 in the stimulated ﬁber.
Since v0 appears to be constant for a large range of contractile element length, a better
representation of the force–length–velocity relation than that shown in Equation 7.5 may
be achieved by multiplying Hill's [33] force–velocity relation by a normalized length factor,
at least for contractile element lengths ranging from 1.65 to 2.70 mm.

F¼


F0 b  av
f (l)
bþv

(7:7)

where f(l) represents the normalized force according to the force–length properties of the
muscle; f(l) ranges from 0 to 1.0. For sarcomere lengths outside 1.65–2.70 mm, a different
representation of the force–length–velocity relation is required.
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Figure 7.21 Maximal velocity (v0) of shortening of frog skeletal muscle ﬁbers as a function of
sarcomere length. Note, that v0 remains nearly constant for sarcomere lengths ranging from 1.65 to
2.70 mm. (Adapted and reprinted from Edman, K.A.P., J. Physiol., 291, 143, 1979. With permission.)

Combining the force–velocity and force–length relationships also causes a conceptual
problem. By deﬁnition, the force–length properties of skeletal muscles are determined
under isometric conditions by fully activating the muscle at a series of discrete lengths.
Therefore, the force–length relationship consists of a series of discrete force measurements
obtained at discrete muscle lengths. In contrast to the force–length property, the force–
velocity relationship is obtained for a series of dynamic contractions, typically performed
under isotonic or isokinetic conditions. When combining the two relationships, the force–
length property is treated like a continuous dynamic function that causes (at least) two
conceptual problems. First, force–length relationships are valid for isometric contractions;
Equations 7.5 and 7.7, however, are aimed at describing dynamic processes. Secondly, the
force–length property is treated like an instantaneous rather than a steady-state property,
which causes instabilities on the descending part of the force–length relationship. Although
such instabilities are of major concern in the muscle mechanics literature and have been
used to explain a variety of muscle properties, discussion of instabilities would go beyond
the scope of this chapter, but they are thoroughly treated elsewhere [56].

7.6 The history of contraction and strength
It is well accepted that the steady-state isometric forces following active muscle shortening
are smaller than the corresponding isometric forces, and that the steady-state isometric
forces following active muscle stretching are greater than the corresponding isometric
forces (e.g., [57]). These phenomena are typically referred to as residual force depression
and residual force enhancement, respectively. These properties have received little attention in the biomechanics literature, presumably because they are not contained in any
cross-bridge explanation of muscle contraction. Furthermore, they have rarely, if ever, been
considered in ergonomic applications, because they have only been observed in laboratory
preparations and not for everyday movement tasks [58]. Observations for submaximal
voluntary contractions performed with the human adductor pollicis group suggest that the
isometric forces following active muscle shortening are 20%–25% smaller than the corresponding forces obtained for purely isometric reference contractions [59]. Therefore, I
believe that the contractile history in an ergonomic situation may affect the available
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muscle strength considerably. However, research in this area is lacking. Below, the observations and the thinking associated with skeletal muscle force depression and force
enhancement are considered brieﬂy.

7.6.1 Residual force depression
Force depression is deﬁned here as the absolute (or percentage) decrease in the steadystate, isometric force following a shortening contraction compared to the purely isometric
force at the corresponding length (Figure 7.22). For clarity, I will only consider single,
constant speed shortening contractions, and thereby leave out multiple-step shortening
tests, stretch-shortening, or any other cyclic testing and tests performed at variable speeds.
It is well accepted, and has been observed repeatedly in preparations ranging from
single ﬁbers to in vivo muscles, that the steady-state, isometric force following muscle
shortening is decreased compared to the corresponding purely isometric force. This force
depression has been shown to increase (1) with increasing magnitudes of shortening
[60,61], (2) with decreasing speeds of shortening [57,62], and (3) with increasing force
during the shortening phase [61]. Combining observations (1) and (3) above, it is obvious
that force depression should also increase in proportion to the amount of mechanical work
done during the shortening phase, which it does [63] (Figure 7.23). Finally, Sugi and
Tsuchiya [64] provided convincing evidence from work on single ﬁbers in frog which
force depression following shortening is associated with a proportional decrease in ﬁber
stiffness, thereby suggesting that force depression is caused by a decrease in the number of
attached cross-bridges, rather than a decrease in the average force per cross-bridge. The
above observations are well accepted and have not been challenged seriously.
Based on the available experimental evidence, the most likely mechanism for force
depression following muscle shortening is the idea of a stress-induced inhibition of
cross-bridge attachment within the newly formed overlap zone during muscle shortening.
This idea was ﬁrst proposed by Maréchal and Plaghki [60] who did not provide an
explanation for the stress-induced cross-bridge inhibition. However, with more recent
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Figure 7.22 Illustration of force depression. The steady (top) line represents an isometric force at a
given muscle length. The unsteady (bottom) line represents an isometric force (0s–3s), followed by
a shortening contraction to the muscle length of the purely isometric contraction (3s–12s), followed
by an isometric contraction at the muscle length of the purely isometric contraction. DF represents the
isometric, steady-state force depression following the shortening contraction.
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Figure 7.23 Force depression as a function of the work performed during the shortening phase of
muscle contraction. Shown are the raw, nonnormalized values for six cat soleus muscles and six
experimental protocols. Note, that 85% of the variation in force depression is explained by the
corresponding variation in the mechanical work.

evidence suggesting that the thick and thin myoﬁlaments possess considerable compliance
within the range of physiological loads [65–70], stress-induced longitudinal and rotational
deformation of myoﬁlaments could cause a stress-induced inhibition of cross-bridge
attachment [71].
Stress-induced inhibition of cross-bridge attachment may be explained as follows: a
muscle is isometrically activated at some long length and then allowed to shorten. During
activation, the compliant thick and thin myoﬁlaments are stretched because of the increasing stress. For the thin ﬁlaments, which consist of two helically interwoven F-actin chains,
such stretching would result in an angular distortion of the ﬁlament, speciﬁcally its binding sites [72]. The greater the stress, the greater the angular distortion, and this angular
distortion might cause an inhibition of cross-bridge attachment. Such distortions would
be greatest in areas of no support (i.e., no cross-bridge attachments), the I-band zone of
the actin ﬁlament [73]. If the muscle now shortens, and stress on the thin ﬁlament is
maintained, cross-bridge attachment in the newly formed overlap zone containing these
‘‘deformed’’ actin ﬁlaments may be partly inhibited and cause a decrease in the number of
attached cross-bridges in the overlap zone formed during muscle shortening (Figure 7.24).
Based on this theory, the following testable hypotheses can be formulated, all of which
have been supported in the literature:
.
.
.

.
.

Force depression should increase with increasing shortening distance [57,60,62,74].
Force depression should increase with increasing force during the shortening phase
[61].
Force depression should increase with the amount of mechanical work produced
during the shortening phase (this is merely a combination of the ﬁrst two hypotheses,
and was shown to be correct [75]).
Force depression should be long lasting [57,76].
Force depression should be abolished immediately upon full stress release. This has
been shown to be correct for stress release using deactivation protocols [57,60,61] but
has not been conﬁrmed for mechanical stress release, an experiment that should be
performed in the future.
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Figure 7.24 Schematic illustration of a sarcomere that has been shortening. After shortening, thick
and thin myoﬁlament overlap becomes greater than it was before shortening. The newly formed
overlap zone is indicated by n, and it is in this newly formed overlap zone that cross-bridge
attachments are assumed to be inhibited because of the stress-induced deformation of the myoﬁlaments, particularly the thin ﬁlament.
.

Finally, force depression should be proportional to muscle (ﬁber) stiffness, which
appears to be, for single ﬁber preparations [64] and for human adductor pollicis [77].

7.6.2 Residual force enhancement
Force enhancement is deﬁned here as the absolute (or percentage) increase in the steadystate, isometric force following a stretch contraction compared to the purely isometric force
at the corresponding length (Figure 7.25). As for force depression, only single-stretch
contractions performed at a constant speed will be considered in the following.
It is well accepted, and has been observed repeatedly in a variety of preparations that
the steady-state isometric force following active muscle stretch is increased compared to
the corresponding purely isometric force. This residual force enhancement becomes greater
for increasing amplitudes of stretch [54,78], and has been shown to depend on the speed of
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Figure 7.25 Illustration of force enhancement. The steady (bottom) line represents an isometric force
at the ﬁnal reference muscle length. The unsteady (top) line represents an isometric force (0s–2.5s),
followed by a stretch (2.5s–9s), followed by an isometric contraction at the ﬁnal reference length (9s–30s).
DF represents the isometric, steady-state force enhancement following the muscle stretch.
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stretch in whole muscle [57], but was found to be independent of the speed of stretch in
some ﬁber preparations [54]. Furthermore, force enhancement is long lasting [57] and does
not appear to be associated with a change in stiffness compared to isometric reference
contractions in single ﬁbers [64], but stiffness is slightly increased in the force-enhanced
compared to isometric reference state in cat soleus [79].
Force enhancement following muscle stretch has typically been explained on the basis of
the sarcomere length nonuniformity theory [80]. This theory is based on the idea that
during muscle stretch, not all sarcomeres are stretched by the same amount. Rather, some
sarcomeres stretch more than average and some less. The sarcomere length nonuniformity
theory is thought to work on the descending limb of the force–length relationship exclusively (Figure 7.26), as force production and sarcomere lengths are assumed to be unstable
on this part of the relationship [80], whereas they are assumed to be perfectly stable on the
ascending limb of the force–length relationship [81–83].
Based on the sarcomere length nonuniformity theory, as mathematically formulated by
Morgan [81], Talbot and Morgan [84], Allinger et al. [83], and Zahalak [82], as well as
qualitatively derived and illustrated by Hill [80] and Morgan et al. [74], the following
testable hypotheses can be derived.
.
.

Force

.

Force enhancement cannot occur on the ascending limb of the force–length relationship, as sarcomere length nonuniformities are not supposed to develop there.
The steady-state isometric force following muscle stretch on the descending limb of
the force–length relationship should not exceed the purely isometric force at the
length from which the stretch was started, as stretching of the entire muscle (ﬁber)
is associated with stretching of all parts of the muscle=ﬁber [54]. More rigorously, the
steady-state isometric force following muscle stretch cannot, under any circumstances, be greater than the purely isometric force at optimal muscle (ﬁber) length.
Muscle=ﬁber stiffness should be decreased in the force-enhanced state compared to
the purely isometric state at the corresponding length [74].

Length

Figure 7.26 Illustration of force enhancement according to the sarcomere length nonuniformity
theory. Imagine that the muscle is at a short length (open circle) and is stretched such that the
average sarcomere length becomes that shown by the ﬁlled square. According to the sarcomere
length nonuniformity theory, some sarcomeres will be stretched more than average and will fall onto
the passive force curve (right ﬁlled circle), while other sarcomeres will be stretched less than average
and will remain on the descending limb of the force–length relationship (left ﬁlled circle). At force
equilibrium (horizontal dashed line), the force is greater (enhanced) than what one would expect
based on the average sarcomere length (ﬁlled square).
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All three of these hypotheses have been rejected by experimental observations. Force
enhancement has been observed on the ascending limb of the force–length relationship
[85] (Figure 7.27). The steady-state isometric force following muscle stretch has been shown
to exceed the isometric force at the muscle length from which the stretch was initiated
[54,78,86,87] and the isometric force at optimal muscle length [78,86]. Finally, ﬁber=muscle
stiffness following stretching does not decrease, but has been reported to remain about the
same [64] or increase [63,88], as compared to the stiffness following a purely isometric
contraction.
Therefore, the sarcomere length nonuniformity theory must be rejected as it cannot
explain the experimental results observed consistently in single ﬁber and muscle preparations. However, it may play some role in force enhancement following muscle stretch.
A purely theoretical argument has been made [71] to reconcile the observations on force
enhancement with the traditional thinking of actin–myosin interaction and force production, that is, the cross-bridge theory [23,89,90]. The argument was based on the idea that,
according to the cross-bridge theory, the steady-state isometric force in a muscle can only
be enhanced in two ways: (1) by an increase in the number of attached cross-bridges or (2)
by an increase in the average force per cross-bridge. Some of the stiffness results suggest
that the number of attached cross-bridges may be slightly increased in the force-enhanced
state [63,88]. However, this idea needs further investigation.
One idea that has been associated with force enhancement for a long time, but could
not be demonstrated directly, is the notion that force enhancement is associated with
the ‘‘recruitment’’ of an elastic element during active, but not passive, muscle stretch.
Edman [78] was the ﬁrst to hint at such a mechanism. Others have restated it [85,91,92]
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Figure 7.27 Illustration of an example of force enhancement following an 8 mm stretch (at 4 mm=s)
on the ascending limb of the force–length relationship. There is a small, but consistent, force
enhancement following the stretch that cannot be readily explained by the sarcomere length nonuniformity theory.
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without direct evidence, while still others used it for the theoretical modeling of force
enhancement [73].
Recently, we found direct evidence for passive residual force enhancement. We
observed, ﬁrst in cat semitendinosus, then in cat soleus [79], human adductor pollicis
[58], and single ﬁbers of frog tibialis anterior [86] that the passive force following an active
muscle stretch was considerably greater than the passive force following a passive muscle
stretch or following a purely isometric contraction (Figure 7.28). We think that the molecular spring titin might cause this passive force enhancement, as it is known that titin can
change its stiffness properties depending on the mechanical [93] or physiological [94]
environment, and therefore, might cause a change in passive muscle force at a given
length, depending on the contractile history of the muscle=ﬁber.
Therefore, it appears that force enhancement following muscle stretching has an active
and a passive component. The passive component has not been observed at short muscle
lengths, particularly not on the ascending limb of the force–length relationship. Since force
enhancement occurs on the ascending limb [85], but sarcomere length nonuniformities do
not, it seems that the active component of force enhancement is not associated with the
development of sarcomere length nonuniformities but may be associated with an increased
number of attached cross-bridges [63,88]. Great passive force enhancement occurs at long
muscle length and following great amplitudes of stretching, particularly on the descending
limb of the force–length relationship. However, passive force enhancement was found to
be smaller than the total force enhancement in all situations tested. Therefore, it appears
that force enhancement following skeletal muscle stretching is composed of both an active
and a passive component that contribute to varying degrees to the total force enhancement,
depending on the contractile history and muscle length. The origin of the active component
is thought to be associated with an increase in the number of attached cross-bridges
following stretching [63,88] compared to the purely isometric force at the corresponding
muscle length. The origin of the passive component is not known, but the molecular spring
titin seems like an ideal candidate.
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Figure 7.28 Illustration of passive force enhancement (DP). Shown are the force–time histories of an
isometric contraction at the ﬁnal reference length (middle, steady trace), an active stretch contraction
(top trace), and a passive stretch (bottom trace). After stretching in the active and passive protocol,
the muscle is at the ﬁnal reference length. Observe the steady-state, isometric force enhancement
following the active stretch (DF), and the passive force that remains considerably greater following
deactivation of the muscle after the active stretch (passive force enhancement, DP) compared to the
passive force following the active isometric contraction and the passive stretch.
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7.7 Age and muscle strength

Maximum voluntary torque (% mean)

Women and men live signiﬁcantly longer than ever before, and often remain physically
active, at the workplace or recreationally, into old age. However, it is well documented that
muscles become smaller, strength decreases, and movement precision decreases with
increasing age.
Loss of strength with age could be caused by a decreased ability to recruit all motor
units of a muscle maximally, by a loss of contractile material, or by a combination of the
two. It has been shown in ankle muscles that the loss in force with age was not associated
with central nervous system commands [95]. Therefore, the decrease in force must be
associated with the loss of contractile material or a decrease in the effectiveness of the
excitation–contraction coupling process.
A substantial decrease in strength appears to occur in people of age >60 years
(Figure 7.29). This decrease in strength appears to be associated with a loss of muscle
mass [96–98], and a corresponding decrease in the number of muscle ﬁbers in a given
muscle [99]. It is important to note here that the decrease in the number of muscle ﬁbers is
greater for type II than type I ﬁbers [96].
Aging is also associated with a loss in the number of motoneurons and ventral root
axons supplying a given muscle. Decrease in functioning motor units has been found in
humans (Figure 7.30) and rats [100], and is associated with decreased postural stability
[101,102] and a decreased ability to control submaximal, isometric forces [103]. However,
loss of strength in the elderly can be prevented, or offset, to a great degree with strength
training programs [104–107].
In summary, people aged 60 years or older may have reduced muscle strength, and
reduced precision to perform ergonomic tasks. Systematic training of strength and precision
control can largely offset the natural decline with age, and may constitute an effective way to
prolong a person's active living and productiveness with aging. Nevertheless, the elderly
must be considered at greater risk for work-related injury associated with heavy labor.
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Figure 7.29 Maximal voluntary torque of ankle dorsiﬂexor and plantarﬂexor muscles in men and
women as a function of age. The results have been expressed as a percentage of the mean value for
the youngest age group (20–30 years). The horizontal line for subjects aged 52 years or less signiﬁes
the lack of an age effect before this time. (Reprinted from Vandervoort, A.A. and McComas, A.J.,
J. Appl. Physiol., 61, 361, 1986. With permission.)

Kumar/Biomechanics in ergonomics, second edition 7908_C007 Final Proof page 197 26.10.2007 7:30am Compositor Name: VAmoudavally

Determinants of muscle strength

197

400

Number of motor units

300

200

100

0
20

40

60

80

100

Age (y)

Figure 7.30 Loss of functioning motor units with age. The results were obtained from the extensor
digitorum brevis of 207 healthy subjects aged 7 months to 97 years. The upper and lower horizontal
lines show the mean value (210 units) and the lower limit of the range for subjects below 60 years
(120 units), respectively. Linked values are from bilateral observations. (Reprinted from McComas, A.J.,
Skeletal Muscle: Form and Function, Human Kinetics, Champaign, IL., 1996. With permission.)

7.8 Future directions
Describing muscle strength and muscular properties in a well-deﬁned, laboratory-based
setup is easy compared to the challenges of identifying such properties in humans during
everyday work-related or leisure-type activities.
One of the unresolved problems is the force-sharing among agonistic and antagonistic
muscles during voluntary movement. For example, during a lifting task, we might ﬂex
the elbow, and we can calculate the resultant elbow ﬂexor movement. However, the elbow
is crossed by numerous muscles (biceps, brachialis, brachioradialis, triceps, etc.), therefore,
the resultant elbow ﬂexor moment cannot be uniquely related to the corresponding
forces produced by the individual elbow muscles. This problem is typically referred to as
the general distribution problem in biomechanics [108]. However, without an experimental
or theoretical approach to determine the individual muscle forces during a given movement task, it is virtually impossible to provide good and accurate information on the
control of movements, the local loading caused by a given task, and the strength and
endurance capabilities of in vivo human muscles. Therefore, I would consider the solution
of the general distribution problem as one of the great challenges in biomechanics and
ergonomics.
Another issue of great controversy is the relationship of ﬁber (contractile element) length
changes relative to the length changes in the entire muscle. For example, muscle injury is
often associated with active muscle stretching, however, whether or not ﬁbers are also
stretched as the injury occurs is a largely unresolved question. Ultrasound imaging has
been used quite extensively in the past decade to quantify the ﬁber length changes during
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isometric, or well controlled, isokinetic contractions. These studies have provided great
insight into the mechanics of in vivo muscle contraction, but these techniques have not
been successfully applied to the investigation of normal unrestrained, voluntary movements. Such research should be performed in the future, although the necessary technology
for these types of investigations does not appear to be ready.
Summarizing, the study of muscle forces, movement control, and loading of the human
body, as well as the relationship between movement tasks and the potential for repetitive
motion injury to musculoskeletal tissues presents great challenges in ergonomic situations.
It is my sincere hope that some of the successful laboratory-based investigative tools are
improved such that work-place biomechanical analyses can reach a new standard. Such
research is important and challenging, and should provide ample opportunities for ambitious and motivated young scientists.
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8.1 Introduction
The human upper limb is designed to have a remarkable range and versatility of movement, and is built essentially to provide the hand, its ultimate operative instrument, the
ability to carry out prehensile (grasping) and manipulative functions in a wide variety of
positions. This is made possible by the mobile base of the upper limb, the shoulder girdle,
which is connected to the trunk by a sling of muscles and to the hand through a jointed and
folding arm and forearm that act as levers to guide the positioning of the hand. The hand in
turn performs its prehensile functions through the use of exquisitely arranged power and
precision muscles, which acting through the extensor hood, work in synergistic precision to
manipulate the digits. This entire system is under the direction of the cerebral cortex,
conferring upon the hand a level of functional sophistication that is unmatched. This
chapter attempts to explain the structural and functional basis of these arrangements.
Anatomically, the upper limb (extremity) is divided into the following regions:
1.
2.
3.
4.
5.
6.

Shoulder and axilla (including the shoulder joint)
Arm (brachium)
Elbow (cubital region, including the elbow joint and cubital fossa)
Forearm (antebrachium)
Wrist (including the wrist joint)
Hand (manus)

8.2 Terminology—anatomical position
The upper limb is a part of the musculoskeletal system of the human body, which
comprises skin, fascia, muscles, bones, and joints. The following chapter is a description
of the functional anatomy of the upper limb as it pertains to ergonomics. Before undertaking this task, it is necessary to present a brief introductory section on the terminology
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Figure 8.1 The anatomical position. (Modiﬁed from Crouch, J.E., Functional Human Anatomy, Lea &
Febiger, Philadelphia, 1985.)

used for describing the anatomy of the upper limb. All descriptions of the human body are
made relative to the anatomical position, a convention accepted worldwide by anatomists,
physicians and scientists to ensure a uniform terminology for describing body parts
relative to one another. A person in the anatomical position is standing upright with
head, eyes, and toes facing forwards, the upper limbs by the sides and palms facing
forwards with the thumbs directed outwards, away from the body (Figure 8.1).
Several imaginary planes, crisscrossing the body at various sites, are used to create
points of reference for anatomical and clinical descriptions. These are the sagittal (median),
parasagittal (paramedian), coronal (frontal) and horizontal (transverse) planes (Figure 8.2).
The sagittal (midsagittal) or median plane passes from front to back (think of drawing
an arrow; L. sagittus ¼ arrow), dividing the body into symmetrical halves (except for
unpaired organs, e.g., the heart, liver, etc.). Structures away from the sagittal plane are
said to be lateral; those towards the sagittal plane are said to be medial. The parasagittal or
paramedian plane lies beside (Gr. Para ¼ beside, near to) the sagittal plane. For example,
the nose is medial to the eyes, which are medial to the ears; however, the ears are lateral to
the eyes, which are lateral to the nose.
The coronal (L. corona ¼ crown) or frontal plane is at right angles to the sagittal plane and
divides the body into front and back parts. Structures in front of the coronal plane are said to
be anterior (ventral), those behind it posterior (dorsal). For example, the navel is anterior
(ventral) to the small of the back, while the small of the back is posterior (dorsal) to the navel.
The horizontal (transverse) plane is at right angles to both sagittal and coronal planes,
and divides the body into upper and lower parts. Structures above the horizontal plane are
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Horizontal (transverse) plane

Midsagittal (median) plane

Figure 8.2 Anatomical planes.

said to be superior (cranial, or towards the head), those below it inferior (caudal, or
towards the tail). For example, the head is superior to the neck, which is superior to the
chest; however, the chest is inferior to the neck, which is inferior to the head.
In the upper limb, the midsagittal (median) plane is along the long axis of the limb and
passes through the third digit or middle ﬁnger.
Additional terminology as it pertains to the surface of the skin is superﬁcial and deep.
Structures closer to the skin or surface of the body are superﬁcial; those away from the skin
or surface of the body are deep. For example, the bones of the upper limb are deep to the
muscles, which are deep to skin; however, the skin is superﬁcial to the muscles, which are
superﬁcial to the bones.
Special terminology is used to describe movements in the limbs (Figure 8.3). ‘‘Flexion’’ is
the term used when parts of the limb move close together; extension is used when parts of
the limb move away from each other. ‘‘Adduction’’ is the term used to describe movement
of the limb towards the sagittal plane; abduction is used to describe movement of the limb
away from the sagittal plane. Circumduction is a combination of all of the above movements. Medial (internal) rotation and lateral (external) rotation of the arm occur about its
long axis, with the elbow in the 908 ﬂexed position (Figure 8.3). Medial rotation is when the
forearm moves towards the anterior chest wall; lateral rotation is when it moves away
from the chest wall. Pronation and supination occur in the forearm and hand. In pronation,
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Figure 8.3 Movements of the upper limb. (Modiﬁed from Slaby, F.J., McCune, S.K., and Summers,
R.W., Gross Anatomy in the Practice of Medicine, Lea & Febiger, Malvern, 1994.)

the radius, including the hand, crosses anteromedially and obliquely over the ulna, its
distal end becoming medial and its proximal end remaining lateral, with the palm of the
hand facing posteriorly (or inferiorly if resting on a surface). Supination is the reverse of
that movement, in which the radius returns to a position lateral and parallel to the ulna
with the palm facing anteriorly or upwards (as in holding a bowl of soup).
The digits of the hand (thumb and four ﬁngers) are numbered conventionally 1–5 from
lateral (preaxial) to medial (postaxial), and named, also from lateral to medial; pollex
(thumb), indicis (index ﬁnger), medius (middle ﬁnger), annularis (ring ﬁnger), and digiti
minimi (little ﬁnger).
Positional terms used to describe parts of the upper limb in relation to each other are
proximal and distal. Proximal is the term used to denote parts of the upper limb that are
closer to the root (base) of the limb or to its site of attachment to the trunk; distal is used to
denote parts away form the root of the limb. For example, the hand is distal to the arm,
which is distal to the shoulder; however, the shoulder is proximal to the arm, which is
proximal to the hand.
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The skeleton of the upper limb comprises the following 32 bones from proximal to distal:
Shoulder: scapula (shoulder blade) and clavicle (collar bone)
Arm: humerus
Forearm: radius (lateral) and ulna (medial)
Wrist: eight carpus (carpals)
Hand: ﬁve metacarpus (metacarpals) and fourteen phalanges (two for the thumb, three
each for the remaining four digits; singular—phalanx). These bones are described in more
detail with the respective regions of the upper limb.

8.3 Shoulder and axilla
8.3.1 Osteology
The bony framework of the shoulder region that provides the foundation for the movements of the upper limb is called the shoulder or pectoral girdle, and is made up of the
clavicle anteriorly and the scapula posteriorly (Figure 8.4). The clavicle articulates (forms a
joint) medially with the sternum (breast bone) and laterally with the scapula, while the
scapula articulates laterally with the humerus to form the shoulder or glenohumeral joint.
The scapula (Figure 8.5) is a large, ﬂat, triangular bone that lies on the posterior thoracic
wall partly overlapping the second to the seventh ribs in the average adult. It has several
parts and landmarks, as illustrated in Figure 8.5. The scapula articulates through its acromion (Gr. acromion ¼ tip of shoulder) with the clavicle at the acromioclavicular joint, and
through its glenoid cavity with the head of the humerus at the shoulder or glenohumeral
joint. It has no bony connections with the ribs, only muscular. The clavicle, on the other
Clavicle
Acromioclavicular joint
First rib

Sternoclavicular joints

Acromion

Coracoid process

Manubrium

Glenohumeral joint

Scapula
Body of sternum
Humerus

Xiphoid process

Movement of clavicle in a cone

Figure 8.4 The pectoral (shoulder) girdle.
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Inferior angle

Superior border
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Coracoid
process
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Infraglenoid tubercle

Subscapular fossa

Scapular neck

Figure 8.5 Posterior (top) and anterior (bottom) views of the scapula.

hand, is a gently curved strut of bone lying superﬁcially and somewhat obliquely on each
side at the base of the neck, and is the only bony connection of the upper limb with the trunk.
Its medial two-thirds are convex anteriorly, while its lateral one-third is concave anteriorly.
Medially, the clavicle articulates with the manubrium sterni (L. manubrium sterni ¼ handle
of sternum), together with the adjacent superior surface of the ﬁrst costal cartilage forming
the sternoclavicular joint, while laterally it articulates with the acromion of the scapula to
form the acromioclavicular joint (Figure 8.5). The clavicle is often fractured, particularly
from traumatic and=or violent impacts to the outstretched hand or shoulder, the break
usually occurring at the bone's greatest curvature near the junction of its outer and middle
thirds. During such a fracture the lateral segment generally gets displaced downwards due
to the weight of the arm; the medial fragment is usually displaced much less. The humerus,
the longest and bulkiest bone in the upper limb, has a long shaft and enlarged ends.
Proximally, a rounded humeral head articulates with the shallow glenoid cavity of the
scapula to form a highly incongruent (ill-ﬁtting) but extremely mobile joint, the shoulder
or glenohumeral joint. Perhaps the most moveable, the shoulder joint is also the most
frequently dislocated joint in the body. Distally, the humerus is expanded from side to
side to form condyles which articulate with the radius laterally and the ulna medially to
form the elbow joint.
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8.3.2 Joints of the shoulder (pectoral) girdle
The joints of the shoulder girdle occur primarily between the scapula, the clavicle, and the
sternum. The sternal ends of the clavicles articulate medially with the clavicular notch of
the manubrium sterni and a small part of the ﬁrst costal cartilage at the left and right
sternoclavicular joints (Figure 8.6). These are synovial joints, i.e., they contain a synovial
joint cavity ﬁlled with a lubricating synovial ﬂuid secreted by a synovial membrane lining
the inside of the ﬁbrous joint capsule. The articulating surfaces are covered with ﬁbrocartilage. The ﬁbrous capsule, made up of dense connective tissue (mostly collagen), surrounds the joint like a cuff, and is in turn reinforced by capsular thickenings called the
anterior and posterior sternoclavicular ligaments, which give this joint considerable
strength (Figure 8.6). Within the joint is a ﬁbrocartilaginous articular disc that divides
the joint cavity into two (Figure 8.6). It functions primarily as a stabilizer and a shockabsorbing cushion, particularly when the upper limb is used as a weight-bearing strut, as
in leaning on a table with an outstretched arm. The clavicles are also stabilized medially by
the interclavicular ligament that connects the two medial ends of the clavicle and prevents
them from splaying. In addition, the costoclavicular ligaments bind the medial ends of the
clavicles with the ﬁrst ribs on both sides, further strengthening the connections of
the clavicles with the axial skeleton. The sellar shape of the articular surfaces of this joint
allows movement of the clavicle predominantly in the anterosuperior and vertical planes
with some conjunct rotation (conjunct ¼ automatic rotation as a consequence of the shapes
of the articular surfaces). The joint depends primarily on its strong ligaments, and especially
the articular disc, for its strength and stability. Given this arrangement, forces transmitted
through this joint along the long axis of the clavicle as from side impacts to the shoulder
result in fracture much more commonly than dislocation.
Laterally, the clavicles are tied to the acromion of the scapula at the acromioclavicular
joint, a plane synovial joint, by the acromioclavicular ligament (Figure 8.7). An articular
disc often occurs in the cavity of the acromioclavicular joint. The lateral aspects of the
clavicles are also connected to the scapular coracoid process by the trapezoid and conoid
parts of the strong coracoclavicular ligament, sometimes forming a coracoclavicular joint
(Figure 8.7). Movements at the acromioclavicular joint are similar to those at the sternoclavicular joints and occur in the anteroposterior and vertical planes, with some axial
rotation of the clavicle. Combined with movements at the sternoclavicular joint, this joint

Interclavicular ligament
Intraarticular
fibrocartilaginous disc

Anterior sternoclavicular
ligament

Clavicle

First rib and
costal cartilage

Figure 8.6 The sternoclavicular joints.

Costoclavicular
ligament
Manubrium
sterni
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Figure 8.7 The acromioclavicular and coracoclavicular joints.

allows scapular rotation of about 608. Acromioclavicular dislocation occurs quite easily due
to the ﬂatness and planer orientation of the joint surfaces. In such a case, the acromioclavicular or the coracoclavicular ligament is usually torn and the scapula drops or falls away
from the clavicle (separated shoulder).

8.3.3 Muscles of the shoulder (pectoral) region
The muscles moving the pectoral girdle can be grouped into extrinsic muscles (posterior
and anterior) and scapular or intrinsic muscles. Extrinsic muscles arise from the axial
skeleton (skull, ribcage, and vertebral column) and attach to the bones of the pectoral
girdle and arm. Scapular or intrinsic muscles, in contrast, arise from the pectoral girdle
itself and attach onto the upper limb (humerus). It is important to realize that very few
muscles work independently; most work in combinations of groups that are synchronized
to create the required movements at joints.

8.3.4 Posterior extrinsic muscles
These consist of the trapezius, levator scapulae, latissimus dorsi, rhomboideus major, and
rhomboideus minor muscles (Figure 8.8).
The trapezius muscle extends over the back of the neck and upper chest. It is ﬂat and
triangular, and with its partner of the opposite side forms a trapezoid (diamond shape),
hence the name. The muscle has an extensive origin from the back of the skull (nuchal lines
on the occipital bone), the ligamentum nuchae, and the spinous processes and supraspinous ligaments of all 12 thoracic vertebrae (Figure 8.8). The ligamentum nuchae is a
ﬁbroelastic membrane in the midline of the back of the neck extending from the base of
the skull (external occipital protuberance) and the spinous processes of the ﬁrst cervical
vertebra to that of the seventh cervical vertebra. The muscular ﬁbers of trapezius can be
divided into three functional components: the superior ﬁbers descend laterally, the inferior
ﬁbers ascend laterally, and the middle ﬁbers course horizontally laterally. All three components converge at the shoulder, where they attach to the lateral third of the clavicle, the
acromion and the scapular spine, respectively (Figure 8.8). The trapezius is supplied by the
spinal accessory nerve (XIth cranial nerve).
Actions. The trapezius stabilizes the scapula on the chest wall and helps to maintain the
shape and posture of the shoulder. Its upper ﬁbers elevate the scapula and rotate it
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Figure 8.8 The posterior extrinsic muscles of the pectoral girdle (superﬁcial muscles are depicted on
the right, deep on the left).

forwards and laterally as in raising the arm (assisted by the levator scapulae and serratus
anterior muscles, respectively). Its middle ﬁbers retract the scapula (assisted by the rhomboids), and its lower ﬁbers can depress the scapula and with other muscles rotate it
backwards and medially.
The levator scapulae muscle arises from the transverse processes of the upper four
cervical vertebrae and is attached to the medial border of the scapula near its superior
angle (Figure 8.8). The muscle is supplied by branches of the third and fourth cervical
nerves, and the ﬁfth cervical via the dorsal scapular nerve.
Actions. With the vertebral column ﬁxed, the levator scapulae acts together with the
superior ﬁbers of trapezius to elevate the scapula (or support weight on the shoulder).
With the shoulder ﬁxed, the muscle ﬂexes the neck laterally to the same side. Acting
together with the trapezius, rhomboids, and pectoralis minor muscles, the levator scapulae
rotates the scapula medially, depressing the shoulder. (Note: The trapezius and levator
scapulae are the only muscles of the upper extremity not supplied directly by the nerves of
the brachial plexus.)
Latissimus dorsi is a large triangular muscle that extends over the back of the lower
thorax and lumbar region. It is attached medially to the lower six thoracic spines deep to
the trapezius, to the lumbar and sacral spines through the thoracolumbar fascia and the
posterior part of the iliac crest (Figure 8.8). It also has attachments to the lower three or
four ribs. From this broad attachment, the ﬁbers converge superolaterally and curve under
the teres major muscle to form a long, wide tendon that attaches to the ﬂoor of the
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intertubercular (bicipital) sulcus on the front of the upper part of the humerus (Figure 8.8).
The tendon, together with that of teres major (vide infra) forms the prominence of the
posterior axillary fold. The muscle is supplied by the thoracodorsal nerve from the posterior cord of the brachial plexus (C6, C7, and C8).
Actions. Medial (internal) rotation, adduction, and extension of the humerus at the
shoulder (swimmer's muscle). The muscle also aids in the backward swinging of the
arm as in walking and sports, and with the arms raised over the head, helps in raising
the trunk, as in climbing. Working together with the pectoralis major muscle (sternocostal
head), it adducts the arm against resistance. The latissimus dorsi is active in all forced
respiratory efforts, such as deep inspiration, straining, coughing, or sneezing.
The rhomboideus major and minor muscles (rhomboids) are attached medially to the
spinous processes and supraspinous ligaments of the seventh cervical to ﬁrst thoracic and
second thoracic to ﬁfth thoracic vertebrae, respectively. Although the rhomboideus major
and minor are usually separate muscles, they may overlap and be fused. The muscular ﬁbers
of both muscles course laterally and inferiorly to attach to the medial scapular border
between the superior and inferior angles (Figure 8.8). The rhomboids are supplied by the
dorsal scapular nerve (C4 and C5).
Actions. The rhomboids, acting with the middle ﬁbers of the trapezius, retract the
scapula, as in bracing the shoulders.

8.3.5 Anterior extrinsic muscles
The anterior extrinsic muscles of the pectoral girdle are the serratus anterior, pectoralis
minor, and pectoralis major muscles.
The serratus anterior muscle is a broad, curved, sheet-like muscle wrapping around the
upper thoracic wall laterally from front to back (Figure 8.9). It arises as multiple muscular
digitations (serrations) from the outer surfaces of the upper eight to ten ribs, its lower three
or four serrations interdigitating with the upper slips of the external abdominal oblique
muscle. The muscle is closely applied to the thoracic wall, and its ﬁbers curve laterally and
posteriorly around the side of the chest wall to attach to the anterior surface of the medial
border of the scapula (Figure 8.9). The serratus anterior is supplied by the long thoracic
nerve (C5, C6, and C7).

Scapula

Serratus anterior

Figure 8.9 The left serratus anterior muscle. (Modiﬁed from Tweitmeyer, T.A. and McCracken, T.,
Coloring Guide to Human Anatomy, Lippincott, Williams & Wilkins, Philadelphia, 2001.)
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Actions. The serratus anterior holds the scapula against the chest wall and with the
pectoralis minor muscle protracts the scapula in all reaching and pushing movements. The
lower part of the muscle pulls the inferior scapular angle forwards around the thorax,
aiding the trapezius in lateral (upward) rotation of the scapula necessary in raising the arm
above the head. Injury to the long thoracic nerve as it passes between the medial end of the
clavicle and the ﬁrst rib may weaken or paralyze the serratus anterior muscle, leading to
winging of the scapula when attempting to perform reaching movements against resistance (see also movements of pectoral girdle).
Pectoralis minor (L. pectus ¼ chest) is a small, triangular muscle that usually arises from
the third, fourth, and ﬁfth ribs near their cartilages; its ﬁbers ascend laterally to form a ﬂat
tendon that attaches to the coracoid process of the scapula (Figure 8.10). The muscle is
supplied by the lateral and medial pectoral nerves (C6, C7, and C8).
Actions. The pectoralis minor assists the serratus anterior in sliding the scapula forwards
on the chest wall by pulling anteriorly on the coracoid process. In combination with the
levator scapulae and rhomboids, it rotates the scapula medially, depressing the shoulder.
The muscle is active during forced inspiration, assisting the intercostals to elevate the ribs
acting from a ﬁxed upper limb.
Pectoralis major, the largest muscle on the anterior chest wall, is triangular and superﬁcial to the pectoralis minor. It arises by two heads: a clavicular head from the medial third
of the clavicle, and a sternocostal head from the lateral margin of the sternum and the
anterior aspects of the upper six ribs and costal cartilages. Its ﬁbers course laterally to
converge into a broad ﬂat tendon that inserts into the anterior aspect of the upper part of
the humerus (Figure 8.10). The muscle's rounded inferior border forms the anterior axillary
fold, which is accentuated during abduction of the arm. The muscle is supplied by the
lateral and medial pectoral nerves (C6, C7, and C8).
Actions. The clavicular and sternocostal parts of the muscle may act separately or
together. The whole muscle assists in adduction and medial (internal) rotation of the
humerus. Its clavicular part alone acts in medial rotation. Acting with the anterior ﬁbers
of the deltoid and coracobrachialis, the clavicular part of the muscle swings the extended
arm forwards. These combined movements are seen during bench-pressing exercises.

Deep

Superficial
Pectoralis major
(clavicular head)

Pectoralis
minor

Coracobrachialis

Pectoralis major
(sternocostal head)

Humerus

Figure 8.10

The anterior extrinsic muscles of the pectoral girdle.
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With the arms elevated and ﬁxed, as in gripping a branch, the sternocostal head, in
conjunction with latissimus dorsi and teres major, draws the trunk up and forwards as
in climbing. The muscle is active in deep inspiration, assisting the intercostals in elevating
the ribs acting from a ﬁxed upper limb.

8.3.6 Scapular or intrinsic muscles
The six scapular muscles all arise essentially from the scapula and attach into the humerus,
closely surrounding the shallow, multiaxial shoulder joint, affording it stability and moving it in any direction. These are the supraspinatus, infraspinatus, teres minor, subscapularis, teres major, and deltoid muscles. The ﬁrst four form a musculo-tendinous cuff (the
rotator cuff) around the shoulder joint that is ﬁrmly adherent to the underlying weak joint
capsule, reinforcing it structurally.
The supraspinatus muscle arises from the supraspinous fossa and converges underneath
the acromion into a tendon that crosses the shoulder joint superiorly, where it is adherent
to the ﬁbrous joint capsule, to attach to the highest facet of the greater tubercle of the
humerus (Figure 8.11). The muscle is supplied by the suprascapular nerve (C4, C5, and
C6). The supraspinatus tendon is the most commonly injured element of the rotator cuff,
usually from sporting activities. The tendon is separated from the acromion, the coracoacromial ligament, and the deltoid muscle by a large subacromial bursa (synovial sac ﬁlled
with synovial ﬂuid to minimize friction) that is continuous under the deltoid as the
subdeltoid bursa (Figure 8.12). Inﬂammation of this bursa from repetitive shoulder injuries
or infection leads to subacromial bursitis, a painful condition that limits abduction of the
arm. Pain is most severe between about 508–1008 of abduction, when the tendon and bursa
impinge most on the acromion, giving rise to the ‘‘painful arc syndrome.’’ This condition is
also known as ‘‘frozen shoulder.’’ Painful arc syndrome and frozen shoulder can also be
due to supraspinatus tendonitis or injuries involving the supraspinatus tendon itself.
Actions. The supraspinatus is important in initiating the ﬁrst 158 or so of abduction of
the arm at the shoulder to provide the deltoid with the leverage to carry the arm through
Posterior view

Anterior view
Supraspinatus
Infraspinatus

Teres minor
Subscapularis

Teres major

Figure 8.11 Scapular or intrinsic muscles of the pectoral girdle.
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Figure 8.12

Shoulder joint
capsule

The subacromial bursa.

908–1008 of abduction (otherwise the strong initial upward pull of the deltoid would
displace the humerus superiorly). It also strengthens the shoulder joint capsule superiorly.
Infraspinatus is a thick triangular muscle that arises from the infraspinous fossa. Its
ﬁbers course superiorly and laterally to converge into a tendon that crosses across the
posterior aspect of the shoulder joint capsule, to which it is adherent, and attaches to a
middle facet on the greater tubercle of the humerus just below the attachment of the
supraspinatus (Figure 8.11). The muscle is supplied by the suprascapular nerve (C4, C5,
and C6). It reinforces the shoulder joint capsule posteriorly.
Teres minor is a narrow, cylindrical, cigar-shaped muscle (L. teres ¼ rounded) that arises
from the lateral border of the back of the scapula below the infraspinatus. Its ﬁbers ascend
laterally and end in a tendon that crosses the lower part of the posterior aspect of the
shoulder joint capsule and attaches into the lowest facet on the greater tubercle of the
humerus, just below the attachment of the infraspinatus (Figure 8.11). The tendon is fused
with the articular capsule of the shoulder joint and sometimes with the infraspinatus. The
muscle is supplied by the axillary nerve (C4, C5, and C6).
Actions. The infraspinatus and teres minor muscles are weak lateral rotators of the arm
at the shoulder. Their main function, together with the supraspinatus and subscapularis
muscles, is to provide support to the shoulder joint capsule as parts of the rotator cuff
(see later).
Subscapularis is a large, triangular muscle that arises from the subscapular fossa on the
anterior aspect of the scapula and converges laterally into a tendon that attaches to the
lesser tubercle of the humerus (Figure 8.11). The tendon is separated from the scapular
neck by a large subscapular bursa which is continuous with the synovial cavity of the
shoulder joint. The muscle is supplied by the upper subscapular nerve (C5, C6, and C7).
Actions. The subscapularis is a weak medial rotator of the humerus at the shoulder. More
importantly, it is part of the rotator-cuff support system for the shoulder joint (vide infra).
Actions of the rotator cuff: Supraspinatus, infraspinatus, teres minor, and subscapularis
(the ﬁrst letter of each spells ‘‘sits’’) are the muscles making up the rotator cuff of the
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shoulder. These muscles ensure that the head of the humerus sits within the glenoid cavity
of the scapula. In other words, they steady the humeral head by augmenting the support
provided to the shoulder joint by the joint capsule and its relatively weak capsular
(glenohumeral) ligaments. The tendons of these muscles are closely applied to the articular
capsule of the shoulder joint, in effect forming a second capsule (like a cuff) around the
ﬁrst. The rotator cuff also checks the excessive translational (sliding) movements that are
apt to occur at such a shallow articulation, which can destabilize it. At the initiation of
abduction, infraspinatus, teres minor, and subscapularis tend to oppose the upward pull of
the deltoid, and, together with the supraspinatus carrying out the ﬁrst 158 of abduction,
provide the deltoid the leverage it needs to abduct the arm. Infraspinatus and teres minor,
aided by the posterior ﬁbers of deltoid, are weak lateral rotators of the humerus at the
shoulder, while subscapularis assists the pectoralis major and anterior deltoid in medial
rotation.
Teres major is a thick, rounded muscle attached to posterior aspect of the scapula near
the inferior angle. Its ﬁbers ascend laterally to form a ﬂat tendon that attaches to the
posterior aspect of the upper part of the humerus, just behind the tendon of latissimus
dorsi (Figure 8.11). Together with the tendon of latissimus dorsi, it forms the prominence of
the posterior axillary fold, which becomes conspicuous in forced adduction. The muscle is
supplied by the lower subscapular nerve (C6 and C7).
Actions. The teres major has similar actions to those of the latissimus dorsi, namely,
medial rotation, adduction, and extension of the arm; hence its pet name, the ‘‘baby lats.’’
Deltoid is a thick triangular (shaped like the Greek letter ‘‘delta’’) muscle that arises
from the lateral third of the clavicle, the acromion, and the lateral aspect of the scapular
spine. Its muscular ﬁbers converge inferiorly into a short stout tendon that inserts into the
deltoid tuberosity of the humerus (Figure 8.13). The muscle consists of anterior, intermediate, and posterior parts, all three converging into the common tendon. The muscle is
superﬁcial to the rotator cuff and surrounds the shoulder joint on all sides except inferiorly.
The deltoid is supplied by the axillary nerve (C5 and C6).
Anterior fibers

Middle fibers

Posterior fibers

Figure 8.13 The right deltoid muscle—posterior view.
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Actions. The anterior ﬁbers assist the pectoralis major in ﬂexion and medial rotation of
the arm; the posterior ﬁbers rotate the arm laterally and function with latissimus dorsi and
teres major in extending the arm. Anterior and posterior ﬁbers commonly function
alternately in back and forth arm-swinging during walking. The multipennate intermediate portion is the strongest of the three components and provides the main force for
abduction of the arm beyond the initial 158. By resisting downward displacement of the
humerus, the deltoid assists the supraspinatus in preventing inferior drag of weightbearing upper extremity. Injury to the axillary nerve weakens and may paralyze the
deltoid, resulting in sagging and a loss of poise at the shoulder. Consequently, the
acromion becomes more prominent and may be mistaken for a dislocated shoulder.
There may be accompanying sensory loss in the skin on the lateral aspect of the shoulder
overlying the deltoid muscle.

8.3.7 Movements of the shoulder girdle
The dynamic design of the shoulder girdle is such that during movements of the upper
limb, the clavicle functions as a strut between the arm and the shoulder, moving about its
lateral end. The medial articulations of the clavicle, being bound to the sternum more
ﬁrmly, permit less mobility than the lateral, so that the clavicle moves in a cone, with the
sternoclavicular articulation functioning as the apex of the cone (fulcrum) and the major
movements occurring at the lateral end of the clavicle where it joins with the scapula
(Figure 8.4). This conﬁguration is one of the elements in the design of the pectoral girdle
that confers such a dynamic range of mobility on the upper extremity.
Movements of the clavicle at the sternoclavicular and acromioclavicular joints always
occur in conjunction with those of the scapula, which in turn are accompanied by movements of the humerus. In addition, these clavicular movements increase the range of
scapular mobility.
Movements of the pectoral girdle (not the shoulder joint) are primarily elevation and
depression (shrugging of shoulders), protraction (reaching) and retraction (bracing of
shoulders) around the chest wall, lateral or forward rotation (inferior angle of scapula
moving upwards and forwards) and medial or backward rotation (inferior angle moving
downwards and backwards).
1. Elevation and depression of the pectoral girdle, demonstrated by shrugging of the
shoulders, may or may not be accompanied by movements at the shoulder joint. In
elevation the medial (sternal) end of the clavicle slides down over the articular disc in
a translational motion (limited by tension in the joint capsule and costoclavicular
ligament), while more laterally, the acromioclavicular joint undergoes a small degree
of angular swaying. The major muscles causing elevation are the trapezius (upper
ﬁbers) and levator scapulae. Depression is usually achieved by gravity alone,
although the lower part of serratus anterior and pectoralis minor can be recruited
to assist, particularly when performing the action of pushing down on something,
e.g., a plunger. During depression, the medial end of the clavicle slides up on the disc,
and is checked by developing tension the sternoclavicular and interclavicular ligaments as well as by the disc itself.
2. Protraction or forward movement of the pectoral girdle around the chest wall usually
occurs in pushing or thrusting movements, advancing the upper limb forwards as in
reaching. The main muscles involved in creating this movement are the serratus
anterior and pectoralis minor, serratus anterior maintaining continuous apposition
of the scapula on the thoracic wall as it glides forwards along the chest. Paralysis of
the serratus anterior causes winging of the scapula during reaching or pushing
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movements since the only other muscle active during this movement, the pectoralis
minor, pulls forwards on the coracoid process, tilting the scapula anteriorly and
causing its inferior angle to protrude backwards (wing), since the scapula is no longer
apposed to the chest wall.
3. Retraction or bracing back of the shoulders is a reversal of protraction, effected
mainly by the middle ﬁbers of the trapezius and the rhomboids. Retraction may
also be achieved by gravity when the weight of the trunk is taken by the arms as in
leaning forwards, counterbalanced by the protractors. A fall on an outstretched hand
may lead to dislocation of the acromioclavicular joint due to the tendency of the
transmitted force to impel the slanted acromial facet beneath the clavicle's ﬂattened
acromial end; this tendency is usually opposed by developing tension in the trapezoid part of the coracoclavicular ligament, resisting the displacement. If, however, the
transmitted force is strong enough, the ligament may actually tear and result in a
dislocation of the joint. Coincident stretching or tearing of the coracoclavicular
ligament may cause the entire shoulder to drop, giving rise to the clinical condition
known as a ‘‘separated shoulder.’’
4. Lateral or forward rotation of the scapula ampliﬁes the extent of elevation of the
humerus and involves movements at the sternoclavicular and acromioclavicular joints.
During this movement (as in raising the arm above the head) the scapula rotates about an
axis through the base of the scapular spine so that the glenoid cavity comes to face almost
directly upwards, a movement associated with some protraction. The prime movers for
this movement are the upper ﬁbers of trapezius and the serratus anterior (lower ﬁbers).
5. Medial or backward (return) rotation is usually effected by gravity, regulated by
measured relaxation of the levator scapulae and trapezius muscles. When more
power is required to return the scapula to its neutral position, as in pushing down
with an outstretched arm, the lower ﬁbers of the trapezius, rhomboids, and levator
scapulae may be recruited to supplement the effect of gravity.

8.3.8 Shoulder (glenohumeral) joint
The glenohumeral joint is a multiaxial ball and socket synovial joint between the approximately hemispherical humeral head and the shallow scapular glenoid cavity (both reciprocally curved ovoids), a design that allows a lot of mobility, but at the expense of stability.
The glenoid cavity is deepened somewhat by a ﬁbrocartilaginous lip around its rim, the
glenoid labrum. The convexity of the humeral head has a much greater surface area than
that of the glenoid concavity, so that only a small part of the humeral articular surface is in
direct contact with the glenoid surface in any position, making the joint highly incongruent
(ill-ﬁtting). As a consequence, the joint is said to be in its loose-packed arrangement in most
positions, an unstable state that predisposes to dislocation. Close-packing (full congruence)
is achieved with the humerus abducted and laterally rotated, rendering the joint capsule
taut and the joint relatively more stable. The ﬁbrous joint capsule is relatively weak and
lax, permitting a large degree of freedom of movement at the joint. ‘‘Glenohumeral
ligaments’’ (superior, middle, and inferior) are inconspicuous capsular thickenings that
do not add much to the strength or stability of the joint (Figure 8.14). The joint capsule is
attached to the margins of the glenoid cavity proximally and to the anatomical neck of the
humerus distally, and lined on the inside by a synovial membrane. The joint is thus
structurally weak, relying for support more on the surrounding muscles (rotator cuff)
than on the shapes of its articular surfaces or its joint capsule and ligaments. Inferiorly,
the capsule is somewhat redundant, especially in adduction, creating the axillary recess
(Figure 8.15). Here it is not supported by any muscular reinforcements (the tendon of the
long head of the triceps passes along the inferior aspect of the capsule but is separated from
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Figure 8.14

Right shoulder (glenohumeral) joint—anterior view.
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Figure 8.15 Lateral view of the right shoulder joint. The humerus has been removed to show the
glenoid cavity and labrum, and the relationships of the rotator cuff muscles to the joint capsule.
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it by the axillary nerve and posterior circumﬂex humeral vessels as they pass posteriorly
from the axilla). This redundancy is necessary to allow stretching of the inferior aspect of
the capsule during abduction of the arm. The tendon of the long head of the biceps passes
through the joint cavity superiorly (extrasynovial) curving over the humeral head to attach
to the supraglenoid tubercle of the scapula where it is continuous with the glenoid labrum.
Dislocation of the shoulder commonly occurs if force is applied to an abducted and
externally rotated arm (statue of liberty position) or from a fall on an outstretched arm.
In the abducted position the inferior aspect of the joint capsule, its weakest part, is subject
to the most stress, being stretched tightly across the humeral head and thinned out, thus
predisposing it to tearing. The commonest type of shoulder dislocation is therefore a subcoracoid or subglenoid (inferior) dislocation, where the humeral head moves inferiorly and
anteriorly through a stretched or torn capsule, to come to rest on the upper part of the
anterior chest wall just below the clavicle.

8.3.9 Movements of the humerus at the shoulder joint
Movements of the humerus at the shoulder are classically ﬂexion, extension, adduction,
abduction, medial (internal) rotation, lateral (external) rotation, and circumduction (Figure
8.3). Laxity of the joint capsule and a humeral head that is disproportionately large relative
to the shallow glenoid cavity afford a wider range of movement here perhaps than at any
other joint. When evaluating movements at the shoulder, it is important to relate humeral
movements to the plane of the scapular blade as it is positioned on the chest wall rather
than to conventional anatomical planes. This scapular plane is almost 408–458 anterior to
the coronal plane when the upper limb is in its neutral resting posture along the sides of the
trunk. In this position, the glenoid cavity is oriented anterolaterally, almost equidistant
between the coronal and sagittal planes.
1. Flexion and extension are movements of the upper limb anteromedially and posterolaterally, respectively, on an axis through the humeral head that is almost at right
angles to the glenoid cavity. Muscles producing these movements are
. Pectoralis major, anterior ﬁbers of deltoid, and corachobrachialis assisted by
biceps—ﬂexion.
. Teres major and posterior ﬁbers of deltoid. In extension of the fully ﬂexed arm
against resistance, as in pulling backwards, latissimus dorsi and the sternocostal
part of pectoralis major are engaged and contract strongly until the arm reaches the
scapular plane—extension.
2. Abduction and adduction take place in a vertical plane that is more or less at right
angles to that of ﬂexion–extension. The axis of movement is horizontal and passes
through the humeral head form anterior to posterior. In pure glenohumeral abduction (08 to about 908–1108), the upper limb is raised anterolaterally in the plane of the
scapula. In relation to the trunk, abduction and adduction occur in the coronal plane
while ﬂexion and extension take place in the parasagittal plane. There is therefore a
wide range of ﬂexion–extension movements possible at the shoulder depending on
the amount of abduction–adduction required, and vice versa. For example, full
ﬂexion of the arm can occur in full abduction (as in reaching up and forwards to a
high shelf); conversely partial extension with near full adduction can be used to pick
something from the ﬂoor behind you by reaching for it from a seated position on a
chair. A further 608 or so of abduction of the arm is achievable through scapular
rotation (sternoclavicular and acromioclavicular joints), aided, when necessary, by
contralateral lateral ﬂexion of the vertebral column. Active elevation of the arm requires
movements at both glenohumeral and scapuloclavicular joints simultaneously,
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except during the initial 308 or so, when virtually all of the movement occurs at
the glenohumeral joint. In general, a good rule of thumb is that for every 158 of
elevation, 108 are glenohumeral while 58 are scapular. Muscles producing these
movements are
. Supraspinatus for initiating the ﬁrst 158, then deltoid to carry this through to
908–1008 (abduction).
. Gravity assisted by teres major and latissimus dorsi, especially when adducting
against resistance (adduction).
3. Lateral (external) and medial (internal) rotation of the humerus occur about a vertical
axis through the humerus with the elbow held in 908 of ﬂexion. The humerus moves
through an arc of almost a third of a circle, towards the chest in medial rotation and
away from it in lateral rotation. If the upper limb is pendent, the movements of
medial and lateral rotation of the humerus may be misrepresented due to the
superimposed movements of pronation and supination of the forearm (see later);
therefore to properly and accurately assess medial and lateral rotation of the
humerus, pronation and supination must ﬁrst be inactivated by holding the supinated arm in 908 ﬂexion at the elbow. Muscles involved are lateral rotation (posterior
ﬁbers of deltoid, infraspinatus, and teres minor) and medial rotation (anterior ﬁbers
of deltoid, latissimus dorsi, teres major, and subscapularis).
4. Circumduction is a successive combination of all of the above movements. In circumduction, the distal end of the humerus and the attached forearm and hand describe the
base of a cone whose apex is at the humeral head, and involves both glenohumeral and
scapular movements, as in forcefully slinging a heavy weight above the head.

8.3.10 Axilla
The axilla or armpit is the region between the upper part of the arm and the side of the
chest. It is pyramidal in shape, consisting of an apex, a base, and four walls (Figure 8.16).
The apex, between the coracoid process, the ﬁrst rib, and the clavicle is directed towards
the root of the neck with which it is continuous as the cervico-axillary canal. The imaginary
base is made up of skin, deep to which is a thick layer of axillary fascia. The axilla's anterior
wall is formed by the pectoralis major and minor muscles and its posterior wall by the
subscapularis, latissimus dorsi, and teres major muscles. The lower rounded borders of
the pectoralis major and the latissimus dorsi and teres major form the anterior and

Communication with neck near
apex via cervico - axillary canal
Posterior wall (subscapularis)
Medial wall (serratus anterior)

Lateral wall (humerus)
Anterior wall (pectoralis major
and minor)

Floor (skin and axillary fascia)

Figure 8.16

Three-dimensional depiction of the walls of the axilla.
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posterior axillary folds, respectively, between which is the concavity of the armpit. Medially are the upper four ribs with the overlying serratus anterior muscle and laterally is the
humeral intertubercular (bicipital) sulcus (Figure 8.17). The axilla is the junctional region
between the upper limb, thorax, and root of the neck, and coursing through it are major
blood vessels, nerves, and lymphatics. The contents of the axilla include the axillary artery,
axillary vein, part of the brachial plexus and its branches, and the axillary lymph nodes and
lymphatic vessels. In females it may also include the axillary tail (of Spence) of the breast.
These structures are all embedded within dense axillary fat, which acts as a packing
material.
The axillary artery begins at the outer border of the ﬁrst rib, as a continuation of the
subclavian artery, the major artery of the upper extremity. The artery descends laterally
through the axilla to become the brachial artery at the lower border of teres major. It gives off
several branches within the axilla that supply the pectoral muscles, the scapular region, the
upper and lateral parts of the chest wall, and the breast. The axillary vein is the continuation
of the basilic vein from the arm, begins at the lower border of teres major and ascends
medially through the axilla to become the subclavian vein at the outer border of the ﬁrst rib.
It usually receives the brachial veins in the arm (venae commitantes of the brachial artery).
The axillary artery, which runs deep to the proximal portion of the pectoralis minor muscle,
is divided by it into three parts: the ﬁrst part lies medial to the muscle, the second part is
Anterior
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Figure 8.17 Traverse section through the left axilla.
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Figure 8.18 The pectoralis minor muscle divides the axillary artery into three parts: the ﬁrst part is
medial to the muscle (1), the second part is posterior to it, and the third part is lateral (3). The main
branches of the three parts are also shown (see text).

deep to it, and the third part lies lateral to the muscle (Figure 8.18). The ﬁrst part gives off one
major branch (the superior thoracic artery), the second part gives off two major branches
(the thoracoacromial trunk and lateral thoracic artery), and the third part gives off three
major branches (anterior and posterior circumﬂex humeral, and subscapular arteries).
The brachial plexus (Figure 8.19) is a large network of nerves supplying the entire upper
extremity, except for the trapezius (spinal accessory nerve) and levator scapulae (dorsal
scapular nerve) muscles. It is usually formed by the fusion of the ventral primary rami
(roots) of cervical spinal nerves C5–C8 and the ﬁrst thoracic nerve (T1). From proximal to
distal the plexus is made up of ﬁve roots (paravertebral), three trunks (interscalene), two
divisions (subclavian), three cords (axillary), and ﬁve terminal branches (brachial), the
terms in parentheses denoting the regional locations of the parts of the plexus. The axilla
contains the infraclavicular (axillary) portion of the brachial plexus, namely its cords and
terminal branches. The cords of the plexus are wrapped around the axillary artery, and
named for their relationships to the axillary artery; i.e., lateral, posterior, and medial
(Figure 8.19) The terminal branches of the brachial plexus are the musculocutaneous,
median, ulnar, radial, and axillary nerves and will be described in more detail with the
respective parts of the upper limb that they supply. The brachial plexus is enclosed,
together with the axillary vein and the ﬁrst part of the axillary artery, within a ﬁbrous
axillary sheath, which is continuous with the deep cervical fascia.
The brachial plexus may be injured during falls on the side of the head that result in
forceful separation of the neck from the shoulder, stretching or avulsing the upper trunks
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The brachial plexus. Part of the clavicle has been removed to show the divisions of the

(C5 and C6) of the plexus. A similar injury may occur in the newborn from excessive
traction on the neck during a breech or forceps delivery. C5 and C6 involvement leads to
weakness or paralysis of the shoulder muscles, elbow ﬂexors, and supinators, typically
resulting in an arm that hangs medially rotated with the elbow extended, the forearm
pronated, and the wrist ﬂexed (waiter's tip posture). This is referred to as Erb's palsy.
Injury to the lower trunks of the plexus (C8 and T1) may occur from violent traction on the
arm (as in hanging from a branch or delivering a newborn by pulling on the arm), resulting
in weakness or paralysis of the intrinsic (precision) muscles of the hand, and the wrist and
digit ﬂexors. This condition, known as Klumpke's paralysis, gives rise to a characteristic
deformity in the hand known as ‘‘claw hand.’’
The axillary lymph nodes and vessels drain lymph from the upper extremity and 75% of
the breast in the female. Blockage in this drainage (usually due to involvement in carcinoma of the breast, breast surgery, and=or irradiation for the breast cancer) may lead to
swelling of the upper extremity known as lymphedema.

8.4 Arm (brachium)
8.4.1 Osteology
The arm (upper arm) extends from the shoulder to the elbow. It contains the humerus, the
largest bone in the upper limb, and surrounding muscles, nerves and blood vessels.
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The humerus has a shaft and enlarged ends (Figure 8.20). Proximally, the roughly hemispherical head is directed towards the glenoid cavity where it forms the shoulder joint.
Directly beneath the head is a slight constriction, the anatomical neck, indicating the line of
attachment of the joint capsule, except inferomedially, where the attachment deviates from
the neck to form the axillary recess (vide infra). Anteriorly and just below the anatomical
neck is the lesser tubercle (tuberosity), and more laterally is the larger greater tubercle
(tuberosity). Covered by the deltoid, the greater tubercle, which projects laterally further
than the acromion, creates the rounded proﬁle of the shoulder. Between the two is the
intertubercular or bicipital sulcus or groove. Just distal to the tubercles the proximal end of
the humerus tapers somewhat to form the funnel-shaped surgical neck, which is continuous with the shaft. The surgical neck is important clinically because it is crossed medially
by the axillary nerve and posterior circumﬂex humeral vessels as they pass posteriorly
from the axilla. These structures may be injured during fractures of the surgical neck or be
stretched during inferior dislocations of the shoulder joint.
The humeral shaft diminishes somewhat in bulk proximo-distally, its cross-sectional
proﬁle changing from almost cylindrical proximally to triangular distally. The shaft has
three borders (anterior, medial, and lateral) and three surfaces (anterolateral, anteromedial,
and posterior). The anterior border of the shaft bears the deltoid tuberosity roughly
halfway down, while the lateral border is grooved in its center by the sulcus for the
radial nerve (radial or spiral groove) that runs obliquely inferiorly, laterally, and forwards.
The radial nerve courses here and is vulnerable to compression (ill-ﬁtting crutches, arm
suspended over edge of operating table, arm over back-rest of chair, etc.) and midshaft
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Figure 8.21 Osteology of the distal end of the humerus.

fractures leading to wrist drop (loss of wrist and digit extensors). Distally, the lateral and
medial borders of the shaft continue as the divergent lateral and medial supracondylar
ridges, which end at the lateral and medial epicondyles, respectively (Figure 8.20).
The distal end of the humerus is a modiﬁed condyle widened transversely, with
articular and nonarticular parts. The articular part consists of a rounded capitulum laterally which articulates with the head of the radius, and a pulley-shaped trochlea medially
which articulates with the ulna. Projecting laterally and medially past the condyles are the
nonarticulating epicondyles, with the ulnar nerve crossing in a shallow sulcus on the
smooth posterior surface of the medial epicondyle as it enters the forearm (Figure 8.21).
The medial epicondyle is subcutaneous, and here the superﬁcially located ulnar nerve can
be rolled against the bone. If jarred against the bone, characteristic tingling sensations
(paresthesias) are experienced particularly along the medial one and a half digits (funny
bone). Anteriorly, just proximal to the condyles are shallow depressions, the radial and
ulnar fossae, which accommodate the rim of the radial head and the margin of the ulnar
coronoid process, respectively, in full ﬂexion. Posteriorly, a deep hollow just proximal to
the trochlea receives the tip of the olecranon in the fully extended elbow.

8.4.2 Muscles of the arm
The muscles of the arm reside within two osteofascial compartments, anterior and posterior. The compartments are created by strong intermuscular septa extending from the deep
fascia of the arm (brachial fascia) to the humerus. The brachial fascia, continued from the
deep fascia covering the deltoid and pectoralis major muscles, surrounds the muscles
completely, enclosing them together with their nerves and blood vessels within tight
compartments (Figure 8.22). Each compartment contains a muscle or group of muscles
that shares a common function, common nerve supply, and sometimes a common blood
supply. The anterior compartment contains three muscles that ﬂex the elbow, ﬂex the
shoulder, and supinate the forearm. The muscles are the coracobrachialis, biceps brachii,
and brachialis, and are supplied by the musculocutaneous nerve. The posterior compartment has one muscle that extends the elbow and helps in extending the shoulder, the
triceps brachii, which is supplied by the radial nerve.
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Figure 8.22 Cross section through the middle of the left arm showing the osteofascial compartments.

Coracobrachialis arises from the coracoid process of the scapula in common with the
short head of the biceps and attaches along the medial border of the humerus at approximately midshaft (Figure 8.23). The muscle is pierced and supplied by the musculocutaneous nerve (C 5, 6, and 7).
Actions. The coracobrachialis is a weak ﬂexor of the arm especially from an extended
position. During abduction it assists the deltoid to stabilize the head of the humerus.
Biceps brachii (L. biceps ¼ having two heads) is an elongated, spindle-shaped muscle
within the anterior compartment of the arm that arises by two heads: a short head from the
coracoid process in common with the coracobrachialis, and a long head that starts from
the top of the shoulder joint as a long slender tendon attached to the supraglenoid tubercle
at the summit of the glenoid cavity. Here it is continuous with the glenoid labrum. The
tendon, enclosed within a synovial sheath that is an extension of the synovial membrane of
the shoulder joint, arches over the humeral head intracapsularly and descends in the
bicipital groove (intertubercular sulcus) where it is secured by the transverse humeral
ligament. The tendon of the long head may dislodge from the bicipital groove with
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Figure 8.23 Muscles of the anterior compartment of the arm.

stretching or tearing of the transverse humeral ligament in sports injuries. Both tendons
lead into long, fusiform bellies that fuse to end in a short stout tendon, which inserts into
the posterior aspect of the radial tuberosity. Proximal to this attachment, the tendon gives
rise medially to a broad ﬂat expansion, the bicipital aponeurosis, which descends medially
over the relatively superﬁcial brachial artery and median nerve (affording them some
protection) and blends with the deep fascia of the forearm ﬂexors (Figure 8.23). The muscle
is supplied by the musculocutaneous nerve (C5 and C6).
Actions. Biceps brachii is a powerful supinator of the forearm, and an effective ﬂexor of
the elbow in the mid-prone (thumbs-up) position. It is best remembered as the muscle that
opens a bottle of wine (supination to drive the corkscrew into the cork and ﬂexion to pull it
out, with the wine bottle steadied between the thighs). It is also a weak ﬂexor of the
shoulder joint.
Brachialis, the main ﬂexor of the elbow, arises from the lower half of the anterior aspect
of the humeral shaft, the deltoid tuberosity and the medial and lateral intermuscular septa.
Its ﬁbers converge into a thick wide tendon that attaches into the ulnar tuberosity and
coronoid process. The muscle is supplied by the musculocutaneous nerve (C5 and C6).
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Actions. Brachialis is a powerful ﬂexor of the elbow joint, whether the forearm is in
pronation or supination.
The triceps brachii (L. triceps ¼ having three heads), a single muscle occupying most of
the posterior compartment of the arm, has three heads: long, lateral, and medial. The long
head arises by a short ﬂat tendon attached to the infraglenoid tubercle, from which its
muscle ﬁbers descend medial to the lateral head. The lateral head is attached along a
narrow, oblique ridge on the posterior aspect of the humeral shaft proximal to the radial
groove, as well as to the lateral intermuscular septum, and lies lateral to the long head. The
medial head is attached to the posterior aspect of the humeral shaft just distal to the radial
groove, and is overlapped posteriorly by the long and lateral heads (Figure 8.24). Coursing
infero-laterally between the lateral and medial heads (triangular interval) are the radial
nerve and profunda brachii artery, both of which may be injured here by midshaft
fractures of the humerus. About midway down the arm, all three heads converge into a
substantial common tendon, which is attached to the upper surface of the olecranon. The
long head descends between the teres minor above and the teres major below, dividing the
space between them and the humerus into quadrangular and triangular parts (Figure 8.25).
The quadrangular space transmits the axillary nerve and the posterior circumﬂex
humeral artery and vein; the triangular space transmits branches of the circumﬂex scapular
artery and vein. The posterior circumﬂex humeral artery is a branch from the third part of
the axillary artery, while the circumﬂex scapular arises from the subscapular artery (also a
branch of the third part). As these neurovascular structures cross the surgical neck of the
humerus on their way to the back of the scapular region, the axillary nerve may be
stretched or injured during a subcoracoid or subglenoid dislocation of the shoulder joint.
Fractures of the surgical neck of the humerus may also injure the axillary nerve and=or the

Acromion
Infraglenoid tubercle
Greater tubercle of
humerus
Long head
of triceps

Lateral head
of triceps

Triceps tendon

Olecranon
process

Anconeus
Radius

Ulna

Figure 8.24

The posterior compartment of the arm—the triceps brachii muscle.
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Figure 8.25 The posterior aspect of the right shoulder region. The axillary nerve and posterior
circumﬂex humeral artery emerge into this region through the quadrangular space.

posterior circumﬂex humeral artery. Injury to the axillary nerve results in weakness or
paralysis of the deltoid muscle with loss of contour in the shoulder and anesthesia
(numbness) of the skin over the deltoid.
Actions. Triceps is the major extensor of the forearm at the elbow. The medial head is
active throughout most types of extension, while the long and lateral heads are most active
during forced extension.

8.4.3 Blood vessels of the arm
The brachial artery is the major artery of the arm. It begins at the lower border of teres
major as the continuation of the axillary artery, and usually ends in the elbow region near
the neck of the radius by dividing into the ulnar and radial arteries (frequently it divides
more proximally). Proximally it is medial to the humerus but distally it courses laterally to
come to lie roughly midway between the humeral epicondyles. The artery is almost
entirely superﬁcial, and its pulse is palpable throughout its length. The distal third of the
artery lies very close to the anteromedial surface of the distal humerus against which it can
be squeezed manually to control bleeding downstream (pressure point) or compressed by
a sphygmomanometer cuff to measure blood pressure. At this location also the artery may
be injured during supracondylar fractures of the humerus. Near the elbow it is crossed
anteriorly by the bicipital aponeurosis which separates it and the median nerve from the
median cubital vein. The median nerve crosses the artery from lateral to medial near the
midpoint of the arm, and lies medial to it at the elbow. The artery is accompanied by its
paired brachial veins (venae commitantes or companion veins).
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The right cubital fossa.

The major branches of the brachial artery in the arm are the profunda brachii (deep
brachial), a nutrient branch to the humerus, superior and inferior ulnar collateral and
numerous muscular and cutaneous branches. Its terminal branches are the radial and
ulnar arteries which generally arise in the cubital fossa, but may branch more proximally.
The profunda brachii artery arises from the posteromedial aspect of the brachial and spirals
postero-laterally along the radial groove of the humerus in close company with the radial
nerve. Here it lies between the long, lateral, and medial heads of the triceps muscle and
pierces the lateral intermuscular septum to supply the posterior compartment of the arm.
Its terminal branches are the radial and middle collateral arteries, which, together with the
superior and inferior ulnar collateral arteries, participate in the rich arterial anastomoses
around the elbow.
The cubital fossa, at the elbow the artery dives deeply into the apex of the triangular
cubital fossa (Figure 8.26). The fossa's base is an imaginary line between the two epicondyles, the sides being formed by the brachioradialis laterally and the pronator teres
medially. The ﬂoor is formed by the brachialis and supinator muscles. The cubital fossa's
contents include the terminal portion of the brachial artery with its accompanying veins,
the tendon of the biceps brachii, the beginnings of the ulnar and radial arteries and parts of
the median and ulnar nerves (Figure 8.26).

8.4.4 Nerves of the Arm
Major nerves found in the arm are the musculocutaneous, median, ulnar, and radial,
together with several cutaneous nerves. The musculocutaneous nerve (C5–C7) is a continuation of the lateral cord of the brachial plexus, and enters the arm by piercing through
the corachobrachialis muscle, which it supplies. It then emerges laterally between the
biceps and brachialis, supplies the two muscles and courses distally along the lateral aspect
of the lower part of the arm. Just distal to the elbow, it pierces the deep fascia lateral to the
tendon of the biceps to continue as the lateral cutaneous nerve of the forearm. The median
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nerve (C5–C8 and T1) arises by the fusion of two roots (or heads) from the lateral and
medial cords of the brachial plexus which surround the third part of the axillary artery. The
lateral and medial roots of the median nerve unite generally anterior to the artery.
The median nerve enters the arm lateral to the brachial artery, crossing it in the middle
of the arm to become medial to the artery at the elbow, where it lies under the bicipital
aponeurosis with the artery (Figure 8.26). It has no branches in the arm. The ulnar nerve
(C8 and T1) is a continuation of the medial cord of the brachial plexus, and enters the arm
from the axilla lying medial to the brachial artery. In the midarm it pierces the medial
intermuscular septum and descends anterior to the medial head of the triceps to reach the
groove on the posterior aspect of the medial humeral epicondyle (funny bone). Here the
nerve is very superﬁcial (can be rolled between the skin and bone) and often gets injured
when the medial side of the elbow gets bumped, sending tingling sensations along the
medial aspect of the forearm and the medial one and a half digits. It may also sustain injury
in fractures of the medial epicondyle. The nerve then enters the forearm by passing
between the two heads of the ﬂexor carpi ulnaris muscle. It has no branches in the arm.
The radial nerve (C5–C8 and T1), the largest branch of the brachial plexus, arises from the
posterior cord of the plexus. In the arm it descends behind the upper part of the brachial
artery and then follows the profunda brachii artery to pass obliquely behind the humerus
along the radial groove. Here it lies right against bone and may be compressed by ill-ﬁtting
crutches, the back rest of a chair, the edge of the operating table and may get injured in
fractures of the midshaft of the humerus, giving rise to wrist-drop (weakness and=or
paralysis of the wrist and digit extensors). Sleeping with the head resting on the medial
aspect of the arm can also compress the nerve, and is given the illustrious name of
‘‘Saturday night palsy’’ since it is commonly the posture of sleep assumed during alcoholic
stupor. As it courses distally along the lateral aspect of the humerus it pierces the lateral
intermuscular septum to enter the anterior compartment; it then continues distally in a
deep groove between the brachialis and brachioradialis proximally and the extensor carpi
radialis longus distally to enter the forearm in front of the lateral epicondyle, where it
divides into its superﬁcial and deep terminal branches.

8.5 Elbow (cubital) region
The elbow or cubital region is made up of the cubital fossa and the elbow joint with its
surrounding muscles, tendons, and neurovascular structures.

8.5.1 Elbow joint
The elbow joint is classiﬁed as a compound synovial joint of the hinge variety, and occurs
between the distal end of the humerus (humeral condyles) and the proximal ends of the
ulna and radius (Figure 8.27). The joint includes two articulations: (1) humero-ulnar
(between the humeral trochlea and trochlear notch of the ulna) and (2) humeroradial (between the humeral capitulum and head of the radius). Its joint cavity is continuous
with that of the proximal radio-ulnar joint. In humans, the pulley-shaped trochlea is
asymmetrical, with its medial lip extending inferiorly about 5 mm beyond its lateral and
tilted infero-medially. This feature is an important determinant in the creation of the
‘‘carrying angle’’ at the elbow during full extension of the supinated forearm (see below).
In addition, the humero-ulnar articular surfaces are not fully congruent. The capitulum, on
the other hand, is convex to a reciprocally curved concave facet on the radial head, and
maximal contact of the articular surfaces occurs when the elbow is semiﬂexed with the
radius in mid-pronation (thumbs-up position).
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The elbow and proximal radioulnar joints.

The ﬁbrous joint capsule is thin and attached to the margins of the humeral condyles
proximally and proximal portions of the radius and ulna distally. Laterally it blends with
the radial and ulnar collateral ligaments, which reinforce the joint collaterally. Laterally,
the capsule is continuous with that of the proximal radio-ulnar joint deep to the annular
ligament (Figure 8.27). The capsule is lined on the inside with synovial membrane, a
pocket of which extends deep to the lower part of the annular ligament and lubricates the
rotation of the radial head during pronation and supination. The radial collateral ligament is roughly triangular in shape, while the ulnar collateral ligament consists of three
bands: anterior, posterior, and oblique. The attachments of these ligaments are depicted
in Figure 8.27. Muscles crossing the joint are the brachialis and biceps brachii anteriorly,
the triceps posteriorly, the supinator and common extensor tendon laterally, and the
common ﬂexor tendon and ﬂexor carpi ulnaris medially. Anteriorly, the joint is crossed
by the brachial artery and its accompanying veins. The artery, accompanied by the
median nerve medially, usually divides at this level into the ulnar and radial arteries
(Figure 8.26). Proximal to the bifurcation the brachial artery and median nerve lie deep to
and are partially protected by a ﬁbrous expansion from the biceps brachii, the bicipital
aponeurosis, which extends medially to fuse with the deep fascia over the forearm ﬂexors
(Figure 8.26). The bicipital aponeurosis separates the artery from the median cubital vein
superﬁcially. Medial to the ulnar collateral ligament is the ulnar nerve. Several cutaneous
nerves also cross this region.
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8.5.2 Movements at the elbow
The elbow joint is a uniaxial hinge joint, allowing primarily ﬂexion and extension, the
radius and ulna moving on the humeral capitulum and trochlea, respectively. Extension
and ﬂexion of the ulna are accompanied by a minor degree of conjunct rotation along its
long axis. Extension, the close-packed position of the joint, is limited by the apex of the
olecranon entering the humeral olecranon fossa posteriorly and tension in the ﬁbrous joint
capsule and the muscles in front of the joint. Flexion is limited mainly by approximation of
the soft tissues on the anterior aspect of the joint. In full ﬂexion, the ulnar coronoid process
enters the humeral coronoid fossa while the edge of the radial head enters the humeral
radial fossa. In full extension and supination, the forearm deviates laterally at the elbow
forming with the arm the carrying (valgus) angle of about 1608; as a result, the medial
border of the forearm clears the hip and thigh when the arm is resting alongside the trunk
or swinging back and forth as in walking. This carrying angle is caused mainly by the
protrusion of the medial trochlear margin inferiorly beyond its lateral margin, throwing
the forearm laterally in extension. The carrying angle is an important functional adaptation
of the human upper limb to an upright posture and is designed to allow the forearms to
clear the hips when swinging back and forth during normal walking or when carrying
things by our sides. It is more marked in females due to their wider hips. The carrying
angle can be eliminated by pronating the extended forearm and then ﬂexing it, bringing
the arm, forearm, and hand in line with the visual axis, a maneuver designed to increase
accuracy during skilled manipulations of the digits for precision functions. Muscles producing these movements are
.
.
.

Coracobrachialis, biceps brachii, and brachialis for ﬂexion
Triceps for extension
Brachioradialis is recruited to increase the speed of ﬂexion, the muscle being the most
efﬁcient ﬂexor of the elbow in the mid-prone or thumbs-up position

8.6 Forearm (antebrachium)
8.6.1 Osteology
The forearm extends from the elbow to the wrist, and contains the radius laterally and the
ulna medially, surrounding muscles, blood vessels, and nerves. The radius has enlarged
proximal and distal ends, the distal being much bigger and wider. The proximal end
consists of a disc-shaped head (its shallow concave proximal surface articulating with the
humeral capitulum), a constricted neck and a prominent tuberosity just distal to the medial
aspect of the neck (Figure 8.28). The shaft, triangular in cross section, is slightly convex
laterally and has a sharp interosseous border medially to which is attached the interosseous membrane connecting the radius to the ulna to form the middle radio-ulnar syndesmosis (ﬁbrous joint). The distal widened end of the radius is called the styloid process, the
medial surface of which has a smooth concave articular surface, the ulnar notch. Here the
radius articulates with the head of the ulna (at its distal end) to form the distal radio-ulnar
joint. The distal surface of the styloid process bears smooth, concave joint surfaces that
articulate with the scaphoid and lunate (two of the eight carpal bones making up the wrist)
to form the radiocarpal or wrist joint. The styloid process of the radius, being so prominent,
is frequently fractured in falls on the outstretched hand (with or without an accompanying
fracture of the ulna), resulting in the commonly encountered Colle's fracture, in which the
wrist assumes a characteristic dinner fork deformity.
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Radius and ulna in supination

Radius and ulna in pronation
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Figure 8.28 The right radius and ulna depicting the radio-ulnar joint complex. (Modiﬁed from
Frank, H.N., Atlas of Human Anatomy, Saunders, Elsevier, Philadelphia, 2006. With permission.)

The ulna is medial to the radius in the anatomical position (forearm extended and
supinated). Proximally it is shaped like an immense hook resembling an oversized can
opener that is concave anteriorly (Figure 8.27). It consists of the olecranon and coronoid
processes, and the trochlear and radial notches that articulate with the humeral trochlea
and radial head, respectively (Figures 8.27 and 8.28). The more proximal olecranon process
is a large, curved tuberosity whose summit enters the humeral olecranon fossa during
extension. Its posterior surface is smooth and subcutaneous, forming the point of the elbow.
The coronoid process faces anteriorly distal to the olecranon while the oval radial notch,
which articulates with the radial head, is found distal to the trochlear notch on the lateral
aspect of the bone's proximal end. The ulnar shaft diminishes in size progressively distally,
its cross-sectional shape changing from triangular proximally to round distally. The bone
has a sharp interosseous border laterally for attachment of the interosseous membrane. The
distal end is somewhat expanded although much less than that of the radius and consists of
a head and styloid process (Figure 8.28). The head is visible as a distinct rounded prominence on the posteromedial aspect of the wrist in pronation, and its lateral convex articular
surface matches the ulnar notch on the radius forming the distal radio-ulnar joint.
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8.6.2 Joints of the forearm
The radius and ulna articulate with each other at the radio-ulnar joint complex, comprising
three joints: the proximal, middle, and distal radio-ulnar joints (Figures 8.27 and 8.28). The
proximal radio-ulnar joint is a uniaxial pivot synovial joint between the head of the radius
and the radial notch on the ulna. The radial head is secured to the ulna by the circular
annular ligament, within which it rotates against the ulnar radial notch and pivots (spins)
on the humeral capitulum during pronation and supination. The articulating surfaces,
lined by hyaline cartilage, occur between the circumferences of the radial head and the
inner aspect of the osteo-ligamentous ring formed by the annular ligament and the ulnar
radial notch. The ﬁbrous joint capsule, lined with synovial membrane, is continuous with
that of the elbow joint and attached to the annular ligament, the external surface of which
merges with the radial collateral ligament. The middle radio-ulnar joint is a ﬁbrous,
nonsynovial syndesmosis through which the interosseous borders of the radius and ulna
are connected by an oblique cord and a broad but thin, tough, sheet-like ﬁbrous interosseous membrane, deﬁcient proximally (Figure 8.28). The interosseous membrane gives
attachment to some of the deep muscles of the forearm and resists separation of the radius
and ulna from each other when weight is transmitted through the wrist to the forearm as in
leaning with the palm of the hand on a table. During this posture of the hand, the
membrane appears to transmit forces acting on the hand and radius to the ulna and
humerus via its distomedially oriented ﬁbers. The distal radio-ulnar joint is a uniaxial
pivot synovial joint between the ulnar notch of the radius medially and the head of the
ulna (distal, convex end) laterally (Figure 8.28). The smooth distal surface of the ulnar head
is separated from the carpal bones by a triangular ﬁbrocartilaginous articular disc. The disc
binds the distal ends of the radius and ulna, and its margins are attached to the adjacent
carpal ligaments. A ﬁbrous joint capsule, thickened anteriorly and posteriorly and lined
with synovial membrane, surrounds the joint. Violent trauma may lead to a posterior
dislocation of the elbow joint usually accompanied by ulnar abduction, the injury frequently being complicated by fracture of the ulnar coronoid process. Sudden jerking of the
forearm in children can result in subluxation of the radial head from the annular ligament,
leading to a pulled elbow or a ‘‘nursemaid's elbow.’’ This type of injury is more common in
children because of the relatively small radial head and the symmetrically cylindrical shape
of the annular ligament, which is more cone- or funnel-shaped in adults.
Movements at the radio-ulnar joint complex are pronation and supination. In pronation,
the radius, together with the hand, rotates anteriorly and medially to cross the ulna
obliquely, it's distal end arcing medially so that the palm comes to face down, while its
proximal end remains lateral; the interosseous membrane becomes taut and spiralized
(Figure 8.28). During this movement, the radial head swivels within the annular ligament,
its proximal surface spinning on the humeral capitulum. Its distal end (with the articular
disc) describes an arc about the ulnar head, which also moves a small amount posterolaterally along a curved trajectory. In supination, the radius, through a reverse movement
of its distal end, returns to its original position of being lateral to the ulna with the palm
facing up. The ulnar head moves a slight amount anteromedially; the interosseous membrane relaxes (despiralizes). The range of supination and pronation can be increased
considerably by extending the elbow and adding humeral and scapular rotations. The
axis of movement for pronation and supination runs roughly from the radial head proximally to the ulnar head distally. Supination is a much more powerful movement than
pronation—a fact exploited in the design of screws and nuts, which are tightened using
repetitive clockwise movements of the hand at the wrist (supination), in right-handed
individuals. Furthermore, supination is an evolutionary adaptation of the primate hand
designed to allow the hand to grab hold of objects for investigation and manipulation; the
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objects are generally grasped with the hand in pronation and examined with the hand in
supination. Muscles producing these movements are
.
.

Pronator quadratus assisted by pronator teres (against resistance)—pronation
Supinator assisted by biceps brachii (especially in ﬂexion and against resistance)—
supination

8.6.3 Muscles of the forearm (antebrachial muscles)
The forearm is divided into anterior (ﬂexor) and posterior (extensor) antebrachial compartments by intermuscular septa extending from the deep fascia of the forearm (antebrachial fascia) to the radius and ulna and extending between them as the interosseous
membrane (Figure 8.29). The anterior or ﬂexor compartment can further be subdivided
into superﬁcial and deep layers. The anterior compartment contains muscles that ﬂex the
wrist and digits and pronate the forearm, and are supplied by the median nerve and its
deep branch, the anterior interosseous nerve. The posterior compartment has muscles that
extend the wrist and digits, move the thumb and supinate the forearm, and are supplied by
the deep branch of the radial nerve, the posterior interosseous nerve.

8.6.4 Anterior antebrachial muscles (ﬂexors)
Superﬁcial (antebrachial) ﬂexor compartment muscles arise from the medial epicondyle of
the humerus (common ﬂexor origin) via a common ﬂexor tendon (Figure 8.30). Chronic
inﬂammation of the common ﬂexor origin (chronic tendonitis) resulting from excessive,
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superficial radial nerve
Median nerve
Ulnar artery and
ulnar nerve

Radius

Ulna

Flexors
(medial)
Extensors
(lateral)

Deep
Superficial
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Intermuscular septum
Basilic vein
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Superficial fascia
Posterior interosseous
artery and nerve

Figure 8.29

Cross-sectional anatomy of the right forearm.
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First metacarpal
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Figure 8.30 Muscles in the superﬁcial ﬂexor compartment of the forearm.

strenuous use of the ﬂexors produces medial humeral epicondylitis, commonly referred to
as ‘‘golfer's elbow,’’ giving rise to pain (epicondylalgia) and tenderness over the medial
aspect of the elbow. These muscles are, from lateral to medial, the pronator teres, ﬂexor
carpi radialis, palmaris longus, ﬂexor carpi ulnaris and ﬂexor digitorum superﬁcialis (FDS).
The muscles are all supplied by the median nerve, except for the ﬂexor carpi ulnaris, which
is supplied by the ulnar nerve.
Pronator teres arises by two heads; a larger, more superﬁcial humeral head and a
smaller ulnar head. The median nerve in most cases enters the forearm between these
two heads, where it may sometimes become entrapped, particularly if the muscle becomes
ﬁbrotic, resulting in numbness and tingling (paresthesias) along its distribution and=or
weakness of the muscles supplied by it (pronator syndrome). The muscle slopes across the
forearm laterally to attach into the lateral aspect of the radius midway along its shaft. It is
supplied by the median nerve (C6 and C7).
Actions. Pronation of the forearm and hand and weak elbow ﬂexion.
Flexor carpi radialis arises just medial to the pronator teres from the common ﬂexor
origin via the common ﬂexor tendon. About halfway down the forearm, its fusiform belly
forms a long tendon that attaches to the palmar aspect of the base of the second metacarpal.
It is supplied by the median nerve (C6 and C7).
Actions. Flexes the wrist together with ﬂexor carpi ulnaris and FDS; adducts the wrist
with extensor carpi radialis longus and brevis (radial deviation).
Palmaris longus, next in line laterally, arises from the medial humeral epicondyle via the
common ﬂexor tendon. It has a small ﬂeshy belly and a long slender tendon, which passes
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superﬁcial to the ﬂexor retinaculum at the wrist and attaches into the palmar aponeurosis,
a tough fascial sheet in the palmar aspect of the hand just deep to skin. The muscle is
vestigial and variable, often being absent on one or both sides. Being nonessential for any
major movement, its muscular belly and in particular its tendon are often used as grafts for
repairing and reconstructing torn or injured muscles and tendons in the hand. The muscle
is supplied by the median nerve (C7 and C8).
Actions. Wrist ﬂexion; a tensor of the palmar aponeurosis, acting as an anchor for the skin
and superﬁcial fascia of the hand in strengthening the grip and resisting shearing forces.
Flexor carpi ulnaris, the most superﬁcial and medially placed ﬂexor, arises from
humeral (medial epicondyle) and ulnar heads connected by a ﬁbrous arch deep to which
pass the ulnar nerve and a branch of the ulnar artery. Its muscle ﬁbers converge into a thick
tendon along its distal half that attaches into the pisiform bone with extensions to the
hamate and ﬁfth metacarpal bones. It is supplied by the ulnar nerve (C8 and T1).
Actions. Flexion of the wrist (with ﬂexor carpi radialis, palmaris longus, and FDS). With
extensor carpi ulnaris it adducts the hand (ulnar deviation).
Flexor digitorum superﬁcialis, the deepest muscle of this group, is also the largest
superﬁcial ﬂexor. It arises by two heads: humero-ulnar via the common tendon and radial
form the proximal part of the radius just distal to the radial tuberosity. The ulnar artery and
median nerve pass between the two heads into the forearm (Figure 8.31). As the tendons of
the muscle pass deep to the ﬂexor retinaculum and through the carpal tunnel (see below),
they are arranged in pairs in two layers; the superﬁcial pair go to the third (medius) and
fourth (annularis) digits, while the deep pair go to the second (indicis) and ﬁfth (minimi)

Brachial artery

Median nerve
Medial humeral
epicondyle

Radial head

Radial artery

Flexor digitorum superficialis

Ulnar artery

Common interosseous
artery

Radial styloid process
Ulnar styloid process

Flexor retinaculum

Middle phalanx

Figure 8.31

The ﬂexor digitorum superﬁcialis muscle.
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digits. The tendons diverge in the palm and split around the bases of the proximal
phalanges to allow the passage of the ﬂexor digitorum profundus (FDP) tendons. They
then reunite and partially decussate before inserting into the sides of the middle phalanx
(Figure 8.31). The muscle is supplied by the median nerve (C7 and C8, and T1).
Actions. Flexion of the wrist, metacarpophalangeal (MP) joints and proximal interphalangeal (PIP) joints of digits two through ﬁve (individually), particularly in forceful ﬂexion
as in grasping.
The deep (antebrachial) ﬂexor compartment, which lies deep to the superﬁcial ﬂexors,
consists of the FDP, ﬂexor pollicis longus, and pronator quadratus muscles (Figure 8.32), all
of which are supplied by the deep branch of the median nerve, the anterior interosseous
nerve.
Flexor digitorum profundus arises from the upper two-thirds of the anterior surface of
the ulna and the medial (ulnar) half of the interosseous membrane. The muscle ends in four
tendons that run through the carpal tunnel in a single layer deep to those of the FDS. The
tendons then course distally through the palm, in front of the proximal phalanges and pass
through the splits in the tendons of the FDS to attach into the bases of the palmar aspects of
the distal phalanges of digits two through four. The medial (ulnar) half of the muscle is
supplied by the ulnar nerve (C8 and T1); the lateral half by the anterior interosseous branch
of the median nerve (C8 and T1).
Actions. Flexion of the wrist, the MP, the PIP, and the distal interphalangeal (DIP) joints.

8.6.4.1 Synovial and ﬁbrous sheaths of the ﬂexor tendons

The distal portions of the long ﬂexor tendons (FDS, FDP, and ﬂexor pollicis longus), as
well as the tendon of ﬂexor carpi radialis, are enclosed in synovial sheaths containing

Ulna
Radius

Flexor digitorum profundus
Flexor pollicis longus

Pronator quadratus
Flexor retinaculum

Figure 8.32 Muscles in the deep ﬂexor compartment of the forearm.
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Figure 8.33

Arrangement of the ﬂexor synovial sheaths.

lubricating synovial ﬂuid to minimize friction as they rub against each other and bone
during movements of the wrist and digits. The arrangement of the sheath around the
tendons is shown diagrammatically in Figures 8.33 and 8.34. Two synovial sheaths wrap
around these tendons as they pass deep to the ﬂexor retinaculum within the carpal tunnel,
both extending into the forearm about 2–3 cm proximal to the ﬂexor retinaculum. The
medial common sheath, referred to as the ulnar bursa, surrounds the tendons of the FDS
and FDP, and extends distally to about the midpalmar region, prolonged along the tendons
to the digiti minimi (Figure 8.33). The lateral sheath, called the radial bursa, is around the
ﬂexor pollicis longus. Although usually separate, the radial bursa may sometimes communicate with the ulnar bursa. Along the digits, the long ﬂexor tendons within their
synovial sheaths are bound down to the phalanges by complexly arranged digital ﬁbrous
sheaths attached to the phalanges (Figures 8.33 and 8.34). These bindings form ﬁbroosseous tunnels through which the tendons pass distally, remaining mobile within their
synovial sheaths while at the same time being secured to the underlying bone, an ingenious
arrangement that allows virtually friction-free movements of the tendons along their long
axes against each other and bone with virtually no side-to-side sway. The arrangements of
the ﬂexor synovial sheaths have important clinical implications for the spread of infection;
infections (synovitis, tendonitis, and tenosynovitis) arising from the synovial sheaths
of digits two, three, and four are usually limited to those digits, whereas infections
from the thumb or little ﬁnger may spread to the carpal tunnel and proximal forearm
through the ulnar and radial bursae. A horseshoe abscess may result if infection spreads
from the thumb to the little ﬁnger (or vice versa) via the wrist through a communication
between the radial and ulnar bursae.
Flexor pollicis longus: Flexor pollicis longus lies lateral to the FDP and arises from the
upper two-thirds of the anterior surface of the radius and the adjacent interosseous
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Figure 8.34 The ﬁbrous ﬂexor sheaths forming an osseoﬁbrous tunnel for the long ﬂexor tendons.

membrane. The tendon of the muscle passes deep to the ﬂexor retinaculum (through the
carpal tunnel) to attach into the base of palmar surface of the distal phalanx of the thumb
(Figure 8.32). The muscle is supplied by the anterior interosseous branch of the median
nerve (C8 and T1).
Actions. Flexion of the MP (ﬁrst) and interphalangeal joints of the thumb (pollex).
Pronator quadratus: The pronator quadratus is a ﬂat, quadrate muscle stretching anteriorly between the distal parts of the radius and ulna (Figure 8.32). It arises from the anterior
and medial surfaces of the distal end of the ulna and crosses laterally to attach into the
distal end of the anterior surface of the radius. The muscle is supplied by the anterior
interosseous branch of the median nerve (C8 and T1).
Actions. This muscle is the main pronator of the forearm. During rapid and=or forced
pronation, especially against resistance, it is assisted by the pronator teres. Like the
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interosseous membrane, it prevents splaying of the distal ends of the radius and ulna
when weight is transmitted through the wrist, as in leaning on a table using the palm of
the hand.

8.6.5 Carpal tunnel and carpal tunnel syndrome
The carpal tunnel is a narrow ﬁbro-osseous passage at the wrist for the long ﬂexor tendons
(FDS, FDP, and ﬂexor pollicis longus) within their synovial sheaths and the median nerve
as they course distally into the hand. The tunnel is formed by a deep, concave carpal
groove on the anterior aspect of the carpal bones and is converted into a tunnel by a thick,
ﬁbrous ligament, the ﬂexor retinaculum, which stretches across it and is attached to its
margins (Figure 8.35). The retinaculum stabilizes the carpal bones and prevents ‘‘bowstringing’’ of the tendons during wrist and digit ﬂexion.
Carpal tunnel syndrome is one of the most common of the entrapment mononeuropathies and can be considered a type of compartment syndrome. It is caused by compression
of the median nerve as it passes through the compactness of the carpal tunnel due either to
narrowing of the tunnel from osteoarthritic changes, acromegalic soft tissue thickening, or
ﬂuid build up within the tunnel causing an increase in intracompartmental pressure. Fluid
accumulation may be due to inﬂammation arising from chronic irritation (repetitive wrist
injury), or edema from pregnancy, contraceptive pill usage, and myxedema (hypothyroidism), or ﬂuid exudation from severe burns. Often it is idiopathic. Typical symptoms
include pain, numbness, and paresthesias in the thumb, index, middle, and medial half
of the ring ﬁngers. The pain is generally worse at night (when the wrist is usually ﬂexed)
and when ﬂexing the wrist and digits. Sensation to the lateral aspect of the palm over the
thenar eminence is usually preserved since the palmar cutaneous branch of the median
nerve, given off proximal to the ﬂexor retinaculum, is spared. With time there is wasting
(atrophy) of the thenar muscles causing a noticeable reduction in the size of the thenar
eminence.

Ulnar artery and nerve
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Palmar cutaneous
branch of median nerve
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Median nerve
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Flexor carpi radialis
tendon
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Figure 8.35
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Transverse section through the wrist depicting carpal tunnel.
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8.6.6 Posterior antebrachial muscles (extensors)
The posterior antebrachial muscles are arranged in superﬁcial and deep layers.
Superﬁcial (antebrachial) extensor compartment: The muscles in this compartment
extend the wrist and digits, except for brachioradialis and the regressive anconeus, which
act at the elbow joint alone. From lateral to medial, the muscles are brachioradialis (actually
a ﬂexor, but included here because it is supplied by the extensor radial nerve), extensor carpi
radialis longus, extensor carpi radialis brevis, extensor digitorum, extensor digiti minimi,
and extensor carpi ulnaris (Figure 8.36). All the muscles are supplied by the posterior
interosseous nerve (deep branch of radial) except for brachioradialis and extensor carpi
radialis longus, which are supplied by the radial nerve. Except for brachioradialis, all the
muscles in this group originate from the lateral humeral epicondyle (common extensor
origin) via a common extensor tendon. Chronic inﬂammation of the common extensor
origin resulting from excessive, repetitive, strenuous use of the extensors produces lateral
humeral epicondylitis, commonly referred to as ‘‘tennis elbow,’’ giving rise to pain and
tenderness over the lateral aspect of the elbow.
Brachioradialis: Strictly speaking the brachioradialis does not belong to this compartment, since it extends from the arm to the forearm and ﬂexes the elbow joint. It is the most

Medial humeral epicondyle

Brachioradialis

Olecranon process
Extensor carpi radialis longus
Anconeus
Subcutaneous border of ulna
Extensor carpi radialis brevis
Flexor carpi ulnaris
Extensor digitorum

Extensor carpi ulnaris
Extensor digiti minimi

Extensor carpi radialis longus
tendon
Intertendinous bands
Dorsal digital expansion
(extensor hoods)

Figure 8.36 Muscles in the superﬁcial extensor compartment of the forearm.
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superﬁcial muscle along the anterolateral aspect of the forearm and forms the lateral
border of the cubital fossa. It arises from the proximal two-thirds of the lateral supracondylar ridge (humerus) and attaches via a ﬂat tendon into the lateral aspect of the distal end
of the radius, just proximal to the styloid process. The radial nerve and some arterial
anastomoses are found between it and the brachialis muscle, and the radial artery is medial
to it. The muscle is supplied by the radial nerve (C5, C6, and C7).
Actions. Flexion of the elbow in the thumbs-up or mid-prone position, despite being
supplied by the radial nerve, which is an extensor nerve. The muscle bulges prominently
along the lateral aspect of the elbow particularly when contracting against resistance.
Extensor carpi radialis longus: Arises from the common extensor origin via the common
extensor tendon and from the distal third of the lateral supracondylar ridge. Proximally it
lies deep to the brachioradialis. The ﬂeshy belly forms a tendon near the upper third of the
lateral aspect of the forearm that passes deep to the extensor retinaculum on the dorsal
surface of the radius, and attaches distally into the base of the posterior aspect of the
second metacarpal. The muscle is supplied by the radial nerve (C6 and C7).
Extensor carpi radialis brevis: Arises from the common extensor origin and tendon and
is shorter than and covered partially by the longus. The muscle ends in a tendon about the
middle of the forearm, accompanies the tendon of the long carpal extensor along its medial
aspect, parallels its course and attaches distally into the posterior aspect of the base of the
third metacarpal. The muscle is supplied by the posterior interosseous nerve (C7 and C8).
Actions. Both these wrist extensors extend the wrist with extensor carpi ulnaris and
abduct (radially deviate) the wrist with ﬂexor carpi radialis.
Extensor digitorum: The main extensor of the ﬁngers, originates from the common
extensor origin via the common extensor tendon and from the adjacent deep fascia. In
the distal forearm the muscle splits into four tendons, which course distally under the
extensor retinaculum at the wrist enclosed by a common synovial sheath. On the posterior
aspect of the hand they are interconnected inconsistently by three ﬁbrous intertendinous
bands or connections, the precise function of which is not known. On the dorsal aspects of
digits two through four, the extensor tendons form intricate movable ﬁbrous expansions
(dorsal digital expansion or extensor hood) over the dorsal and collateral aspects of the MP,
PIP, and DIP joints; these expansions also receive the insertions of the lumbricals and
interossei (details in section on the hand). The tendons themselves continue distally
through these expansions along their axial regions to attach into the dorsal aspects of the
bases of the distal phalanges of digits two through four (Figures 8.36 through 8.44). The
muscle is supplied by the posterior interosseous nerve (C7 and C8).
Actions. Extension of the wrist together with the carpal extensors. Extension of the digits
at the MP and interphalangeal (IP) joints, as in opening the hand. Extension at the IP joints
is also achieved by contractions of the lumbricals and interossei acting through the dorsal
digital expansions, particularly for precision functions of the hand (see Section 8.7).
Extensor digiti minimi: A small accessory muscle that arises from the common extensor
tendon. It is medial to and usually fused with the extensor digitorum. Distally, its long thin
tendon inserts with the tendon of the main extensor into the dorsal digital expansion of
the digiti minimi (ﬁfth digit). The muscle is supplied by the posterior interosseous nerve
(C7 and C8).
Actions. Extension of the digiti minimi. Assists with extension of the wrist.
Extensor carpi ulnaris: Medial to the extensor digiti minimi, arises from the common
extensor tendon and the posterior border of the ulna and ends in a tendon that inserts into
the medial aspect of the base of the ﬁfth metacarpal. It is supplied by the posterior
interosseous nerve (C7 and C8).
Actions. Acting together with ﬂexor carpi ulnaris, it adducts the hand (ulnar deviation).
In combination with extensors carpi radialis longus and brevis, it complements the long
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digital ﬂexors in helping to extend and ﬁx the wrist to make it possible to grip objects
ﬁrmly or form a tight ﬁst (a tight, ﬁrm grip is almost impossible to achieve without some
extension of the wrist—try it).
Deep (antebrachial) extensor compartment: The deep forearm extensors consist of the
supinator, the extensor indicis, and three muscles acting on the thumb or pollex (abductor
pollicis longus, extensor pollicis longus, and extensor pollicis brevis) (Figure 8.37). All
except the supinator are attached proximally only to the radius and ulna; all are supplied
by the posterior interosseous nerve.
Supinator: The supinator arises by two heads; the deep (ulnar) head from supinator
crest of the ulna and the superﬁcial (humeral) from the lateral humeral epicondyle and the
radial collateral and annular ligaments. Distally, both heads insert into the lateral aspect of
the proximal third of the radius (Figure 8.37). The muscle is wrapped around the proximal
end of the radius and is pierced by the posterior interosseous nerve (deep branch of radial),
which passes between the two heads to enter the posterior compartment of the forearm. It
is supplied by the posterior interosseous nerve (C5 and C6).
Actions. Acting alone, it supinates the forearm and hand. Biceps brachii assists it when
the supination needs to be rapid, powerful, or against resistance.
Abductor pollicis longus: Arises from the posterior ulnar surface distal to the supinator,
the middle third of the posterior radial surface and the adjacent interosseous membrane.

Olecranon

Supinator crest
of ulna

Interosseous
membrane

Lateral humeral epicondyle

Humeral (superficial) and
ulnar (deep) heads of supinator

Radius

Abductor pollicis longus
Extensor pollicis longus
Extensor pollicis brevis
Extensor indicis

Ulnar styloid process

Dorsal digital
expansion

Figure 8.37 Muscles in the deep extensor compartment of the forearm.
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As the muscle courses through the forearm it deviates laterally and emerges between the
extensor carpi radialis brevis and extensor digitorum muscles to become more superﬁcial
distally. Its tendon, which contributes to the lateral border of the anatomical snuffbox (see
below), crosses the wrist on its lateral aspect and attaches into the radial side of the base of
the ﬁrst metacarpal (Figure 8.37). It is supplied by the posterior interosseous nerve (C7
and C8).
Actions. Abducts the thumb together with abductor pollicis brevis. It also helps to
abduct the wrist joint. It assists the thumb extensors for extension of the pollex at its
carpometacarpal (CMC) joint.
Extensor pollicis brevis: Arises from the posterior surface of the radius and adjacent
interosseous membrane distal to the long abductor, with which it may be fused. Distally, it
courses with the tendon of the abductor pollicis longus and attaches to the base of the
proximal phalanx of the thumb. In the distal forearm, both, abductor pollicis longus and
extensor pollicis brevis emerge from in between the extensor carpi radialis brevis and
extensor digitorum muscles, cross their tendons obliquely from medial to lateral (hence the
term, ‘‘outcropping muscles’’), and traverse superﬁcial to the radial artery to reach the
proximal phalanx of the thumb. The muscle is supplied by the posterior interosseous nerve
(C7 and C8).
Actions. Extension of the ﬁrst MP joint.
Extensor pollicis longus: Larger than the brevis, this muscle arises from the middle third
of the posterior surface of the ulna and the adjacent interosseous membrane. Its tendon
traverses the posterior surface of the distal radius, crossing obliquely over the tendons of the
wrist extensors but independent from the extensor pollicis brevis and clearly visible when
the thumb is extended, by a triangular depression just lateral to it termed the ‘‘anatomical
snuffbox’’ (used historically for placing snuff in before inhaling) (Figure 8.38). The ﬂoor of
this triangular fossa is formed mainly by the scaphoid, against which the pulsations of the
radial artery can be felt. This is an important relationship clinically, since the scaphoid is the
most commonly fractured of the carpal bones (usually from a fall on the outstretched hand).
During a scaphoid fracture, maximal tenderness within the ﬂoor of the anatomical snuffbox
is usually diagnostic. The radial styloid proximal to the scaphoid, the trapezium, and the
ﬁrst metacarpal base distal to it also participate in forming the ﬂoor of the snuffbox.
The tendons bordering the snuffbox are the extensor pollicis longus posteromedially and
the extensor pollicis brevis and abductor pollicis longus anterolaterally (Figure 8.38). The
anatomical snuffbox is most clearly visible with the thumb extended and the wrist adducted
(ulnar deviation) and slightly extended. The tendon of this muscle is inserted into the base
of the distal phalanx of the thumb. The muscle is supplied by the posterior interosseous
nerve (C7 and C8).
Actions. Extension of the distal phalanx (IP joint) of the thumb. Due to the orientation of
its tendon which approaches the thumb obliquely, the muscle also adducts the extended
pollex and rotates it externally.
Extensor indicis is a long, slender muscle arising from the posterior ulnar surface and
adjacent interosseous membrane distal to the extensor pollicis longus (Figure 8.37). Its
tendon courses distally towards the index ﬁnger, and near the head of the second metacarpal merges with the tendon of the extensor digitorum to the indicis. It is supplied by the
posterior interosseous nerve (C7 and C8).
Actions. Assists in extension of the index ﬁnger and the wrist.

8.6.7 Blood vessels of the forearm
The brachial artery usually divides into its terminal branches, the radial and ulnar arteries
in the cubital fossa near the neck of the radius. The radial artery passes deep to the
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Extensor pollicis longus
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Extensor pollicis brevis
Abductor pollicis longus

Figure 8.38 The anatomical snuff box. (Modiﬁed from Drake, R.L., Vogl, W., and Mitchell, A.W.M.,
Gray's Anatomy for Students, Elsevier, Philadelphia, 2005. With permission.).

brachioradialis and gives off the radial recurrent artery to the surrounding muscles and the
elbow anastomoses before entering the forearm. The ulnar artery gives off the anterior and
posterior ulnar recurrent arteries, which also participate in the elbow anastomoses, before
disappearing deep to the pronator teres to continue into the forearm. The radial artery,
accompanied by its venae commitantes, courses along the lateral aspect of the forearm to
reach the wrist, where the radial pulse can be obtained between the ﬂexor carpi radialis
medially and the anterior border of the radius laterally. The superﬁcial radial nerve lies
lateral to the middle third of the artery. Near the wrist, the radial artery turns posteriorly
and crosses deep to the tendons of abductor pollicis longus and extensor pollicis brevis to
enter the anatomical snuffbox, where its pulse can be palpated against the scaphoid bone.
Beyond the snuffbox, it courses laterally and crosses deep to the tendon of the extensor
pollicis longus to pierce the ﬁrst dorsal interosseous muscle to enter the hand. The ulnar
artery, the larger terminal branch of the brachial, begins just distal to the ﬂexion crease of the
elbow and courses along the medial aspect of the forearm, initially deep to pronator teres
and the long superﬁcial ﬂexors. Just distal to the radial tuberosity, the ulnar artery gives off
the common interosseous artery, which divides at the proximal border of the interosseous
membrane into the anterior and posterior interosseous arteries. These arteries, in company
with the anterior and posterior interosseous nerves, course along the anterior and posterior
aspects of the interosseous membrane and supply the deep muscles of the forearm. The
ulnar artery then becomes more superﬁcial and lies medial to ﬂexor carpi ulnaris and
between it and the FDS. The ulnar nerve lies medial to the distal two-thirds of the artery.
The artery crosses the ﬂexor retinaculum through its superﬁcial compartment (Guyon's
canal, see below), lateral to the ulnar nerve and pisiform bone to enter the hand. It is
accompanied throughout its length by its venae commitantes. Both radial and ulnar arteries
give off numerous muscular and cutaneous branches which supply the muscles and skin of
the forearm.

8.6.8 Nerves of the forearm
The major nerves of the forearm are the ulnar, radial, median, anterior, and posterior
interosseous. The ulnar nerve enters the forearm through the two heads of ﬂexor carpi
ulnaris, where it may get compressed giving rise to pain and paresthesias (tingling) along
the medial aspect of the forearm and the medial one and a half digits. This is known as the
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‘‘cubital tunnel syndrome.’’ The nerve courses distally along the medial aspect of the
forearm under cover of the ﬂexor carpi ulnaris muscle. In the distal forearm it becomes
superﬁcial and comes to lie close to the medial aspect of the ulnar artery. It then passes
lateral to the pisiform and deep to the superﬁcial part of the ﬂexor retinaculum (Guyon's
canal—where it may be compressed, resulting in an entrapment neuropathy), to enter the
hand, where it divides into its superﬁcial and deep terminal branches. In the forearm the
ulnar nerve supplies the ﬂexor carpi ulnaris and the medial half of FDP. The radial nerve,
at the elbow, lies deep in a groove between the brachioradialis and brachialis proximally
and the extensor carpi radialis longus distally. Here the radial nerve may become involved
in an entrapment neuropathy from ﬁbrous connective tissue bands, blood vessels, and the
sharp medial border of the tendon of extensor carpi radialis brevis. The usual presenting
symptom of this ‘‘radial tunnel syndrome’’ is pain over the extensor compartment of the
forearm. The radial nerve divides into its superﬁcial terminal branch and the posterior
interosseous nerve (deep branch) just anterior to the lateral humeral epicondyle. The
posterior interosseous nerve enters the deep aspect of the forearm by piercing the supinator muscle; it then courses along the posterior aspect of the interosseous membrane with
the posterior interosseous vessels and supplies the extensor compartment of the forearm.
The superﬁcial terminal branch of the radial nerve courses distally along the radial aspect
of the forearm, crosses the wrist and ends on the dorsum of the hand to supply the skin
on the radial aspect of the dorsum of the hand and wrist. It is very superﬁcial near the
wrist and may get damaged in slash injuries or compressed by tight bangles, bracelets,
etc. Articular branches to the elbow joint are given off by both ulnar and radial nerves. The
median nerve commonly enters the forearm between the two heads of pronator teres,
where it may get compressed leading to the ‘‘pronator syndrome,’’ an entrapment neuropathy. Symptoms include pain and paresthesias in the muscles and skin of the ﬂexor
compartment of the forearm. It then passes deep to a tendinous arch between the radial
and humero-ulnar heads of the FDS to enter the forearm where it lies deep and adherent
to the FDS and between it and the FDP. Near the wrist, just proximal to the ﬂexor
retinaculum, it gives off its palmar cutaneous branch that crosses the ﬂexor retinaculum
superﬁcially to supply the skin over the thenar eminence (lateral aspect of palm). Here it
emerges lateral to the FDS tendons and becomes superﬁcial, where it may be vulnerable
to slash injuries of the wrist. It then passes deep to the ﬂexor retinaculum, within the
carpal tunnel, to enter the palm of the hand. The anterior interosseous nerve branches
posteriorly from the median between the two heads of pronator teres and courses distally
along the anterior aspect of the interosseous membrane in company with the anterior
interosseous vessels to supply the deep ﬂexors (ﬂexor pollicis longus, lateral half of FDP,
and pronator quadratus).

8.6.9 Radiocarpal (wrist) joint
The radiocarpal or wrist joint is a biaxial ellipsoid (condylar) synovial joint. It occurs
between the concave oval articular surface of the distal end of the radius and the triangular
ﬁbrocartilaginous articular disc proximally, and the convex articular surface formed by the
scaphoid, lunate, and triquetral (carpal bones) distally (Figure 8.39). The radial surface is
divided by a feint ridge into two concave, side-by-side articular facets, forming a lunate
fossa medially and a scaphoid fossa laterally that receive those two bones, respectively.
The ﬁbrous joint capsule is attached to the margins of the radial and ulnar styloid processes
proximally and the three carpal bones distally, and is lined on the inside with synovial
membrane, which is usually separate from that of the distal radio-ulnar joint. A fold of
synovial membrane anterior to the articular disc, the recessus sacciformis, protrudes
proximally between the radial styloid process and ulnar head (Figure 8.39). The capsule
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Figure 8.39 Coronal section of the radiocarpal (wrist), midcarpal, intercarpal, carpometacarpal, and
intermetacarpal joints showing the synovial joint cavities and general layout of the ligaments.

is strengthened by palmar radiocarpal and ulnocarpal, dorsal radiocarpal, and ulnar and
radial collateral ligaments (Figure 8.40).
Movements at the radiocarpal joint accompany those at the intercarpal and midcarpal
joints and include ﬂexion, extension, adduction (ulnar deviation), abduction (radial deviation), and circumduction. The range of ﬂexion is greater than that of extension and occurs
mostly at the radiocarpal joint, while extension occurs more at the midcarpal joint. The
range of adduction (mostly at the radiocarpal joint) is greater than that of abduction
(mostly at the midcarpal joint), the former likely due to the more proximal location of
the small ulnar styloid process, the latter restricted by the large size of the protruding
radial styloid process which seems to come in the way when the wrist deviates laterally
(also one of the reasons why fractures of the radial styloid [Colle's fracture] commonly
occur during falls on the outstretched hand; the wrist is usually extended and abducted
during the fall). Muscles producing these movements are
.
.
.
.

Flexor carpi radialis and ﬂexor carpi ulnaris aided by FDS, FDP, and ﬂexor pollicis
longus—ﬂexion
Extensors carpi radialis longus, brevis, and extensor carpi ulnaris, aided by extensor
digitorum and extensor pollicis longus—extension
Flexor and extensor carpi ulnaris in combination—adduction (ulnar deviation)
Flexor carpi radialis, extensor carpi radialis longus, and brevis, assisted by abductor
pollicis longus and extensor pollicis brevis—abduction (radial deviation)

8.7 Hand (manus)
The human hand is a biotechnological marvel in terms of its structural adaptation to an
extraordinary range and versatility of functions, which, coupled with the unrivalled
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Figure 8.40 The anterior (palmar) aspect of the radiocarpal (wrist), intercarpal, carpometacarpal,
intermetacarpal, metacarpophalangeal (MP), and interphalangeal (IP) joints showing the major
ligaments.

development of the human brain, sets us apart from all other primate species whose hands
are no less complex but who, due to a lesser degree of cerebral development, lack the
range, sophistication, and resourcefulness of function that the human hand enjoys. The
hand allows us to communicate with each other and with our pets through manual
gestures and sign language, to manipulate objects using the power of an iron grip or the
precision of a feather-light touch, and to create works of art and science. Built preeminently
for grasping and manipulating, the hand performs endless other functions such as pushing, pulling, striking with an open palm or a ﬁst, pounding, shielding from projectiles, and
supporting the body in a variety of positions. Perhaps the tasks the human hand excels in
most are those involving grasping and manipulating or ‘‘prehensile’’ functions, and this
section attempts to present succinctly the anatomy that allows the hand to accomplish
these functions.

8.7.1 Osteology
The skeleton of the hand has three regions: the carpus (carpals), the metacarpus (metacarpals), and the phalanges (Figure 8.41). The carpus or wrist bones consist of eight carpal
bones in two rows of four each; a proximal row and a distal row. Proximally, from lateral
to medial are the scaphoid, lunate, triquetral, and pisiform bones; in the distal row are the
trapezium, trapezoid, capitate, and hamate bones (Figure 8.41). Of the carpus bones, the
scaphoid is the most commonly fractured (usually from falls on the outstretched hand)
while the lunate is the most frequently dislocated. The metacarpus consist of ﬁve metacarpal bones, which are shaped like miniature long bones and numbered conventionally 1–5
from lateral to medial. Each metacarpal bone has a proximal expanded base, a shaft and a
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Figure 8.41 Skeleton of the wrist and hand—palmar (anterior or volar) aspect.

distal head (knuckle). The phalanges are fourteen in number, three in each ﬁnger and
two in the thumb. Each has a proximal base and a shaft that tapers distally to the head
(Figure 8.41).

8.7.2 Intercarpal joints
Several intercarpal joints interconnect the carpal bones and may be summarized as (1) joints
between the bones in the proximal row, (2) joints between the bones in the distal row, and
(3) a complex joint, the midcarpal joint, between the proximal and distal rows (Figure 8.39).
The carpal bones are all involved in multiple articulations connected by a complex assortment of ligaments, the detailed description of which is beyond the scope of this chapter. A
brief treatise on the midcarpal joint, however, will be useful. The midcarpal joint is between
the scaphoid, lunate and triquetral bones proximally and the trapezium, trapezoid, capitate, and hamate bones distally. The joint is classiﬁed as a compound synovial sellar joint
that can be divided for descriptive purposes into lateral and medial parts. The articulation
of the head of the capitate and hamate with the scaphoid, lunate and most of the triquetral
forms the medial component, while in the lateral component trapezium and trapezoid
articulate with the scaphoid. The joint is reinforced by three sets of ligaments: dorsal and
palmar (short bands between the bones of the two rows) and collateral (very short radial
and ulnar). The synovial membrane is extensive and complex in its arrangement with
numerous recesses and prolongations between the rows and individual carpal bones.
Movements at the intercarpal joints occur synchronously with those at the wrist (radiocarpal) joint and thus are considered together. Active movements are ﬂexion, extension,
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adduction (ulnar deviation), abduction (radial deviation), and circumduction. Carpal
ﬂexion and extension involve the radiocarpal and midcarpal joints; in ﬂexion the range is
greater at the radiocarpal joint, while in extension it is greater at the midcarpal joint. Both
ﬂexion and extension are limited principally by the antagonistic muscles, the ligaments
coming into play only at the extreme limits of these movements. Adduction (ulnar deviation) of the hand is much greater in range than abduction (radial deviation), probably due
to the smaller size and more proximal location of the ulnar styloid process, the latter
restricted by the large size of the protruding radial styloid process. Most adduction occurs
at the radiocarpal joint, while abduction occurs almost entirely at the midcarpal joint.
Circumduction of the hand involves consecutive ﬂexion, adduction, extension and abduction, or the reverse. Some sliding movements also occur between the individual carpal
bones. Abduction and adduction movements at the wrist combined with ﬂexion and
extension are functionally important in allowing the hand to skillfully operate a variety
of power and precision tools and instruments. Muscles producing these movements are the
same as those producing the movements at the radiocarpal joint.

8.7.3 Carpometacarpal (CMC) joints—the ﬁrst carpometacarpal joint (pollex)
There are ﬁve CMC joints, one for each digit. The ﬁrst CMC joint is the most important
from a functional and clinical standpoint. It is a synovial, modiﬁed saddle joint between the
base of the ﬁrst metacarpal and the trapezium, and enjoys a wide range of movements due
to the conﬁguration of its extensive articular surfaces (Figures 8.39 and 8.40). The joint
permits opposition of the thumb conferring it the ability to grasp, grip, pinch, hold, and
manipulate objects—this ability is unique to the thumb in primates, and appears to have
attained its highest sophistication in humans. The joint is surrounded by a ﬁbrous capsule
attached to the margins of the ﬁrst metacarpal base and trapezium and lined by a synovial
membrane. The capsule is reinforced by lateral, anterior (palmar), and posterior (dorsal)
ligaments, the latter two being the strongest. The ﬁrst CMC joint is subject to the greatest
‘‘wear and tear’’ (degenerative osteoarthritic change) since it experiences much greater
compressive (loading) stresses than perhaps any of the other CMC joints.
The range of motion at the CMC joints for the remaining ﬁngers increases progressively
from the second (index) ﬁnger to the ﬁfth, facilitating cupping of the palm and ﬁsting of the
hand as well as allowing for the development of a tight and powerful grip. The ﬁrst CMC
joint is constructed such that in the resting or neutral position of the hand (slight adduction
and extension at the wrist and semiﬂexion at the MP and IP joints), the thumb lies in a
plane roughly at right angles to that of the ﬁngers. Consequently, the movements of the
thumb are different from those of the ﬁngers (Figure 8.42).
Movements at the joint are ﬂexion (accompanied by medial rotation), extension, abduction, adduction, opposition, and circumduction (Figure 8.42). In the neutral, resting position of the thumb, ﬂexion and extension occur in a plane parallel to that of the palm,
abduction and adduction at right angles to it. Largely due to the reciprocal shapes of the
articular surfaces of the joint, ﬂexion is accompanied by a conjunct medial rotation, while
medial rotation almost always involves some degree of ﬂexion. Medial rotation combined
with ﬂexion and abduction brings the pulp of the thumb into contact with the pulps of the
remaining ﬁngers when they are slightly ﬂexed; this movement is termed ‘‘opposition.’’
The conjunct rotations occurring with extension–ﬂexion movements are determined, in
addition to the shapes of the articular surfaces, by varying degrees of tension in the palmar
ligament (in extension) and the dorsal ligament (in ﬂexion), with spiraling and tightening
of these ligaments at the extremes of these movements. The close-packed position of the
joint is in full opposition when the joint experiences the greatest loading forces and the
capsule and ligaments are maximally spiralized. Muscles producing these movements are
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Figure 8.42 Movements of the thumb.
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Flexor pollicis brevis and opponens pollicis (rotates thumb medially), assisted by
ﬂexor pollicis longus—ﬂexion
Extensors pollicis brevis and longus (rotates thumb laterally as well) assisted by
abductor pollicis longus—extension
Abductors pollicis longus and brevis—abduction
Adductor pollicis—adduction
Opponens pollicis and ﬂexor pollicis brevis—opposition
Successive contractions of extensors, abductors, ﬂexors and adductors in that
sequence or its reverse—circumduction

8.7.4 Second to ﬁfth carpometacarpal joints
The articular surfaces of these synovial joints have complex sellar shapes that permit slight
gliding and some ﬂexion and extension. The joints are surrounded by ﬁbrous joint capsules
lined on the inside with synovial membrane and reinforced by dorsal, palmar, and
interosseous ligaments, the dorsal being the strongest (Figure 8.40).

8.7.5 Intermetacarpal joints
The second to ﬁfth metacarpal bones articulate with each other at their bases through
small adjacent articular facets connected by palmar, dorsal, and interosseous ligaments
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(Figures 8.39 and 8.40). Movements at the CMC and intermetacarpal joints are restricted to
slight gliding movements combined with some ﬂexion–extension and rotation, as in
cupping the palm to grasp an object. The second metacarpal is the least movable, the
ﬁfth the most, facilitating ‘‘strumming’’ movements of the ﬁngers as in playing string
instruments such as the guitar, violin, or the piano. Accessory movements at these joints
include spiral twisting or corkscrewing of the whole metacarpus on the carpus as in
gripping an object tightly or unscrewing a tight cap on a wide-necked bottle.

8.7.6 Metacarpophalangeal (MP) joints
The MP joints (knuckles) are synovial joints between the heads of the metacarpals and the
bases of the proximal phalanges. Generally considered ellipsoid, they are classiﬁed conventionally as condylar due to the almost bi-condylar conﬁguration of the articular surfaces on
the metatarsal heads. The joints are tied together by tough, ﬁbrocartilaginous palmar and
two strong, cord-like collateral ligaments (Figure 8.40). The palmar aspects of the palmar
ligaments (volar plates) are blended with the deep transverse metacarpal ligaments and
bear grooves for the long ﬂexor tendons. The deep transverse metacarpal ligaments are
three short ﬁbrous bands that connect the palmar ligaments of the second to ﬁfth MP joints
and provide stability to the skeletal framework of the palm (Figure 8.40). Importantly, a
deep transverse metacarpal ligament does not occur between the thumb and index ﬁnger,
which, combined with the mobility of the ﬁrst CMC joint, confers the thumb its increased
range of movement as compared to the other digits. Movements are ﬂexion (almost 908),
extension (few degrees), abduction, adduction, and circumduction, with some conjunct
rotation. Abduction and adduction during ﬂexion are minimal. The MP joint of the
thumb has a greater range of mobility, particularly in abduction and adduction movements,
which are invariably accompanied by movements at the CMC. Muscles producing these
movements are
.
.
.
.

FDS and FDP (ﬂexor pollicis longus and brevis for the thumb, ﬂexor digiti minimi
brevis for little ﬁnger) assisted by the lumbricals and interossei—ﬂexion
Extensor digitorum assisted by extensor indicis, extensor digiti minimi (second and
ﬁfth digits), and extensor pollicis longus and brevis (thumb)—extension
Dorsal interossei—abduction
Palmar interossei—adduction

8.7.7 Interphalangeal (IP) joints
These are synovial joints of the uniaxial hinge variety, and each is surrounded by a ﬁbrous
joint capsule reinforced by a palmar and two collateral ligaments (Figure 8.43). The dorsal
ligaments are replaced by the long extensor tendons. The thumb has only one IP joint,
while the remaining digits each have a PIP and a DIP joint. Movements are essentially
ﬂexion and extension, accompanied by slight rotation. The close-packed positions of these
joints are those of full extension. During ﬂexion, the digital pulps rotate slightly laterally to
face the opposed thumb in order to form a functional and powerful grip. Concurrent
ﬂexion at the MP joints and extension at the IP joints (‘‘tata’’ movement) are critical
components of precision movements of the hand such as those involved in the upstroke
in writing, threading a needle, drawing, etc. (for more details see Section 8.8).

8.7.8 Muscles of the hand
The intrinsic muscles of the hand can be divided into three groups: (1) muscles of the
thenar eminence that act on the thumb (opponens pollicis, ﬂexor pollicis brevis, and
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Figure 8.43 Metacarpophalangeal and IP joints in extension.

abductor pollicis brevis) and adductor pollicis, (2) muscles of the hypothenar eminence that
act on the little ﬁnger (opponens digiti minimi, ﬂexor digiti minimi, and abductor digiti
minimi), and (3) muscles in the center of the palm that act on the ﬁngers: the interossei and
lumbricals. The long ﬂexor and extensor tendons enclosed within their synovial sheaths
also pass through the hand on its palmar and dorsal aspects, respectively, en route to the
phalanges. Before describing these muscles, it is important to understand the structure and
function of the dorsal digital expansion or extensor hood, into which the long extensor,
interossei, and lumbrical muscles attach, and its critical role in the functions of the hand.

8.7.9 Dorsal digital expansion (extensor hood)
The dorsal digital expansion or the extensor hood is an important structure on the dorsal
aspects of the ﬁngers that is critical for allowing the hand to execute precision movements
with the application of different degrees of power depending on the function. This involves
interactions between the power and precision muscles and mitigation of their respective
functions. The ﬁbrous expansion is a small triangular aponeurosis of the tendon of the
extensor digitorum on the posterior aspect of each digit, particularly over the proximal
phalanx. The base of this triangular expansion wraps around the posterior and collateral
aspects of the MP joint, where it is connected to the adjoining interosseous muscles on each
side (Figures 8.44 and 8.45). The long extensor tendon blends with the expansion along its
central long axis and continues distally through its apex. The edges of this expansion are
reinforced laterally by the interossei and lumbrical tendons and medially by the interossei
tendons only, except for the digiti minimi (the lumbricals arise from the tendons of the
FDP, the interossei from the metacarpal bones). Clinically these attachments of the intrinsic
muscles are referred to as ‘‘wing tendons.’’ As this complex passes over the middle and
distal phalanges (PIP joint), it splits into an axial part and two collateral slips, the former
passing over the dorsal aspect of the joint to insert into the base of the middle phalanx, the
collateral slips reuniting to attach into the dorsal aspect of the base of the distal phalanx
(Figure 8.44). Each expansion is a mobile hood, sliding proximally when the digit extends
and distally when it ﬂexes. The dorsal digital expansion is an ingenious mechanism that
allows the precision (intrinsic) muscles of the hand to connect and interact with the power
(extrinsic) muscles of the forearm so as to produce and modulate both, power and=or
precision movements in the hand. In fact, the lumbricals and interossei, acting through the
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Figure 8.44

Metacarpal bone

Posterior (dorsal) view of the dorsal digital expansion (extensor hood).

extensor hood, are able to mitigate the actions of these two sets of muscles in order to
determine the precise points of application of power and=or precision to the ﬁngers, not
unlike a servo mechanism. The functional implications of this arrangement are discussed in
the section on the functions of the hand.

8.7.10 Muscles of the hand—thenar muscles and adductor pollicis
The thenar muscles, from superﬁcial to deep, are the abductor pollicis brevis, the ﬂexor
pollicis brevis, and the opponens pollicis (Figure 8.46). All the thenar muscles are supplied
by the recurrent motor branch of the median nerve (C8 and T1). The adductor pollicis
muscle, lying deep to the thenar muscles, is supplied by the deep branch of the ulnar nerve
(C8 and T1).
Abductor pollicis brevis: A slender superﬁcial muscle in the lateral aspect of the thenar
eminence, it arises mostly from the ﬂexor retinaculum with a few ﬁbers arising from the
scaphoid and trapezium. Its small tendon inserts into the radial aspect of the base of the
proximal phalanx of the thumb, with a lateral extension to the dorsal digital expansion of
the thumb.
Actions. Abduction of the thumb.
Flexor pollicis brevis: Lies medial to the abductor pollicis brevis and has two heads. The
superﬁcial head arises mostly from the ﬂexor retinaculum, the deep from the trapezoid and
capitate bones. The two heads unite and insert into the radial aspect of the base of the
proximal phalanx. The deep head is usually supplied by the deep branch of the ulnar nerve
(C8 and T1).
Actions. Flexion of the thumb at the MP joint.
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MP joint
MP joint axis
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P1

P2
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Lumbrical
Vincula longa
Interosseous
Flexor digitorum profundus (FDP) tendon

Flexor digitorum superficialis (FDS) tendon

Figure 8.45 The arrangement of the dorsal digital expansion with respect to the FDS and FDP tendons,
and the lumbricals and interossei. The vincula tendineum are double folds of synovium carrying
blood vessels to the tendon. P1, P2, P3 ¼ proximal, middle, and distal phalanges, respectively.

Transverse head
Adductor
pollicis
Oblique head

Abductor pollicis brevis (cut)
Flexor retinaculum
Flexor pollicis brevis
Opponens pollicis
Abductor pollicis brevis (cut)

Figure 8.46 The thenar muscles and adductor pollicis.
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Opponens pollicis: Deep to the abductor and ﬂexor, it arises from the ﬂexor retinaculum
and trapezium and attaches to the entire length of the lateral border and adjoining palmar
surface of the ﬁrst metacarpal bone.
Actions. Flexion and medial rotation of the MP joint to cause opposition of the thumb.
Adductor pollicis: The adductor pollicis is a triangular muscle with oblique and transverse heads. The oblique head arises mostly from the capitate bone and the second and
third metacarpal bases. The triangular transverse head, the deepest of the thumb muscles,
arises from the palmar surface of the third metacarpal and converges laterally with the
oblique head and the ﬁrst palmar interosseous muscle to insert into the ulnar side of the
base of the proximal phalanx. Its tendon often contains a sesamoid bone.
Actions. Adduction of the thumb and approximating the thumb to the palm, particularly
from an abducted position when the thumb is opposed to the ﬁngers as in grasping.

8.7.11 Hypothenar muscles
These hypothenar muscles (Figure 8.47) are essentially mirror images of the thenar muscles,
only smaller, and comprise the ﬂexor digiti minimi (brevis), abductor digiti minimi, and
opponens digiti minimi muscles. They ﬂex, abduct, and oppose the digiti minimi, respectively, and are all supplied by the deep branch of the ulnar nerve (C8 and T1). The palmaris
brevis is a small subcutaneous muscle that wrinkles the skin on the ulnar side of the palm
and is supplied by the superﬁcial branch of the ulnar nerve (C8 and T1).
Flexor digiti minimi: Arises mostly from the ﬂexor retinaculum and the hook of the
hamate and inserts into the ulnar side of the base of the proximal phalanx of the little
ﬁnger.
Actions. Flexion of the digiti minimi at the MP joint with some lateral rotation.
Abductor digiti minimi: Medial to the ﬂexor, arises mostly from the pisiform bone and
tendon of ﬂexor carpi ulnaris and inserts into the ulnar side of the proximal phalanx
together with the ﬂexor digiti minimi, with a slip to the extensor hood of the digiti minimi.
The muscle may be fused with the ﬂexor to a greater or lesser degree.
Actions. Abduction of the digiti minimi from the fourth digit (annularis) as in spreading
the extended digits.

Abductor digiti minimi (cut)

Flexor digiti minimi
Flexor retinaculum

Opponens digiti minimi
Abductor digiti minimi (cut)

Figure 8.47

The hypothenar muscles.
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Opponens digiti minimi: Deep to the ﬂexor and abductor, this triangular muscle arises
from the hook of the hamate and adjacent ﬂexor retinaculum and attaches along the entire
ulnar margin of the ﬁfth metacarpal bone.
Actions. With ﬂexion and lateral rotation of the ﬁfth metacarpal at the CMC joint, it
accentuates the hollow of the palm; when combined with ﬂexion and lateral rotation at the
MP and IP joints, it opposes the digiti minimi to the thumb.
Palmaris brevis: This is a thin subcutaneous muscle on the proximal ulnar border of the
palm attached to the ﬂexor retinaculum and medial border of the palmar aponeurosis and
ending in the dermis along the palm's medial edge.
Actions. Wrinkles the skin along the ulnar border of the palm, creating a longitudinal
crease that accentuates the hypothenar eminence slightly. The slight elevation of skin
formed by the crease deepens the medial aspect of the hollow of the palm somewhat,
assisting in preventing liquids such as water held within the cup of the palm from spilling
over the ulnar border.

8.7.12 Lumbrical and interosseous muscles
The lumbrical muscles are four small, spindle or worm-shaped muscles (L. lumbricoides ¼
worm) arising from the tendons of the FDP to the indicis, medius, annularis, and digiti
minimi ﬁngers (Figure 8.48). Each muscle passes to the lateral (radial) side of the corresponding digit and inserts into the lateral margin of its dorsal digital expansion. The lateral
two lumbricals (ﬁrst and second) are unipennete and supplied by the median nerve (C8
and T1); the medial two (third and fourth) are bipennate and supplied by the deep terminal
branch of the ulnar nerve (C8 and T1).
Actions. The lumbrical muscles connect the FDP tendons to those of the extensor
digitorum, a unique arrangement (except for the foot) of two power muscles linked by a
precision muscle. The lumbricals' line of pull is slightly anterior to the axes of the MP joints,
which they ﬂex; by virtue of their insertions posterolaterally into the dorsal digital expansions, they extend the IP joints (Figure 8.50), thus creating the ‘‘tata’’ movement that is
critical for precision functions. The precise mechanisms of their actions are probably much
more complex.
Insertion into
dorsal digital expansion

Lateral (radial)
Lumbricals 3 and 4
bipennate
Lumbricals 1 and 2
unipennate
Flexor digitorum
profundus tendons

Figure 8.48 The lumbrical muscles.
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Figure 8.49

Dorsal interossei muscles (bipennate)

The interossei muscles.

The interossei muscles are found in the intervals between the metacarpal bones and
occur in two sets: dorsal and palmar. The four bipennate dorsal interossei are the deepest
and most dorsally located of the intrinsic hand muscles. They arise from the adjacent sides
of the metacarpal bones and attach distally into the bases of the corresponding proximal
phalanges and into their dorsal digital expansions (Figure 8.49). The radial artery, after
coursing through the anatomical snuffbox, pierces through the ﬁrst dorsal interosseous
muscle to enter the palm of the hand where it forms the deep palmar arch (Figure 8.38). The
four unipennete palmar interossei are smaller than the dorsal and lie on the palmar
surfaces of the metacarpals rather than in between them (Figure 8.49). Each arises from
the entire length of the corresponding metacarpal bone and attaches into the adductor side
of its dorsal digital expansion, except the ﬁrst, which arises from the medial aspect of the
base of the ﬁrst metacarpal and inserts into its dorsal digital expansion (it is usually
rudimentary because the thumb has its own powerful adductor). All the interossei are
supplied by the deep branch of the ulnar nerve (C8 and T1).
Actions. Dorsal interossei abduct (dorsal abduct [DAB]) the digits from an arbitrary
longitudinal axis through the center of the medius, while palmar interossei adduct (palmar
adduct [PAD]) the digits towards that axis. Acting with the lumbricals and by virtue of
their location anterior to the axes of the MP joints and their insertions dorsally into the
extensor hoods, they also ﬂex the MP joints and extend the IP joints to create the ‘‘tata’’
movement (Figure 8.50).

8.7.13 Blood vessels of the hand
The hand has a rich blood supply provided by the radial and ulnar arteries through two
arterial arches: the deep palmar arch and the superﬁcial palmar arch. After piercing though
the ﬁrst dorsal interosseous muscle, the radial artery enters the palm of the hand to form
the deep palmer arch by anastomosing with the deep palmar branch of the ulnar artery.
The arch, which is sometimes incomplete, crosses the bases of the metacarpals and the
interossei, and is covered by the adductor pollicis (mostly the oblique head), long ﬂexor
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Figure 8.50 Actions of the interossei and lumbrical muscles. The extensor digitorum causes extension of the MP joint, and the interossei and lumbricals ﬂex the MP joint and extend the IP joints
through the dorsal digital expansion (extensor hood), creating the ‘‘tata’’ movement.

tendons, and lumbricals. Coursing laterally within its concavity is the deep branch of
the ulnar nerve (Figure 8.51). Major branches arising from the deep palmar arch are the
three palmar metacarpal arteries and perforating and recurrent branches. The radialis
indicis and princeps pollicis arteries arise from the radial artery just before it forms the
deep arch (Figure 8.51). The superﬁcial palmer arch, superﬁcial and about a ﬁnger's
breadth distal to the deep arch, is fed predominantly by the ulnar artery, which enters
the palm together with the ulnar nerve superﬁcial to the ﬂexor retinaculum but through
Guyon's canal (Figure 8.51). The arch is completed laterally by the superﬁcial palmar
branch of the radial artery. Major branches are the three common palmar digital arteries.
Each common palmar digital artery is joined by a corresponding palmar metacarpal artery
from the deep arch before dividing into the proper palmar digital arteries. Both deep and
superﬁcial palmar arches and their branches are accompanied by venae commitantes.

8.7.14 Nerves of the hand
The median nerve enters the hand through the carpal tunnel. At the wrist, just proximal to
the ﬂexor retinaculum, the nerve is fairly superﬁcial and lies lateral to the tendons of the
FDS, becoming anterior to them as it passes deep to the ﬂexor retinaculum and through
the carpal tunnel (Figures 8.35 and 8.52). Here the nerve may become compressed causing
‘‘carpal tunnel syndrome.’’ It usually gives off its palmar cutaneous branch before diving
deep to the retinaculum. Distal to the retinaculum it divides into ﬁve or six branches.
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Figure 8.51
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The superﬁcial and deep palmar arterial arches.

Its ﬁrst branch is usually the recurrent motor branch to the muscles of the thenar eminence.
It then divides into the common palmar digital nerves, that split into the proper digital
nerves (sensory), which course along the sides of the digits anterior (palmar) to the proper
digital arteries, and supply the skin and subcutaneous tissues. The median nerve also
sends motor branches to the ﬁrst and second lumbrical muscles. The ulnar nerve enters the
hand by coursing through the superﬁcial part of the ﬂexor retinaculum (Guyon's canal),
lateral to the pisiform bone and medial to the ulnar artery (Figures 8.51 and 8.52). Near the
wrist it gives off a dorsal branch that continues distally into the hand and divides into two
or three dorsal digital nerves (sensory), which supply the skin of the digiti minimi and the
ulnar half of the annularis (there is some variation). The ulnar nerve itself then divides into
its superﬁcial and deep terminal branches. The superﬁcial terminal branch supplies the
palmaris brevis, skin on the medial palmar aspect, and the medial one and a half digits via
two palmar digital nerves. The deep terminal branch courses with the deep branch of the
ulnar artery and the deep palmar arch (Figure 8.51) to supply the muscles of the hypothenar eminence, the adductor pollicis, the third and fourth lumbricals, and all the interossei.
The radial nerve enters the hand along the posterolateral aspect of the radial styloid
process as the superﬁcial terminal branch and divides into four or ﬁve dorsal digital
nerves. These nerves supply the skin and subcutaneous tissues on the radial side of the
dorsum of the hand near the base of the thumb, the skin on the medial side of the thumb
(up to the root of the nail) and on the dorsum of the index and lateral half of the annularis
up to their PIP joints (Figure 8.53).

8.8 Functions of the hand and manual dexterity
The forte of the human hand lies primarily in its ability to perform prehensile or grasping
functions, which are facilitated by the extraordinary range of mobility the hand enjoys as a
consequence of its attachment, through the levered segments of the upper extremity, to a
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Figure 8.52 The course of the median and ulnar nerves into the palm and their major branches.

mobile, ﬂoating base at the shoulder girdle, and the elegant arrangement of its power and
precision muscles. In these and countless other functions, the human hand, in conjunction
with the superiorly developed human intellect, has achieved a far greater repertoire of
function and skill than the most sophisticated robotic devices developed by human
Median nerve

Median nerve

Ulnar nerve
Ulnar nerve

Radial nerve

Palmar aspect

Figure 8.53 Cutaneous innervation of the hand.

Dorsal aspect
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intelligence. The hand excels as a tool in the application of an endless variety of manipulative
skills, from delicately threading a needle and suturing a wound, to creating a work of art
and playing the piano, to forming a powerful grip for grasping objects, and a ﬁst for
striking blows and defending against them. Nonhuman primates such as chimpanzees and
gorillas also have specialized and highly sophisticated hands, but the reason the human
hand excels in these functions over the hands of these primates is that it is commanded by
the far superiorly developed human cerebral cortex. In fact, cortical representation of the
human hand occupies over a third of the entire area of the sensorimotor strip on the lateral
aspect of the cerebral hemisphere.
While the hand is capable of performing a large number of different prehensile activities
(pincers grip, cylinder grip, hook grip, ball grip, complex grip, etc.), all such grips can
ultimately be classiﬁed simply as modiﬁcations of two primary grips: (1) the power grip
and (2) the precision grip.
In the power grip, the ﬁngers are ﬂexed tightly around an object and the thumb is
wrapped around the ﬁngers, applying counterpressure. The purpose of this exceedingly
powerful grip in humans is to grasp objects ﬁrmly, either for support, or as tools or
weapons, as for example in holding a handrail, a hammer, a tennis racket, or a club. The
muscles used for this grip are primarily the power ﬂexors and power extensors in
the forearm. The role of the power extensors in this function is important to counterbalance
the force of the power ﬂexors, which, if unopposed, will result in curling (ﬂexion) of the
wrist during tight grasping and thus reduce the overall effectiveness of the power grip. In
fact, the most extensive use of the power extensors is actually made during the power
(ﬂexor) grip.
In the precision grip, in contrast, the grasp is more delicate and precise. In this grip, an
object, such as a pen, a paintbrush, or a small tool or instrument is gripped lightly between
the tips of the thumb and the index ﬁnger, and often made to rest on the middle ﬁnger. The
object is manipulated principally by small digital adjustments rather than by gross movements produced by the power muscles, and by small corrections at the wrist and elbow.
The motors for this grip are primarily the intrinsic, precision muscles of the hand, especially the lumbricals and interossei, acting through the dorsal digital expansion. A critical
dynamic component of the precision grip is the movement of the digits beginning with
extension of the MP joints and ﬂexion of the IP joints, and ending with ﬂexion of the MP
joints and extension of the IP joints (lumbricals and interossei acting through the extensor
hood), as at the end of the ‘‘tata’’ movement. This function is best demonstrated when
threading a needle or in the upstroke of writing or painting (Figures 8.50 and 8.54).
In patients with rheumatoid arthritis of the MP and IP joints, the arthritic and inﬂamed
joints commonly involve the overlying extensor hood in the inﬂammatory process, causing
it to undergo marked ﬁbrosis and thickening. This distorts the extensor hood rendering it
ineffectual in facilitating precision movements of the digits. Consequently, many of these
patients experience extreme difﬁculty in performing precision functions; a disability that
can be crippling for carrying out routine activities of daily living requiring precision such
as buttoning a shirt or tying shoe laces.
Power and precision grips may be used in combination when necessary to hold small
objects steady in order to manipulate them. This is done by grasping the object in a power
grip by ﬂexion of the medial two or three digits against the palm, whereas the index ﬁnger
and thumb are left free to manipulate the object using a precision grip, as in holding a
fountain pen and twisting its cap off or on with the same hand; in this way both power and
precision grips can be synchronized and used simultaneously by the same hand. A wide
variety of more complex manipulations, such as tying knots or playing string or keyboard
instruments and communicating through sign language, are also made possible through
different combinations and permutations of power and precision grips.
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Figure 8.54 The upstroke in writing or painting, demonstrating the movement from extension of the
MP joint and ﬂexion of the IP joints (A), to ﬂexion of the MP joint and extension of the IP joints (B)—a
critical component of precision movements of the hand. Muscles responsible are mostly the lumbricals and interossei acting through the dorsal digital expansion or the extensor hood.

The hook grip may be thought of as a modiﬁed power grip and involves ﬂexing the
ﬁngers around an object with or without the use of the thumb. The grip can be used to
support weight as in suspending the body from a branch or lifting it during climbing; it
may also be used to hook the ﬁngers around loops, straps, handles, belts, ropes, etc.,
ﬂexing them against the palm with a force proportional to the size, weight, and texture of
the object being grasped (as in holding a brief case).
The pincers grip is used to grip objects between the thumb and the remaining digits (like
a forceps or pincers), the number of digits being recruited depending on the weight and
size of the object being grasped. An example is holding a paper pin by its head between the
thumb and index ﬁnger, fastening a paper clip or carrying a thin binder by gripping its
edge between the thumb and the rest of the digits.
Thus, by virtue of a highly mobile system of jointed levers provided by the shoulder,
elbow, and wrist joints, and through movements of the wrist and digits, augmented with
a small degree of rotation and opposition of the more freely movable thumb, the human
hand is capable of a virtually limitless range of manipulations for its prehensile activities.
The ensuing repertoire of movement, guided by binocular, stereoscopic vision and commanded by a highly developed and inquisitive cerebral cortex, has become greatly
expanded to impart to the human hand a level of skill, dexterity, and sophistication
unparalleled in the primate species. This specialization in function has allowed the
human species to inﬂuence its environment and create a civilization whose artistic,
scientiﬁc, and cultural opulence and diversity have no equal in the animal kingdom, or
so we think.
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9.1 Introduction
The method of grasping an object, the degree of manipulation offered by a particular grip, and
the strength and endurance of gripping are of great importance to ergonomists for the
design of tasks and equipment, especially hand tools and other hand-operated devices [1,2],
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prosthetic devices [3], and complex mechanical devices such as robotic hands [4]. It is also
useful for evaluating hand disability [5,6]. Napier [7] identiﬁed two distinct movements of the
hand—prehensile and nonprehensile and Landsmeer [8] provides further discussions of
Napier’s classiﬁcations. In prehensile movements, an object is seized and held partly or wholly
within the compass of the hand; and in nonprehensile movements or handling, seizing does
not occur but the whole hand or ﬁnger applies pressure on the object, as in pressing the ﬂat of
the hand against a door when pushing. Napier [7] further identiﬁed two main kinds of
prehensile movements: power grip (grasp) and precision grip (grasp). In the power grasp,
the object is held in the palm of the hand with the force from the thumb opposed by the combined forces from the other ﬁngers; and muscular force application is dominant. In the
precision grasp, the object is held between the ﬂexor aspects of the ﬁngers and the opposing
thumb, and muscular force application is limited. Pinch is deﬁned in Ref. [9] as compression
between the thumb and index and thumb and ﬁrst two ﬁngers. These deﬁnitions create some
confusion when distinguishing between grasps that create appreciable muscular forces
(or power) and those that do not. In many industrial tasks, the ﬁnger pinching is used both
for control or precision and for the application of great forces or power (relative to the strength
capacity of the ﬁngers). To avoid confusion in this chapter, Napier’s power grip will be called
‘‘hand grasping’’ to allow the concept of muscular power to be applied to pinching. Moreover,
tool design characteristics, especially for the industrial workplace, create such a variety of
grips that further subclassiﬁcation is necessary for describing tasks. The established classiﬁcation of pinches in section ‘‘Types of prehensile grasps’’ and the more recent classiﬁcation
in Kroemer [10] fulﬁll most of these needs. In this chapter, the biomechanical aspects of hand
grasping and pinching will be discussed; personal and demographic aspects are
not addressed.

9.2 Grasping overexertion of the hand
The nature of industrial work often calls for pinching and power gripping activities that
impose tremendous strain in the hands, either through the exertion of great forces or from
highly repetitive or sustained contractions. Powerful or repetitive hand and ﬁnger activities
have been linked to the incidence of soft tissue cumulative trauma disorders of the hand,
such as carpal tunnel syndrome, trigger ﬁnger, etc. [11–13] and degeneration of the distal
interphalangeal joint (DIP) [14,15]. One approach toward mitigating cumulative strains is to
minimize grasp forces in tasks. Therefore, an understanding of the nature of grasping and
grasp forces is necessary.
Hand grasp and ﬁnger pinch forces (compressive, thrust, or rotational) may be required
for holding and stabilizing an object or system, squeezing mechanical parts together or
helping to create torques on handles, but the type of hand grasp or pinch used by a person
and the amount of force applied depend on several factors, among the most important of
which are the intended activity and the size, weight, and shape of the object. In the industrial
workplace, other factors, such as frictional properties at the hand–object contact or stability
of the object may also modify the type of grip and amount of muscular force generated
[16,17]. The inﬂuential factors do not necessarily act independent of each other. A short
cylinder (jar lid), for example, may be gripped differently from a long one (screwdriver
handle) for the same activity (generating torque, for example); and the hand may change
from a power grip to a precision grip according to the force requirements [7].

9.3 Types of prehensile grasps
Ayoub et al. [18] classify some common task-related prehensile grasps for ergonomic use, list
common terms for pinches used by clinicians [19], and provide alternative classiﬁcations for

Kumar/Biomechanics in ergonomics, second edition 7908_C009 Final Proof page 273

Hand grasping, ﬁnger pinching, and squeezing

22.10.2007 7:58am Compositor Name: JGanesan

273

grasps that have not been properly described in the literature [10]. These, together with
the classiﬁcation from Refs. [7,8] provide the following practical, though not exhaustive,
classiﬁcation:
(1) Hand grasp: The object is held between the ﬂexor aspects of the ﬁngers and palm of
the hand with the ﬂexion force of the thumb opposed by the ﬂexion forces of the other
ﬁngers. This is also known as the power grasp. There are variations in the hand grasp:
(i) the spherical grasp—used on a spherical object in the palm of the hand (e.g., door
knob or cricket ball); (ii) the cylindrical grasp—used on a cylindrical object around its
circumference (e.g., a hammer handle); (iii) the disc grasp—used on a disc-shaped
object (e.g., a jar lid); and (iv) hook grasp—the handle is hooked by digits II–V (index,
middle, ring, and little ﬁngers) at the region of the knuckles or proximal interphalangeal joints (PIP), but the thumb does not apply counter force to digits II–V. (e.g., in
carrying a briefcase). Note that the spherical and disc grasps also function for control
and manipulation of the object as in the initial and terminal stages of screwing and
unscrewing a disc-shaped or spherical screw-top jar lid onto or off a jar.
(2) Pinch grasps: The prevailing deﬁnitions and classiﬁcations of pinches described
by Smith [19] are based on early work among clinicians and have been adopted by
ergonomists. Three most well-known pinches are the pulp, chuck, and lateral
pinches. In the pulp pinch, the pad of the distal phalange of thumb opposes the
pad of the distal phalange of another ﬁnger in the same hand; in the tip pinch, the tip
of the thumb opposes the tip of another ﬁnger; in the lateral pinch (key pinch), the
thumb opposes the radial lateral aspect of index ﬁnger in the clenched ﬁst. The chuck
pinch is similar to the pulp and tip pinches except that the thumb opposes both the
index and middle ﬁngers simultaneously. Furthermore, there are different types of
pulp pinches, as follows:
Pulp-2
Pulp-3
Pulp-4
Pulp-5

pinch: the thumb
pinch: the thumb
pinch: the thumb
pinch: the thumb

opposes the index ﬁnger.
opposes the middle ﬁnger.
opposes the ring ﬁnger.
opposes the little ﬁnger.

This terminology is not rigid. Smith [19] gives alternative names for pinches and their
frequency of use among clinicians. The hand-contact area available or chosen, the amount
of force that must be applied to the object, and the intended activity determine the type of
pinch a person uses; for example, pulp-2 pinch for small areas and activities of high precision
such as threading a needle or picking up small coins, and the chuck or lateral pinches for
larger areas or greater forces. For simple compression forces, pulp pinches are preferred and
for rotation, as in turning a key, the lateral pinch.

9.4 Force development and transmission
A good insight into the force-producing capabilities of the hand may be gleaned from
its anatomical structure and physiological functions, a detailed description of which may
be found in standard texts on human anatomy and physiology. This section merely treats the
structure and functions that are directly related to gripping, squeezing, and pinching.
The extrinsic muscles of the hand are responsible for forceful contractions in gripping
and the intrinsic muscles, for control and manipulation activities. The extrinsic muscles
ﬂex and extend the ﬁngers and their forces are synchronized with wrist motions, modifying
grip stability and strength. The major force-producing muscles are the ﬂexor digitorum
profundus (FDP) and the ﬂexor digitorum superﬁcialis (FPS), which run along the forearm
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from the elbow to the ﬁngers. Long et al. [9] describe in detail the roles of the extrinsic and
intrinsic muscles in grasping objects in a variety of ways, and a few researchers [3,20,21]
have developed two- and three-dimensional biomechanical models to explain and predict
individual muscle forces while gripping, for clinical applications. Studies in Refs. [11,22]
have used model information from Refs. [20,23] to develop biomechanical models for
explaining cumulative trauma disorders of the hand and for inﬂuencing ergonomic designs
of hand tools and tasks.

9.5 Pinching
9.5.1 Biomechanical, physiological, and task factors
Because of differences in subject samples and measurement instruments and methods,
pinch strength values in published studies vary considerably [24]. For example, the lateral
pinch using traditional clinical methods of measurement varies from about 6.3 [25] to 11.6
kgf [26] in males. The majority of these studies, however, show a range of 8.2–10.1 kgf for
males and 6.4–8.0 kgf for females. The strengths of the other pinches can be estimated from
the ratios stated below.
Maximal voluntary contraction (MVC) pinch strength depends on a number of biomechanical factors including the type of pinch, the width of pinch (separation distance of
the thumb from the other ﬁngers), wrist angle, ﬁnger joint angle, and ﬁnger–object contact
area. Most published strength values are based on testing methods established in the
clinical ﬁelds and the application of their results for ergonomic designs has limitations
[24]. Although the standardized clinical testing methods allow for repeatability in the
experimental procedures, the arm posture used in the test is unlike most postures used
in work situations. In addition, in clinical testing, the width of pinch grip on the typical
pinch gauge is limited to about 16–18 mm, the hand–object (pinch gauge) contact area is
limited to about 20 3 14 mm, and the ﬁnger joints are typically ﬂexed. For these restrictive
pinching conditions, the order of strength magnitudes falls into four groups: (1) chuck and
lateral, (2) pulp-2 and pulp-3, (3) pulp-4, and (4) pulp-5. The strength ratio of each type
compared with the lateral pinch is approximately 0.7 for pulp-2=lateral, 0.7 for pulp-3=lateral,
0.45 for pulp-4=lateral, and 0.3 for pulp-5=lateral. Handgrip=lateral pinch ratio is approximately 4.5 [27]. Imrhan and Rahman [24], in an investigation of lateral, chuck, and pulp-2
pinches over a pinch width range of 20–140 mm, have shown that for large contact areas for
the ﬁnger pads and when the thumb is allowed to hyperextend the above stated ratios no
longer hold. Instead, the chuck pinch is always stronger than the lateral and pulp-2 pinches;
the lateral is stronger than the pulp-2 from 20 to 56 mm pinch width but weaker from 68 to
92 mm. At 68 mm, people experience great difﬁculty in executing the lateral pinch due to the
sharp abduction of the metacarpal-phalangeal joint of the thumb and excessive stretching of
its tendons, and beyond 92 mm most people cannot execute this pinch. In addition, at 20 mm,
the lateral pinch is 1.2 times as strong as pulp-2 pinch and the chuck pinch is 1.2 times as strong
as the lateral pinch. These 20 mm ratios, compared with the above ones, emphasize the effects
of the different test conditions. Apfel [28] found an increase in lateral pinch with the hyperextended versus the ﬂexed thumb, and pinch strength tests by [24] using the hyperextended
thumb also indicated relatively great forces.

9.5.2 Pinch grip span
Pinch strength, like handgrip strength, varies with the width of the grip. Although there is
a preponderance of evidence that the latter follows an increasing–decreasing trend with
grip width, there seems to be no such solid agreement with pinch strength. The few studies
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on pinch strength and grip width [24,29,30] have not all used the same testing conditions
and the results have, likewise, not been in total agreement. Whereas the ﬁrst two studies
found an increasing–decreasing trend or ﬂat proﬁle over the 20–70 mm grip span.
A maximum strength at 50 mm width was found by the authors of Ref. [29] and a
monotonically increasing trend over the range was found by the authors of Ref. [30].
Only the studies in Refs. [24] and [30] measured strength beyond 70 mm grip span but
their results are different, the former ﬁnding a steady decrease as grip span increases and
the latter a steady increase. This difference is due mainly to the type of grip used. Reference
[24] allowed pinching with the pads of the whole distal segment and hyperextension of the
thumb (at smaller spans) to simulate the way people often likely to grip over small grip
widths, whereas Ref. [30] allowed contact only with the tips of the pads according to
clinical test methods. Until more studies are performed and some consistent trend emerges,
any application of the results of the few available studies should take into account the
pinch grip conditions to which the results would be applied.

9.5.3 Wrist position
Putz-Anderson [13] cites several studies linking hand force and wrist position to cumulative
trauma disorders of the hand, indicating that one should avoid using strong hand forces if
less strong ones can be used to achieve the same results at work. Pinch strength (the maximal
force achieved at the hand–handle contact surface) decreases with strong bending of the
wrist. Therefore, one will be using a greater percentage of his or her maximal capacity to
perform a task with a bent wrist compared to a straight wrist. Several studies have quantiﬁed the negative effects of bending the wrist. The greatest degrading effect occurs for ﬂexion
(palmar ﬂexion), followed by extension (dorsiﬂexion), ulnar deviation, and radial deviation.
Decrements found in various studies were 14% [31], 32%–43% [32], 9%–38% [33], 6%–26%
[34], 15%–22% [35], and 9%–24% [29]. Some of this variation was due to different degrees of
bending across studies.
Degradation of pinch strength in deviated wrist positions is due to a combination of
mechanisms: leverage—the change in the angle between the ﬁnger tendon and bone at the
point of attachment on the ﬁnger [36]; length–tension properties of the musculotendinous
ﬁnger ﬂexors—tendon excursion and increase in the length of musculotendinous units
beyond their optimal force-producing length [36–39], and compression of the ﬁnger ﬂexor
tendons against the carpal tunnel wall and intrawrist structures [11,39–41] leading to
inefﬁcient contraction.

9.5.4 Body posture and forearm and hand conﬁgurations
Tests on forearm orientation [42–45] have shown small changes, but their direction (positive or
negative) is not consistent enough for any ﬁrm generalization. Catovic et al. [46,47] found that
right-handed pinch strengths are slightly greater with the hand just left of center in front of the
body in the transverse plane; Mathiowetz et al. [42] found that, compared to the 1808 elbow
angle, the 908 elbow angle yielded pinch strengths only 3% stronger with the right hand and
2.5% stronger with the left hand. Data from [25,45–47] are not in complete agreement on the
effects of forearm support and body posture (sitting versus standing) on pinch strength, but
most agree that standing provides greater strength. Hook and Stanley [48] demonstrated that
pinching was much stronger with the nonpinching ﬁngers ﬂexed compared to extended.

9.5.5 Hand–handle contact area
Theoretically, a small area for ﬁnger–object contact should restrict pinch force if the
pressure on the ﬁngers is at some critical value. This critical value is unknown and has
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not been tested systematically. The data from [24] when compared to other data, such as
from [27], suggest that larger hand–object contact areas are associated with greater pinch
forces. They found that when the whole pad of the thumb contacts the object, pinch forces
were 1.5–1.8 times those generated on the limited contact area on traditional pinch meters
for lateral, chuck, and pulp-2 pinches. Imrhan and Sundararajan [49] also showed that
when pinching and pulling (as in tearing open plastic wrappers), a slightly greater contact
area for the pinching ﬁngers increased pull forces by 4%, 19%, and 18% for lateral, chuck,
and pulp-2 pinches, respectively.

9.5.6 Distribution of forces in individual ﬁngers and phalanges
The relative contributions of the ﬁngers in a gripping action do not seem to be greatly
affected by factors such as the level of contraction (maximal or submaximal), or the shape,
size, or weight of the object, at least for weights from 0.2 to 2.0 kgf [17,50–52]. Most studies
show the index and middle ﬁngers sharing about 60% of the load, and the ring and little
ﬁngers about 40%—for the hook grip with digits II–V [36,53,54], 5 ﬁnger prismatic pinch
grasps on a ﬂat plate [50], hand (power) grasp on a power-tool handle [55], prismatic
(pinch) grasp on cylinders [56], hand (power) grasp on cylinders [57], and ﬁnger tip forces
while gripping cylindrical handles [52].
Kinoshita et al. [17,51,58] show a higher percentage (approximately 70%) for 5 ﬁnger
prismatic pinch on ﬂat plates but only about 40% for circular (disc-type) grasp on cylinders
above one face. Moreover, as the cylinders get larger and the ﬁnger separation widens, the
ring and little ﬁngers assume a greater percentage of the load and the total grasp force
increases.
The contributions of the individual phalanges are also uneven—the distal phalange
contributing less (about 68%) than the middle phalange in the hook grip [36]. Radhakrishnan
and Ravindra [57] and An et al. [59] showed that, in the power grip on cylinders, the relative
contributions of the phalanges depend on the size of the grip (diameter of the cylinder). The
distal phalange contributes more than the middle and proximal phalanges for smaller
diameters, and the middle phalange, the most for larger diameters, at least in the diameter
range 30–75 mm. Pinch forces required to hold an object against shear forces at the ﬁngerobject contact have been investigated by Bucholz et al. [16] and Kinoshita et al. [58]. Results
show that the total pinch force increases with the weight of the object and decreases
with greater ﬁnger–object friction, as expected, but the proportional contributions of the
individual ﬁngers do not depend on these two factors.

9.6 Power gripping (grasping)
As mentioned earlier, the power grip is preferred to the precision grip when great muscular
forces must be transferred to the object being held. The association of handgrip force
exertions with CTDs of the hand has been discussed in Ref. [60], the uses of handgrip
strength for ergonomic designs have been emphasized in Refs. [1,2,12], and the application
of handgrip strength to disability rating and preplacement evaluations has been stated in
Refs. [61,62]. The biomechanical aspects of handgrip that inﬂuence its strength, therefore,
warrant discussion.
Traditional power grip strength measurements [12,63–68] refer to MVC forces measured
on standard handgrip dynamometers with two straight parallel or slightly curved handles.
The grip resembles a combination of the cylindrical and hook grips. However, it is
recognized that handgrips used in the workplace and the shape of handheld objects
often do not resemble those used for standardized testing. The paucity of handgrip
strength data that reﬂect the type of grips used at work is due largely to the unavailability
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of instruments for these types of measurements. Apart from the standard dynamometer handles, some MVC tests have been performed on cylindrical handles [57] and
angulated handles [69–72]. Several other biomechanical factors, apart from handle design
and grip type, inﬂuence handgrip strength, the most important of which are size of the
grasp, wrist position, forearm orientation, and body posture. These will be discussed in
the remaining sections of this chapter.

9.6.1 Size of grip
Strength magnitudes vary widely across studies, largely because of subject samples and
test conditions, in general. Adult male handgrip strength falls in the range 400–600 N
and female strength, 50%–60% of those values. Grip strength varies with handgrip size
over a sufﬁciently large range of grip spans. The trend is typically increasing–decreasing,
without a clearly deﬁned maximum. There is no strong agreement in published studies on
the optimum grip span. Published optimal spans have ranged from 38 to 64 mm, but most
studies seem to agree on a range of 50–60 mm for males and about 5 mm less for females,
for MVC isometric contractions on parallel or slightly curved handles [63–68,73]. For a
simulated power tool handle, the optimal range has been found to be 50–60 mm [55,74]; for
angulated handles and dynamic contraction, 64–89 mm [70–72,75]; and for angulated
handles and isometric contraction, 50–65 mm [72]. For the power grip on cylinders the
grip force from Ref. [57] did not show an optimum in the 50–70 mm range.
The optimum grip span may also be deﬁned with respect to a person’s hand dimension.
This would allow a person to adjust a tool grip span to the position of his or her maximum
strength, based on his or her hand size. Eksioglu [76] determined such an optimum span as
a function of thumb crotch length. His optimal range for his all-male subjects (61–66 mm) is,
however, greater than the ranges found for males in other studies for parallel bar type grip
handles. Grip span adjustment is only practical if the mechanical stability of the hand tool is
not compromised. Such hand tools are not commonly available in the workplace today.
It is presumed that at an optimal grip span the hand opens to the extent that the ﬁnger
muscle ﬁber sarcomeres are stretched to the length that maximizes the number of crossbridges between actin and myosin muscle ﬁlaments and, hence, maximizes the muscle
ﬁbers’ contractile capacities [68,79] and, at small and large grip spans, the major ﬁnger
ﬂexors, the FDP and FDS, lose some of their tension–length advantage for force production
because of a decreased amount of cross bridges. However, it is also acknowledged that this
length–tension relationship of the muscles may be modiﬁed by changes in the mechanical
advantage of the ﬂexor tendons in the ﬁngers when gripping an object. This modiﬁcation
may be one of the reasons why the optimal range for different types of action is not
necessarily the same.
Aside from pure gripping tasks, the hand may be involved simultaneously in gripping
and turning, which are not independent. Gripping and turning tasks include opening or
closing jar lids, turning screw drivers, tightening or loosening knobs and other cylindrical
handles, etc. Neither the absolute grip force nor the grip span at maximal force attainment
is guaranteed to be the same as in pure gripping and squeezing. Although hand torque
increases (nonlinearly) as the diameter of the handle increases, the grip force used for
torquing does not necessarily follow the same trend. Short of direct measurement, the grip
force may be estimated from the simple equations proposed by Ref. [77]:
Torque ¼ Tangential force on handle surface 3 moment arm (diameter of cylindrical
handle)
Grip force ¼ Tangential force=coefﬁcient of friction at hand–handle interface
In this case one may assume a constant coefﬁcient of friction, for any given torquing test,
for all tested persons throughout the experiment. This assumption is reasonably valid as
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long as the pertinent test conditions affecting hand–handle friction (moisture on the hand,
etc.) are controlled. Tangential forces on cylindrical handles derived the torque data from
Ref. [77] suggest an optimum diameter for cylinders in the range 30–50 mm. Similar
tangential force data from torques using the disc grip and lateral pinch grips on jar lids
suggest an optimum in the range 55–74 mm for jar lids, among the elderly [78], depending
on the surface texture of the lids.
The force at the ﬁnger tips while gripping handles have also been of interest to some
investigators. Freund et al. [52] developed a biomechanical model that indicated that
maximal ﬁngertip forces when gripping a cylindrical handle were attained at the diameter
to ﬁnger length ratio of about 0.3, which corresponds to a handle diameter of about 30 mm
for the middle and 23 mm for the little ﬁnger. These optimal grip sizes for ﬁngertip forces
are much smaller than for overall grip strength. From a biomechanical point of view, the
different optimal sizes for the middle and little ﬁngers mean that the force-producing
mechanisms of the ﬁngers would not be optimized when gripping a cylinder that has a
constant diameter. The maximum cross bridge attachments of the muscle ﬁbers will not be
achieved for all ﬁngers simultaneously. Studies in Refs. [52,79], therefore, recommended
that a handle that is tapered along its length would be preferred to a cylindrical one of
constant diameter. Although this may be biomechanically sound, it is not guaranteed to be
the shape preferred by users, because subjective factors and other unknown physiological
factors may modify the diameter to ﬁnger length relationship. Bent handle tennis raquettes
that maintain a straight wrist, for example, have not yet been preferred to straight handle
ones that force the wrist into a stressful ulnar deviation, despite the availability of these
bent types for more than a couple of decades.

9.6.2 Wrist and forearm positions and body posture
Several studies have shown that handgrip strength is inﬂuenced by wrist position
[31,36,39,80,81,82] and most of them give the order of strength magnitude for the various
wrist positions as neutral, ulnar and radial deviation, dorsiﬂexion (extension), and palmar
ﬂexion (ﬂexion), in decreasing order. For the hook grip, the study in Ref. [36] reported that the
308 ulnar-deviation position was the strongest. However, for dorsiﬂexion, the degree of wrist
bending must be appreciable (more than 308) for any sharp decrease of strength to occur as
shown in the data of Ref. [31,39]. This is because the resting position of the wrist is about 358 in
dorsiﬂexion [83] where the biomechanical mechanisms (stated below) are most efﬁcient.
Strength decrements are usually around 30%, 22%, 18%, and 15%, respectively, for ﬂexion,
extension, radial deviation, and ulnar deviation, though the authors in Refs. [81,82] found
decrements as great as 40%. The losses of strength in bent wrist positions are due to four
possible mechanisms: length–tension properties of muscles [36,38]—in the bent wrist, especially in ﬂexion; the powerful ﬂexor tendons shorten and lose some of their tension producing
capability; pressure of the tendons against the carpal wall, due to carpal tunnel size reduction
with a bent wrist, decreases the efﬁciency of tendon pull; and partial loss of the buttressing
actions of the thenar and hypothenar eminences offered with a natural or undeviated wrist.
The effects of forearm orientation on grip strength have been investigated by Ref.
[70,71,81]. Studies in Refs. [70] and [71] found no difference between the pronated and
supinated positions, but Ref. [81] found a 12% decrease in the pronated position compared
to the supinated and mid-oriented positions (which were of about equal strength) for the
neutral position of the wrist. Similar decreases were observed for most of the other wrist
positions tested by Ref. [81]. The data of Ref. [82] support Ref. [81]. Body posture has also
been implicated in the loss of grip strength, though to a mild degree. Teraoka [84] found
that handgrip strength was 6% stronger when standing compared to sitting and 4%
stronger when sitting compared to lying supine.
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9.6.3 Psychophysical frequency for gripping and squeezing
Biomechanical maximal strength information may be useful for determining upper limits
of tool and task design parameters, but they are less useful for determining parameters
related to repetitive application of hand forces. Answers to questions related to fatigue
and endurance in muscular functions are important for preventing cumulative trauma
disorders but they are not readily available from biomechanical information [85]. For
example, a practitioner may want to know the duration for which workers can apply a
certain level of gripping force repeatedly before fatigue sets in, or the level at which
workers can perform a gripping task for a speciﬁc duration. Psychophysical information
has been proven to be more useful in answering these questions. Experimental psychophysical data have shown that the maximal acceptable frequency (MAF) for a gripping
task decreases with increase in (1) gripping force and (2) duration of gripping [86]. The
decrease in duration is strongly nonlinear, within the range of 20%–70% maximal voluntary contraction level, and the decrease in force level is also nonlinear for gripping rates of
once per 1.5 s to once per 7.0 s, over a 25 min period with short pauses. A small increase in
hand force or duration of work, therefore, leads to a large increase in MAF [86] and a small
increase in the frequency of the task leads to a sharp decrease in the sustainable force level.
These results are supported by physiological measures such as perceived exertion and
EMG activity on the hand and wrist. In addition, the MAF for various durations did not
depend on the level of grip force exertion. Repetitive gripping and squeezing above 70%
maximal voluntary strength have been found to be unacceptable [86].

9.6.4 Hand–handle surface characteristics
In situations where slipping in the hand can occur, such as gripping a cylinder with its long
axis vertical or gripping and turning a rounded handle, the magnitude of the grip force
necessary to perform the task depends on the coefﬁcient of friction between the object and
the hand or ﬁngers. Pheasant and O’Neill [77] showed that turning torque on a cylindrical
handle is the product of handle diameter, coefﬁcient of friction at the hand–handle contact,
and grip force, and that the loss in grip force when gripping a very large-diameter handle
leads to decreased torquing ability. Imrhan and Loo [27] and the study in Ref. [87] also
found that stronger grip forces are used when trying to apply torque on small disc-type or
cylindrical handles, and suggested that this may be due to people trying to compensate for
loss in biomechanical leverage when gripping very small or large handles. Imrhan and
Farahmand [87] found that a loss of friction on a smooth or slippery (grease- or oilsmeared) hand–handle interface leads to stronger gripping to prevent slipping of the
hand. They tested the torquing ability of people wearing grease smeared gloves. The
elderly population generally has smoother skin on the hands and ﬁngers due to loss of
hydration, and tends to compensate for the loss of the associated frictional properties by
gripping things stronger to prevent slipping. Studies in Ref. [88] and the study in Ref. [89]
have shown that elderly people apply greater precision (ﬁnger) grip forces than younger
adults for gripping and moving an object or holding it in a certain position against gravity.

9.6.5 Types of grasp strengths
There is little data for comparing the traditional dynamometric hook grip measurements with others, such as cylindrical grip, spherical grip, or an irregular grip. The results
of one study [72], showed that traditional grip was stronger than a reverse grip on
angulated handles, for spans between 41 and 67 mm, but there was no difference in
strength above 67 mm.
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9.6.6 Gloves
Grip strength is reduced by regular working gloves [64,90–94] and by pressurized gloves
used in extra-vehicular activity (EVA) in the space environment [95,96], the reduction
depending on the type of gloves. The decrease with working gloves ranges from about
7%–30%, while the decrease with other special purpose gloves (e.g., EVA gloves, shuttle
gloves, and meat packing gloves) may range from 50% to 89% [96]. Gloves have also been
found to decrease torquing force due, most likely to decreased grip strength, especially stiff
gloves that require a certain amount of ﬁnger ﬂexion energy for ﬂexing the ﬁngers and
folding the gloves to the contours of the hand. It also seems that the disturbance of tactile
feedback from signiﬁcant padding on handles can lead to stronger grip force, as a compensation when using hand tools, as found by Ref. [69]. Gloves may act like padding on
handles, in this respect.

9.6.7 Age and gender
The relationship between grip strength and age or gender is similar to the relationships for
other types of body strengths. Grip strength increases throughout childhood and young
adulthood until reaching a plateau at about 25–35 years of age, remains fairly stable until
about 50 years of age, and then declines gradually. This trend has been long observed and
recent studies have only added support to it [97,98]. The study in Ref. [97], involving 2632
persons, veriﬁed also that the decline after late adulthood is nonlinear. There is a loss of
about 1%–1.5% per year after adulthood with the rate of decline increasing with age. The
decline is strong enough to make 60–80 year old individuals no stronger than 11–15 year
old children and 80–90 year old individuals no stronger than 6–10 year old children [98].
The decline has been attributed to a net loss in motor units that may accelerate with
increasing age, or to a drop in physical activity which may affect strength in the elderly
more than other age groups [97].
Up to puberty there seems to very little difference in grip strength between males and
females. The exact difference due to gender has varied widely across studies but, in
general, male hand strength increases at a faster rate than female’s, up to about the third
decade, by which time females have attained about 50%–67% the strength of males [2]. It is
believed that this gender difference is due mainly to the differences in hand size—length
(leverage and length–tension properties) and musculature in breadth and thickness
(muscle cross-section area).

9.6.8 Pregrip forces and reaction grip forces while operating hand tools
The use of hand tools, such as nutrunners, produces reaction forces in the form of gripping
and thrusting. These hand forces have been of concern in industry since their magnitude
and repetitiveness may pose risks to cumulative trauma disorders of the hand and wrist.
The pregrip reaction hand force has received a fair amount of attention. Its magnitude is
not merely a function of the applied tool force or torque but also of the pregrip force, that
is, the force required to hold the tool before the application of the activation force or torque.
The pregrip force, in turn, is inﬂuenced by a number of factors, including the weight of the
tool, the handle characteristics, the intended action, and the magnitude of the tool application force or torque. Of these, the tool application force or torque has been of concern
since it may be of great enough magnitude to produce high handgrip reaction forces.
Cederqvist and Lindberg [99], for example, claimed that required thrust forces when using
hand tools could exceed 70% of a person’s MVC and, at times, account for over 70% of the
external torque that must be reacted to by the shoulder. Other experimental evidence [100]
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has shown that the grip reaction force when holding a torquing hand tool depends on the
pretorque grip force, thrust force on the tool, and the applied torque magnitude, but it does
not depend on gender or torque duration. The experiments also showed that grip force
decreased 10%–31% with increasing thrust force and 15%–37% with increasing pretorque
grip force, and it increased 31%–254% with increasing torque magnitude, depending on
torquing conditions. These results support previous ones—the study in Ref. [101] reported
over 400% increase in grip force in going from pretorquing to torquing conditions; the
study in Ref. [102] found that normalized EMG of the forearm ﬁnger ﬂexors increased
with increasing tool (nutrunner) torque in the range 1.25–5.0 N m. However, unlike the
study in Ref. [103], the study in Ref. [101] found that the grip force decreased with torque
duration—by approximately 10% over the same time intervals. The discrepancy has been
ascribed to differences in tool types, treatment conditions, and subject mix used in the
experiments of the two studies. Studies in Refs. [103,104] also showed that pregrip and
thrust forces inﬂuence the dynamic response of the hand and wrist to vibration.

9.6.9 Indirect estimation versus direct measurement
Grip strength is difﬁcult to measure directly while using a hand tool. Attempts have,
therefore, been made to estimate (predict) strength by other, indirect, means. These include
estimations from EMG measurements of the forearm muscles, measuring ﬁnger contact
pressure on the object being held using special gloves with force sensors on the ﬁngers,
or by using force sensors on the tool handle. There is some concern, however, about
the accuracy and reliability of these methods, especially the EMG method for dynamic
muscular contractions [105].

9.6.10 Hand placement when gripping handles
In industrial activities, gripping is seldom an independent task but is often a precursor and
requirement for the completion of other tasks, such as torquing, lifting, pulling, pushing,
etc. via handles. Poor grip strength in people can be offset by designs that minimize grip
force, such as using an optimum diameter cylindrical handle for torquing, or a lever handle
instead of a spherical one on water faucets for the elderly, etc. The largest degree of hand–
handle contact with the power grip produces the greatest forces but placement of the
handle inﬂuences grip and grip force. However, if handgrip is ineffective, placement
makes little difference [106].

9.6.11 Two-handed grip strength
Many tasks require gripping and squeezing with both hands simultaneously over a wide
range of grip width. Data on two-handed strength are rare. Imrhan [107,108] tested the grip
strengths for males and females over widths in the range 38–165 mm. The results indicated
strength was achieved at the smallest grip width (38 mm) and the weakest at the greatest
width, with a steady decline with the range for both males and females. Male strength
declined faster than female’s as grip width increased. The strength–width trend for twohanded strength was similar to that for one-handed strength above 64 mm width.

9.7 Conclusion
Confusion on grasping terminology must be resolved because established classiﬁcations
and deﬁnitions may not distinguish among a myriad of grasps used in the workplace.
Although maximal forces for pinching and hand grasping have been investigated over the
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years, more data are still needed to further the understanding of the effects of such factors
as hand-contact areas, hand geometry, and object characteristics. The recent thrust in
research on submaximal forces and grip types for real or simulated tasks has improved
our understanding on how the hand works in the workplace, and the continuation of
such research is expected to inﬂuence the design of equipment and tasks and enhance
the understanding of cumulative strains from hand work. The difﬁculties in applying three-dimensional hand models to ergonomic designs should indicate the depth of
further research needed in modeling hand work but it should not be a deterrent
for further research in two-dimensional modeling.
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10.1 Introduction
Hand tools have been in existence for a long time. Early human primates, some million
years ago, dug, pounded, cut, and scraped objects using stone tools [1,2]. Hand tools
evolved with evolution of the human race; handles were added to the hand tools to
facilitate handling. The development, ﬁrst of the screw system, and later the screwdriver,
10,000 years ago, were other important milestones in the development of specialized hand
tools [3]. The variety in hand tools during those times was necessitated by the growth of
specialized occupations such as agriculture, manufacturing, construction, etc.
Since the time hand tools were ﬁrst developed and reﬁned, there have been just a
few major changes in the basic types and designs of common hand tools (e.g., the axe
and the hammer have still to undergo major changes in their basic design). There has
however been a virtual proliferation in the variety of commercially available hand tools
among the common types of tools. The variety in the commercial available of these
tools indicates, among other things, that these tools have yet to reach an optimal form.
More importantly, the health and productivity problems posed by the use of such a variety
of tools indicate the lack of sufﬁcient testing and evaluation of these tools from an
ergonomics perspective.
The goals of this chapter are to highlight the importance and scope of the hand tool
design problem, review the important factors affecting hand tool design, and recommend
hand tool design and usage guidelines. The chapter is organized into ﬁve major sections.
The remainder of this section highlights the scope and importance of the hand tool design
problem. The scope of the problem is presented through a brief description of the operatorhand tool system. The importance of the problem is highlighted by presenting data from
the recent Bureau of Labor Statistics (BLS) ﬁndings about hand tool injuries and illnesses
in the United States. The second section contains a brief description of the anatomy of
the human hand and the forearm. The tool and task-related factors involved in the
operator-hand tool system are discussed in Section 10.3. The operator-related factors in
the operator-hand tool system are discussed in the Section 10.4. Section 10.5 concludes the
chapter with remarks regarding important activities in the design and use of hand tools.
The operator-hand tool system is conceptualized to consist of three major components:
the human operator, the tool, and the task the operator performs with the tool [4]. These
three components interact with each other, and involve several factors, which inﬂuence the
efﬁciency of the system. The human operator-related factors include factors such as age,
gender, strength, body size, technique, experience, and posture. The tool and task-related
factors include such factors as the type of tool, grip=handle shape and size, gloves, wrist
orientation, reach distance, force=torque requirements of the task, and duration of application of force=use. For the operator-hand tool system to perform efﬁciently, it is essential
that the effect of these different factors on system performance be known and accounted for
the design.
The overall goal in designing hand tools is to optimize the relationship between the
human worker and the hand tool. This goal implies designing jobs and=or hand tools to
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alleviate common physiological and musculoskeletal problems such as those discussed in
the following section, associated with the use of hand tools. The selection and use of hand
tools is a function of the force=torque generated by the equipment, with or without an
external power source, be greater (but not excessive to damage the workpiece) than the
force=torque for the job. Therefore, the force=torque exertion capabilities of humans with
various hand tools should be known, and jobs requiring the use of hand tools by human
workers must be designed to be within these capabilities.

10.1.1 Number and incidence of the injury due to hand tools
Tables 10.1 through 10.31 [5,6] summarize the most recent and comprehensive data (2001
and 2002) on the injuries in the United States due to hand tools. The main highlights of this
data are presented in the remainder of this section. Due to lack of categorized data and also
from trends observed over the past decade it is assumed that similar trends would be
observed after 2002.
In 2001, in all US private industry, nearly 4.5% of all occupational injuries and illnesses
were due to hand tools. Approximately 3% of the total injuries were due to non-powered
hand tools and 1.16% was due to powered hand tools. In 2002, 4.64% of the total injuries
were due to hand tools and the approximate split between powered and non-powered
hand tools was 3.15% and 1.15%. In 2001, within hand tools 67% of the injuries were
caused by non-powered hand tools while only 26.27% of the injuries were due to powered
hand tools. In 2002, the injury percent for non-powered and powered hand tools was
67.92% and 24.77%, respectively.
The overall incidence rates in 2001 and 2002 were 169.1 and 162.6, respectively. The
incidence rates for injuries due to hand tools were 7.5 in 2001 and 7.6 in 2002. Within the
hand tools, the incidence rates for the non-powered tools were higher than those caused by
power tools. This was a similar trend observed during the mid-1990s and indicating that
the non-powered hand tools were not only used more than the powered hand tools, but
also contributed to more injuries. An interesting trend is the decline in injury incidence rate
of the powered hand tools from 2.0 in 2001 to 1.9 in 2002. However, during the same
period, the injury incidence rate for non-powered tools went up from 5.0 in 2001 to 5.1 in
2002. This is contrary to what was observed in the mid-1990s.

10.1.2 Trends in hand tool injuries—major industry divisions
In 2001, nearly 21% of all injuries occurred in the manufacturing industry. Only 5.21% of all
injuries in the manufacturing industry were due to hand tools. Wholesale and retail trade
accounted for nearly 25% of all injuries in 2001 and 4.65% of them were due to hand tools.
Construction industry had the highest percent of hand tool injuries. Almost 12% of total
injuries were in the construction industry and approximately 9.5% of the injuries were
caused by hand tools. In contrast, the service industry had nearly 24% of all injuries, but
less than 2.5% of them were due to hand tools. Similar trends were observed for all
industry divisions for 2002 also. The prevalence of hand tool injuries in the construction
industry is further reinforced by the hand tool injury incidence rates for that industry—the
highest among all industry divisions in 2001 and 2002 (28.6 and 24.4, respectively).
Agriculture, forestry, and ﬁshing industries had the second highest injury incidence rates
due to hand tools among all industry divisions. Tables 10.1 and 10.2 show the total injuries,
injuries due to hand tools, and incidence rates for the various industry divisions. Since the
incidence rates take into account the actual number of employees in a particular industry,
they are a better reﬂection of the relative severity of hand tools injuries among the different
US industries.
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Table 10.1 Nonfatal Occupational Injuries due to Hand Tools in Major US Industry Divisions
2001
Industry
All private industry
Agriculture, forestry,
and ﬁshing
Mining
Construction
Manufacturing
Transportation and
public utilities
Wholesale and retail trade
Finance, insurance, and
real estate
Services

2002

Total Number

Due to
Hand Tools

Total Number

Due to
Hand Tools

1,537,567
40,153

68,113
2,844

1,436,194
31,520

66,588
2,185

10,582
185,662
317,326
199,939

633
17,374
16,522
3,459

11,355
163,641
280,005
168,632

758
14,439
16,032
3,116

377,625
37,982

17,571
1,233

372,192
36,689

19,179
1,399

368,299

8,516

372,159

9,443

Overall, non-powered hand tools caused more injuries (28.41% in 2001 and 30.11% in
2002) in the retail trade industry than in any other industry. The manufacturing industry
had the second highest percent on non-powered hand tool injuries (21.84% and 20.44% in
2001 and 2002, respectively). The service industry (approximately 13.5% and 14.5% in 2001
and 2002, respectively) and the construction industry (approximately 19.86% and 17.66%
in 2001 and 2002, respectively) were the other industry divisions where non-powered hand
tools caused many injuries (Table 10.3). In terms of incidence rates, however, construction
and agriculture had the highest incidences of injuries due to non-powered hand tools,
Table 10.2 Incidence Rates for Nonfatal Occupational Injuries due to Hand Tools
in Major US Industry Divisions
2001
Industry
All private industry
Agriculture, forestry, and ﬁshing
Mining
Construction
Manufacturing
Transportation and public utilities
Wholesale and retail trade
Finance, insurance, and real estate
Services

2002

Total
Number

Due to
Hand Tools

Total
Number

Due to
Hand Tools

169.1
267.4
178.6
304.6
183.7
303.6
163.4
55.4
130.6

7.5
19.0
10.7
28.6
9.6
5.3
6.6
1.9
3.1

162.6
208.6
198.8
276.8
174.5
270.6
164.3
53.5
133.8

7.6
14.5
13.4
24.4
10.0
5.0
7.5
2.0
3.3

Note: Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed
as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks
per year).

45,225

497

1,168

598

45,629

438

23,748

4,163

1,051

C

D

E

F

G

496

567

4,216

5,612

I

J

K

L

279

122

89

—
138

93

—

128

—

63

73

18

—

535

746

10,582

2001

167

157

—

129

—

172

—

27

10

678

891

11,355

2002

884

1,087

202

1,877

—

—

1,416

3,230

248

9,064

20,869

185,662

2001

669

553

131

1,522

—

111

1,786

3,003

154

7,985

18,113

163,641

2002

1,190

1,526

104

1,425

127

670

624

4,123

121

9,966

19,512

317,326

2001

1,013

1,444

219

1,407

176

429

620

3,714

136

9,242

19,213

280,005

2002

710

411

—

393

—

122

179

766

—

2,653

8,219

199,939

2001

440

424

—

322

16

141

419

431

—

2,254

7,687

168,632

2002

Utilities

392

307

—

258

—

—

153

846

—

2,064

3,942

111,925

2001

208

355

—

282

—

—

101

1,319

89

2,413

4,944

108,791

2002

Trade

Wholesale
Retail

734

360

106

486

—

76

336

10,747

—

12,962

18,752

265,700

2001

1,640

397

—

226

148

—

194

10,863

—

13,616

18,438

263,401

2002

Trade

45

53

—

41

—

—

132

422

—

738

1,687

37,982

2001

74

76

—

117

—

—

293

529

—

1,116

2,026

36,689

2002

Estate

and Real

1,238

363

47

501

96

46

923

2,841

—

6,092

19,217

368,299

1,147

296

78

291

190

225

797

3,404

40

6,508

19,419

372,159

2002

Services
2001

Note: A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools;
J, non-powered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.

5,480

—

—

92

—

—

109

296

—

327

—

786

—

—

755

1,416

2,454

31,520

2002

1,555

3,651

40,153

2001

Manufacturing

Finance,
Insurance,
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3,791

4,388

346

5,217

H

4,510

24,076

93,185

96,594

1,436,194

1,537,567

2002

B

2001

Construction

and Public
Mining

Forestry,

and Fishing

Total

Number

A

Type

Tool

Transportation

Nonfatal Occupational Injuries in the United States due to Different Types of Non-Powered Hand Tools Classiﬁed by Major US industry Divisions

Agriculture,

Table 10.3
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closely followed by mining and retail trade. Since the types of hand tools used in a particular
industry are speciﬁc to that industry (for instance, one would expect non-powered digging
hand tools, such as shovels, hoes, etc. and non-powered striking and nailing hand tools such
as hammers, mallets, etc. to be more prevalent in the construction industry) the tools of the
respective trades caused more injuries than any other tool type in a particular industry.
Hence, non-powered cutting hand tools caused the most injuries in the agriculture, ﬁshing,
and forestry industries; non-powered hand tools such as pitchforks and crowbars, and
turning hand tools such as screwdrivers and wrenches, caused the most injuries in the
mining industry; non-powered digging hand tools such as hoes, picks, and shovels and
non-powered striking, nailing, and cutting hand tools such as hammers, mallets, axes,
hatchets, saws, and chisels, caused the most injuries in the construction industry; nonpowered cutting hand tools such as bolt cutters, knives, saws, and shears, and non-powered
turning hand tools such as screwdrivers and wrenches, caused the most injuries in the
manufacturing sector; non-powered cutting hand tools caused the most injuries in the retail
trade and the service industries (Table 10.4).
Construction had the highest number of injuries due to powered hand tools (nearly 37%
and 32% in years 2001 and 2002, respectively), followed by manufacturing (31% and 33% in
2001 and 2002, respectively) and service industry (10.5% and 14% in 2001 and 2002,
respectively) (Table 10.5). In terms of injury incidence rates due to powered hand tools,
however, the construction industry had the highest incidences (an average of 10 for 2001 and
2002), followed by agriculture, forestry, and ﬁshing (an average of 6 for 2001 and 2002).
Manufacturing had an average incidence rate of 3.2 for 2001 and 2002. Among the different
powered hand tools, powered cutting hand tools such as chain saws, chisels, knives, etc.
caused the most incidences of injuries in agriculture, forestry, and ﬁshing; powered welding
and heating hand tools such as blow torches, soldering irons, welding torches, etc. caused
the most injuries in the mining industry; powered cutting tools such as chain saws,
chisels, etc. and powered striking and nailing hand tools such as jackhammers, punches,
riveters, etc. caused the most injuries in the construction industry; powered welding and
heating tools such as blow torches and soldering irons, and powered cutting hand tools such
as chain saws, chisels, etc. caused the most injuries in the manufacturing sector (Table 10.6).

10.1.3 Trends in hand tool injuries—occupations of the injured
According to the BLS [5,6], in 2001 and 2002, operators, fabricators, and laborers had the
most overall injuries (39% and 36% in 2001 and 2002, respectively). In the two years, nearly
4.5% of all injuries were due to the use of hand tools for this occupation category. Farming
and precision occupations were the categories, which had more injuries due to hand tools
in 2001 (7.75% and 8%) and 2002 (8% for both occupations) (Table 10.7).
Injuries due to non-powered hand tools were most prevalent among operators, fabricators, and laborers (nearly 35% of all injuries). Workers in the precision production, craft
and repair occupations were the next most affected by non-powered hand tools, followed
by workers in the service occupation. Among the different types of non-powered hand
tools, non-powered cutting tools were the cause of the most injuries in all occupations,
especially among the workers in the service occupations, and among operators, fabricators,
and laborers. In addition to non-powered cutting hand tools, striking and nailing hand
tools, and turning hand tools were among the most injury causing non-powered hand tools
in precision production, craft, and repair (Table 10.8).
Injuries due to the use of powered hand tools were again most prevalent among the
operators, fabricators, and laborers and the precision production, craft and repair occupation (nearly 40% each in 2001 and 2002). Among the different types of powered hand tools,
welding and heating tools caused the most injuries among the operators, fabricators, and
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15.6

198.8

2002

0.3
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2001

0.1

0.1

—

0.2

—

—

0.4

0.8

—

1.6

3.0

53.5

2002

Estate

and Real

0.4

0.1

0.0

0.2

0.0

0.0

0.3

1.0

—

2.2

6.8

130.6

0.4

0.1

0.0

0.1

0.1

0.1

0.3

1.2

0.0

2.3

7.0

133.8

2002

Services
2001

A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools; J, nonpowered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks per year).

0.6

0.4

0.1

2.0

—

2.2

—

5.2

—

—

5.0

9.4

16.2

208.6

2002

10.4

24.3

267.4

2001

Manufacturing

Finance,
Insurance,

7908_C010 Final Proof page 293

Note:

L

0.1

0.1

0.5

J

K

0.5

0.0

0.6

H

I

0.1

0.5

0.1

F

G

0.1

5.1

10.6

162.6

169.1

A

2002

2001

Construction

and Public
Mining

Forestry,

and Fishing

Total

Number

Type

Tool

Transportation

Incidence of Nonfatal Occupational Injuries in the United States due to Different Types of Non-Powered Hand Tools
Classiﬁed by Major US Industry Divisions

Agriculture,
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1,399

3,020

1,720

4,569

—

—

—

—

—

—

52

—

—

—

579

1,049

—

—

2001

—

28

—

—

—

12

11

71

746

10,582

2002

—

34

—

—

—

—

10

66

891

11,355

2001

468

393

99

499

753

2,294

2,097

6,612

20,869

185,662

2002

779

340

—

453

1,075

1,446

1,149

5,280

18,113

163,641

2001

437

1,584

225

929

279

1,016

762

5,489

19,512

317,326

2002

304

1,737

396

1,022

375

1,001

642

5,449

19,213

280,005

2001

—

147

150

71

70

58

72

632

8,219

199,939

2002

39

117

—

49

104

120

103

592

7,687

168,632

97

—

207

—

—

244

164

753

3,942

111,925

2001

—

287

—

—

—

191

160

794

4,944

108,791

2002

Trade

Wholesale
Retail

98
199

—

154

85

253

97

918

18,752

265,700

2001

—

93

94

191

—

426

146

1,043

18,438

263,401

2002

Trade

—

16

—

113

44

129

129

447

1,687

37,982

2001

18

—

—

—

37

129

15

224

2,026

36,689

2002

Estate

and Real

476

281

63

480

68

244

259

1,881

19,217

368,299

2001

141

360

104

646

89

678

293

2,312

19,419

372,159

2002

Services

A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered boring hand tools; E, powered cutting hand tools; F, powered
striking and nailing hand tools; G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J, powered hand tools such as
nail guns, sprayers, etc.

1,624

Note:

J

689

2,360

G

600

1,325

F

2,778

5,300

E

2,519

692

2,454

1,132

3,651

2002

31,520

Utilities

294

H

3,600

D

16,492

2001

40,153

Manufacturing

Finance,
Insurance,
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I

2,440

17,895

93,185

96,594

C

2002

1,436,194

B

2001

1,537,567

Construction

and Public
Mining

Forestry,

and Fishing

Total

Number

A

Type

Tool

Transportation

Nonfatal Occupational Injuries in the United States due to Different Types of Powered Hand Tools Classiﬁed by Major US Industry Divisions

Agriculture,
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0.3

G

3.8

—

—

—

0.4

—

—

—

—

—

—

—

—

7.0

4.6

16.2

208.6

7.5

24.3

267.4

—

0.5

—

—

—

0.2

0.2

1.2

12.6

178.6

—

0.6

—

—

0.8

0.6

0.2

0.8

1.2

3.8

—
—

3.4

10.9

34.2

304.6

1.3

0.6

—

0.8

1.8

2.5

1.9

8.9

30.6

276.8

2002

Construction
2001

0.2

1.2

15.6

198.8

2002

Mining
2001

0.3

0.9

0.1

0.5

0.2

0.6

0.4

3.2

11.3

183.7

2001

0.2

1.1

0.3

0.6

0.2

0.6

0.4

3.4

12.0

174.5

2002

Manufacturing

—

0.2

0.2

0.1

0.1

0.1

0.1

1.0

12.5

303.6

0.1

0.2

—

0.1

0.2

0.2

0.2

1.0

12.3

270.6

2002

Utilities
2001

—

0.3

—

0.2

—

0.4

0.3

1.2

6.1

173.9

2001

—

0.5

—

—

—

0.3

0.3

1.3

8.0

175.0

2002

Trade

Wholesale

0.1

0.1

—

0.1

0.1

0.2

0.1

0.5

10.8

152.8

2001

Finance,

0.0
—

—

—

0.2

0.1

0.2

0.2

0.7

2.5

55.4

2001

0.0

—

—

—

0.1

0.2

0.0

0.3

3.0

53.5

2002

and Real Estate

Insurance,

0.1

0.1

0.1

—

0.3

0.1

0.6

10.8

153.6

2002

Trade

Retail

0.2

0.1

0.0

0.2

0.0

0.1

0.1

0.7

6.8

130.6

0.1

0.1

0.0

0.2

0.0

0.2

0.1

0.8

7.0

133.8

2002

Services
2001

A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered boring hand tools; E, powered cutting hand tools; F, powered
striking and nailing hand tools; G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J, powered hand tools such
as nail guns, sprayers, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks per year).

0.2

0.3

0.1

0.3

0.2

0.5

0.3

1.9

10.6

162.6

2002

and Public

Transportation

Incidence of Nonfatal Occupational Injuries in the United States due to Different Types of Powered
Hand Tools Classiﬁed by Major US Industry Divisions
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Note:

0.2

0.2

F

J

0.6

E

0.1

0.4

D

0.3

2.0

C

H

10.6

B

I

169.1

A

2001

and Fishing

2002

Number

2001

Tool

Type

Forestry,

Total

Agriculture,
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Table 10.7 Nonfatal Occupational Injuries due to Hand Tools in Major US Occupations
2001

Industry
All private industry
Managerial and professional
speciality
Technical, sales, and administrative
support
Services
Farming, forestry, and ﬁshing
Precision production, craft,
and repair
Operators, fabricators, and laborers

2002

Total
Number

Due to
Hand Tools

Total
Number

Due to
Hand Tools

1,537,567
97,797

68,113
1,251

1,436,194
92,967

66,588
1,233

237,717

5,135

239,364

5,309

266,346
44,336
281,027

10,484
3,432
22,366

270,251
35,629
242,787

12,154
2,848
19,478

605,769

25,291

552,886

25,421

laborers (above 30% of all powered hand tool injuries). Powered cutting hand tools,
powered boring hand tools, powered surfacing hand tools, and powered welding and
heating tools were among the tools that caused most injuries in the precision production,
craft and repair occupations. Powered cutting hand tools were the cause of most injuries in
the farming, forestry, and ﬁshing occupations (Table 10.9).

10.1.4 Trends in hand tool injuries—nature of the injury
In 2001 and 2002, nearly 25% and 26%, respectively, of all occupational cuts, lacerations,
and wounds in the United States were caused due to the use of hand tools. Almost 3% of
the bruises and contusions were caused by hand tools. Injuries due to Carpel tunnel
syndrome cases were negligible. Fractures and sprains together resulted in around 5% of
all injuries caused by hand tools (Table 10.10). Of the different types of injuries hand tools
caused, open wounds, and cuts and lacerations had the highest incidence rates (Table
10.11).
Among the different types of injuries, non-powered hand tools caused most incidences
of cuts, punctures, and lacerations. Sprains and strains had the next highest incidence rates
among the non-powered hand tools. Bruises and fractures were the other source of
signiﬁcant injuries due to non-powered hand tools. Among the non-powered hand tools,
non-powered digging hand tools caused the most sprains=strains, followed by other types
of non-powered and tools such as crowbars, pitchforks. The vast majority of the cuts and
punctures were caused by non-powered cutting hand tools. Non-powered striking and
nailing hand tools caused the most bruises (Tables 10.12 and 10.13).
Powered hand tools also caused cuts, punctures, and lacerations more than any other
type of injury. Sprains=strains and bruises were the other signiﬁcant types of injuries
caused by powered hand tools. The majority of cuts, punctures, and lacerations were
caused while using powered cutting hand tools. Powered surfacing hand tools also caused
signiﬁcant incidences of cuts, punctures, and lacerations (Tables 10.14 and 10.15).

10.1.5 Trends in hand tool injuries—part of the body affected
In 2001 and 2002, approximately 5% of all injuries to the head were due to hand tools.
Nearly 2% of all injuries to the neck were due to hand tools. Hand tools also caused nearly

4,510

1,168

598

4,388

496

3,791

5,480

4,163

1,051

346

5,217

567

4,216

5,612

F

G

H

I

J

K

L

42

106

46

17

135

19

—

74

537

56

19

161

180

111

—

—

450

2,958

—

4,296

11,116

2002

364

228

45

149

—

60

188

3,126

57

4,274

11,472

239,364

Support

237,717

2001

—

—

18

—

573

—

—
416

1,017

4,049

92,967

788

4,003

97,797

2002

Administrative

37
51
1,154

102

—

—

495

7,461

—

9,332

16,192

2002

1,367

133

67

113

243

70

215

8,427

—

10,669

16,379

270,251

Services

266,346

2001

312

—

44

171

—

213

39

—

61

17

470
—

484

997

—

1,825

3,219

—

845

—

1,889

4,399

2002
35,629

Fishing

44,336

2001

and

Forestry,

Farming,
Precision

1,376

2,605

200

2,310

148

490

971

4,465

243

12,957

29,098

281,027

2001

1,237

1,786

124

1,920

78

425

1,425

4,145

231

11,466

25,898

242,787

2002

and Repair

Craft,

Production,

Operators,

2,058

1,393

236

2,384

129

509

1,709

7,569

165

16,249

31,575

605,769

2001

2,219

1,443

250

2,032

196

567

2,180

6,795

167

15,952

31,999

552,886

2002

and Laborers

Fabricators,
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Note: A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools; J, nonpowered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.

497

24,076

438

23,748

45,225

45,629

C

D

93,185

96,594

E

1,436,194

1,537,567

2001

Speciality

2002

Number

B

2001

A

Type

Tool

Professional

Sales, and

and

Total

Technical,

Managerial
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Tool

322

—

58

37

—

—

—

—

—

58

—

46

—

72

123

45

128

—

116

—

635

11,116

237,717

2002

—
45

43

148

—

113

73

489

11,472

239,364

Support

56
274

—

341

—

115

143

980

16,192

2002

38
101

—

446

43

584

66

1,289

16,379

270,251

Services

266,346

2001

—

19

—

—

42

1,265

45

1,386

4,399

44,336

2001

55

38

—

—

—

765

18

916

3,219

35,629

2002

Forestry, and Fishing

617

906

365

923

277

1,673

2,255

7,202

29,098

2002

707

820

259

529

871

1,312

1,307

5,852

25,898

242,787

Repair

281,027

2001

Operators,

341

1,751

198

1,006

808

2,085

1,039

7,333

31,575

605,769

2001

478

2,076

383

1,179

765

1,750

1,047

7,736

31,999

552,886

2002

and Laborers

Fabricators,

A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered boring hand tools; E, powered cutting hand tools; F, powered
striking and nailing hand tools; G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J, powered hand tools such
as nail guns, sprayers, etc.

1,399

1,624

J

Note:

689

3,020

2,440

2,360

G

600

1,720

1,325

F

2,778

4,569

5,300

E

—

87

4,049

92,967

2001

Craft, and

298

I

2,519

3,600

D

323

4,003

97,797

2002

Farming,

Precision
Production,
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H

93,185

16,492

96,594

17,895

B

1,436,194

2001

Speciality

2002

Number

1,537,567

2001

C

A

Type

Administrative

Sales, and

and
Professional

Technical,

Managerial

Nonfatal Occupational Injuries in the United States due to Different Types of Powered Hand Tools for Selected US Occupations
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Table 10.10 Number of Nonfatal Occupational Injuries due to Hand Tools Classiﬁed
by the Nature of Injury
2001

2002

Industry

Total
Number

Due to
Hand Tools

Total
Number

Due to
Hand Tools

All private industry
Sprains=strains
Fractures
Cuts=punctures
Bruises
Carpel tunnel syndrome
Tendonitis
Back pain

1,537,567
669,889
108,127
133,313
136,361
26,794
14,124
42,679

68,113
13,981
3,389
34,579
3,750
0
333
696

1,436,194
617,186
99,171
128,061
126,986
22,650
9,275
46,504

66,588
14,075
2,714
33,820
3,522
0
215
1,008

2.5% of all injuries to the trunk including shoulders, back, abdomen, and pelvic region, and
nearly 12% of the upper extremity injuries. Among the upper extremities, hand tools were
responsible for about 3% of the injuries to the wrist, 16% of the injuries to the hand, and
21% of the injuries to the ﬁngers. Hand tools also caused 1.75% of injuries to the lower
extremities (Table 10.16). For incidence rates, all upper extremities had the highest rate of
injury followed by the trunk region (Table 10.17).
Nearly 40% of all injuries due to the use of non-powered hand tools occurred to the
ﬁngers. The head (about 6%) and back (about 4%) were other body parts that were most
affected due to non-powered hand tools. Among the different types of non-powered hand
tools, non-powered cutting hand tools caused majority of injuries to the ﬁnger (nearly
76%), followed by non-powered striking and nailing tools. The majority of injuries to the
hand were also caused by non-powered cutting hand tools. Non-powered digging hand
tools (about 40%), non-powered hand tools such as crowbars, pitchforks, etc. (about 27%),
Table 10.11 Incidence Rates for Nonfatal Occupational Injuries due to Hand Tools
Classiﬁed by the Nature of Injury
2001
Industry
All private Industry
Sprains=strains
Fractures
Cuts=punctures
Bruises
Carpel tunnel syndrome
Tendonitis
Back pain

2002

Total
Number

Due to
Hand Tools

Total
Number

Due to
Hand Tools

169.1
73.7
11.9
14.7
15.0
3.0
1.6
4.7

7.5
1.6
0.3
3.8
0.4
0.0
0.0
0.0

162.6
69.9
11.2
14.5
14.4
2.6
1.1
5.3

7.6
1.7
0.3
3.8
0.4
0.0
0.0
0.2

Note: Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed
as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks
per year).

669,889
26,986
9,512
119
453
2,789
291
140
1,047
—
2,194
2,340
617,186
26,905
9,553
211
816
2,731
356
112
1,053
197
1,690
2,293
108,127
5,342
2,051
—
81
52
58
17
969
—
339
488
222
242

99,171
4,051
1,593
41
106
47
123
—
773

Fractures
2002
2001
133,313
37,838
24,672
170
21,590
229
204
—
564
418
709
704
128,061
36,473
25,513
166
22,114
579
276
194
533
224
731
647

Cuts=Punctures
2001
2002
136,361
7,313
2,971
71
210
66
221
—
1,328
—
174
840
126,986
6,621
2,404
47
121
95
154
142
964
18
365
572

Bruises
2001
2002
14,124
482
233
—
—
76
—
—
—
—
—
41

117

9,275
269
164
—
—
—
—
—
—

Tendonitis
2002
2001

42,679
1,510
399
—
—
163
—
—
—
—
93
93

86

46,504
1,914
575
—
47
336
—
43
—

Back Pain
2001
2002

A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools; J, nonpowered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.

1,436,194
93,185
45,225
497
24,076
4,510
1,168
598
4,388
496
3,791
5,480

Sprains=Strains
2001
2002
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Note:

1,537,567
96,594
45,629
438
23,748
4,163
1,051
346
5,217
567
4,216
5,612

Total Number
2001
2002

300

A
B
C
D
E
F
G
H
I
J
K
L

Tool
Type
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69.9
3.1
1.1
0.0
0.1
0.3
0.0
0.0
0.1
0.0
0.2
0.3
11.9
0.6
0.2
—
0.0
0.0
0.0
0.0
0.1
—
0.0
0.1
11.2
0.5
0.2
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0

Fractures
2002
2001
14.7
4.2
2.7
0.0
2.4
0.0
0.0
—
0.1
0.1
0.1
0.1
14.5
4.1
2.9
0.0
2.5
0.1
0.0
0.0
0.1
0.0
0.1
0.1

Cuts=Punctures
2001
2002
15.0
0.8
0.3
0.0
0.0
0.0
0.0
—
0.2
—
0.0
0.1
14.4
0.8
0.3
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.1

Bruises
2001
2002
1.6
0.1
0.0
—
—
0.0
—
0.0
—
—
—
0.0

1.1
0.0
0.0
—
—
—
—
—
—
—
—
0.0

Tendonitis
2001
2002

4.7
0.2
0.0
—
—
0.0
—
—
—
—
0.0
0.0

5.3
0.2
0.1
—
0.0
0.0
—
0.0
—
—
—
0.0

Back Pain
2001
2002

A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools; J, nonpowered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks per year).

73.7
3.0
1.1
0.0
0.1
0.3
0.0
0.0
0.1
—
0.2
0.3

Sprains=
Strains
2001
2002

Incidence Rates for Nonfatal Occupational Injuries in the United States due to Different Types of Non-Powered
Hand Tools Classiﬁed by the Nature of Injury
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Note:

169.1
10.6
5.0
0.1
2.6
0.5
0.1
0.0
0.6
0.1
0.5
0.6

A
B
C
D
E
F
G
H
I
J
K
L

162.6
10.6
5.1
0.1
2.7
0.5
0.1
0.1
0.5
0.1
0.4
0.6

Total
Number
2001
2002

Tool
Type

Table 10.13
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669,889
26,986
3,686
864
485
679
588
214
209
462
617,186
26,905
3,123
668
411
206
647
189
288
287

108,127
5,342
1,100
440
68
122
160
99
—
189
99,171
4,051
817
305
38
581
62
65
45
92

Fractures
2002
2001
133,313
37,838
7,567
1,652
4,079
83
969
87
131
514
128,061
36,473
6,422
933
3,415
124
986
192
83
645

Cuts=
Punctures
2001
2002
136,361
7,313
574
121
19
83
235
19
19
48
126,986
6,621
797
144
78
110
252
86
43
78

Bruises
2001
2002

14,124
482
100
—
—
—
—
—
—
52

9,275
269
51
—
—
—
—
—
—
—

Tendonitis
2002
2001

42,679
1,510
174
—
—
81
—
—
—
—

2001

2002
46,504
1,914
433
—
80
286
—
—
—
19

Back
Pain

A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered boring hand tools; E, powered cutting hand tools; F, powered
striking and nailing hand tools; G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J, powered hand tools such
as nail guns, sprayers, etc.

1,436,194
93,185
16,492
2,519
4,569
1,720
2,440
689
3,020
1,399

Sprains=
Strains
2001
2002
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Note:

1,537,567
96,594
17,895
3,600
5,300
1,325
2,360
600
2,778
1,624

Total
Number
2001
2002

302

A
B
C
D
E
F
G
H
I
J

Tool
Type

Table 10.14 Number of Nonfatal Occupational Injuries in the United States due to Different Types of Powered
Hand Tools Classiﬁed by the Nature of Injury
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169.1
10.6
2.0
0.4
0.6
0.2
0.3
0.1
0.3
0.2

A
B
C
D
E
F
G
H
I
J
73.7
3.0
0.4
0.1
0.1
0.1
0.1
0.0
0.0
0.1
69.9
3.1
0.4
0.1
0.1
0.1
0.1
0.0
0.0
0.0

Sprains=
Strains
2001
2002
11.9
0.6
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0

11.2
0.5
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Fractures
2002
2001
14.7
4.2
0.8
0.2
0.5
0.0
0.1
0.0
0.0
0.1
14.5
4.1
0.7
0.1
0.4
0.0
0.1
0.0
0.0
0.1

Cuts=
Punctures
2001
2002
15.0
0.8
0.1
0.0
0.0
0.0
0.0
0.0
—
0.0
14.4
0.8
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Bruises
2001
2002
1.6
0.1
0.0
—
—
—
—
—
—
0.1

1.1
0.0
0.0
—
—
—
—
—
—
—

Tendonitis
2002
2001

4.7
0.2
0.0
—
—
0.0
—
—
—
0.0

2001

Back
Pain
5.3
0.2
0.1
—
0.0
0.0
—
0.0
—
0.0

2002
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Note: A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered boring hand tools; E, powered cutting hand tools; F, powered
striking and nailing hand tools; G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J, powered hand tools such
as nail guns, sprayers, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks per year).

162.6
10.6
1.9
0.3
0.5
0.2
0.3
0.1
0.3
0.2

Total
Number
2001
2002

Tool
Type

Table 10.15 Incidence Rates for Nonfatal Occupational Injuries in the United States due to Different Types of Powered
Hand Tools Classiﬁed by the Nature of Injury
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Table 10.16 Number of Nonfatal Occupational Injuries due to Hand Tools Classiﬁed
by the Part of Body Affected
2001

2002

Industry

Total
Number

Due to
Hand Tools

Total
Number

Due to
Hand Tools

All private industry
Head
Eyes
Neck
Total trunk
Back
Shoulder
Total upper extremities
Hand
Wrist
Finger
Total lower extremities
Multiple body parts

1,537,567
99,523
44,811
27,110
561,603
372,683
88,484
355,344
63,727
78,857
123,523
322,959
139,675

68,113
4,713
2,417
387
13,723
7,554
3,124
42,285
10,453
2,313
24,902
5,698
1,189

1,436,194
90,228
42,286
22,885
522,055
345,294
83,924
328,274
55,894
69,187
121,562
304,453
139,445

66,588
4,949
2,842
459
13,542
7,577
3,420
40,843
8,590
2,828
25,166
5,058
1,588

Table 10.17 Incidence Rates for Nonfatal Occupational Injuries due to Hand Tools Classiﬁed
by the Part of Body Affected
2001
Industry
All private industry
Head
Eyes
Neck
Total trunk
Back
Shoulder
Total upper extremities
Hand
Wrist
Finger
Total lower extremities
Multiple body parts

2002

Total
Number

Due to
Hand Tools

Total
Number

Due to
Hand Tools

169.1
11.0
4.9
3.0
61.8
41.0
9.7
39.1
7.0
8.7
13.6
35.5
15.4

7.5
0.5
0.2
0.0
1.5
0.9
0.3
4.6
1.2
0.3
2.8
0.6
0.2

162.6
10.2
4.8
2.6
59.1
39.1
9.5
37.2
6.3
7.8
13.8
34.5
15.8

7.6
0.5
0.3
0.0
1.5
0.9
0.4
4.6
1.1
0.3
2.9
0.5
0.2

Note: Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed
as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks
per year).
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and non-powered turning hand tools (about 11%) caused the most incidence of injuries to
the back (Tables 10.18 and 10.19).
The body parts most signiﬁcantly affected by the use of powered hand tools include
ﬁngers (nearly 30% of injuries due to powered hand tools occurred to the ﬁngers).
The head (about 15%) and back (about 10%) were the other body parts affected by powered
hand tools. Among the different types of powered hand tools, powered striking and
nailing hand tools caused the most injuries to the back; powered cutting hand tools
and powered boring hand tools caused the most injuries to the ﬁngers; powered welding
and heating hand tools caused the most injuries to the hand (Tables 10.20 and 10.21).

10.1.6 Trends in hand tools injuries—events=exposure leading to the injury
In 2001 and 2002, the most signiﬁcant event or exposure leading to injury due to use of
non-powered hand tools was being struck by objects (nearly 64% each year). Overexertion
was the next leading cause of non-powered hand tool injuries (nearly 25%). Being struck by
objects (5%) and caught in objects (2%) were the other signiﬁcant events or exposures
leading to injuries due to non-powered hand tools. For injuries by non-powered cutting
hand tools over 80% were caused by being struck by objects. Non-powered digging hand
tools, other non-powered hand tools such as crowbars, pitchforks, etc., and non-powered
turning hand tools caused the most cases of overexertion. Non-powered striking and
nailing hand tools also caused considerable overexertion injuries in 2001 and 2002. Nonpowered cutting hand tools, again, caused the most exposures of being struck by objects,
and being caught in objects (Tables 10.22 and 10.23).
In case of powered hand tools the most signiﬁcant event or exposure leading to injury
was again being struck by objects (nearly 40%). Overexertion was the next leading cause of
injuries of powered hand tools (about 20%). Powered cutting hand tools caused the most
cases of struck by objects (over 40%), followed by powered boring hand tools (about 27%).
Powered boring hand tools and powered striking and nailing hand tools caused the most
cases of injuries due to overexertion. Powered cutting hand tools and powered surfacing
hand tools were the leading causes of injuries due to being struck against objects (Tables
10.24 and 10.25).

10.1.7 Trends in hand tools injuries—age of the injured
In 2001 and 2002, over 27% of all injuries due to non-powered hand tools happened to
workers in the age group 25–34 years. The age group 35–44 years closely followed
with 25% of the injuries due to non-powered hand tools. Within the 25–34 years age
group injuries by non-powered cutting hand tools were the leading cause of injuries
(nearly 55%). Other non-powered hand tools like crowbars, pitchforks, etc. and nonpowered striking and nailing hand tools were the next leading cause of injuries (nearly
12% each). For the all age groups, the leading cause of injuries was due to use of nonpowered cutting hand tools (nearly 76% for 16–19 age group, 67% for 20–24 age group,
43% for 35–44 age group, 40% for 45–54 age group, 35% for 55–64 age group, and 70% for
over 65 age group) (Table 10.26).
In case of powered hand tools also, the age group of 25–34 years saw the most injuries
(nearly 30%), closely followed by injuries to the 35–44 age group (nearly 28%). Three major
sources of injuries in the 25–34 years age group were powered cutting hand tools (nearly
27%), powered boring hand tools (nearly 22%), and powered welding and heating hand
tools (nearly 20%) in that order. For the 35–44 age group, the leading causes of injuries was
the use of powered cutting hand tools, powered boring hand tools, and powered surfacing
hand tools (Table 10.27).

2002
90,228
6,610
2,000
—
421
184
185
81
180
—
318
578

Head
99,523
6,454
1,755
52
235
136
79
—
194
19
444
534

2001
372,683
15,402
5,308
68
160
2,137
141
58
439
17
738
1,480

2001

Back
345,294
14,984
5,569
72
221
2,460
197
81
413
—
599
1,461

2002
88,484
4,820
2,217
—
107
328
71
50
363
—
885
384
83,924
5,493
2,549
—
298
243
79
—
211
—
632
993

Shoulder
2001
2002
2002

69,187
3,523
2,045
42
754
348
56
—
183
98
259
295

Wrist
78,857
2,887
1,443
—
600
185
59
—
134
—
295
264

2001

2002
121,562
27,265
18,186
88
14,566
60
298
182
1,546
155
497
703

Finger
123,523
27,660
17,976
78
13,773
83
306
84
2,032
365
551
557

2001

A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools; J, nonpowered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.

1,436,194
93,185
45,225
497
24,076
4,510
1,168
598
4,388
496
3,791
5,480

2002
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Note:

1,537,567
96,594
45,629
438
23,748
4,163
1,051
346
5,217
567
4,216
5,612

2001

Total
Number

306

A
B
C
D
E
F
G
H
I
J
K
L

Tool
Type

Table 10.18 Number of Nonfatal Occupational Injuries in the United States due to Different Types of Non-Powered
Hand Tools Classiﬁed by the Part of Body Affected
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Table 10.19 Incidence Rates for Nonfatal Occupational Injuries in the United States due to Different
Types of Non-Powered Hand Tools Classiﬁed by the Part of Body Affected
Tool
Type

Total Number
2001
2002

Head
2001 2002

Back
2001 2002

A
B
C
D
E
F
G
H
I
J
K
L

169.1
10.6
5.0
0.1
2.6
0.5
0.1
0.0
0.6
0.1
0.5
0.6

11.0
0.7
0.2
0.0
0.0
0.0
0.0
—
0.0
0.0
0.1
0.1

41.0
1.7
0.6
0.0
0.0
0.2
0.0
0.0
0.1
0.0
0.1
0.2

162.6
10.6
5.1
0.1
2.7
0.5
0.1
0.1
0.5
0.1
0.4
0.6

10.2
0.8
0.2
—
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.1

39.1
1.7
0.6
0.0
0.0
0.3
0.0
0.0
0.1
—
0.1
0.2

Shoulder
2001 2002
9.7
0.5
0.2
—
0.0
0.0
0.0
—
0.0
—
0.1
0.0

9.5
0.6
0.3
—
0.0
0.0
0.0
—
0.0
—
0.1
0.1

Wrist
2001 2002
8.7
0.3
0.2
—
0.1
0.0
—
—
0.0
—
0.0
0.0

7.8
0.4
0.2
0.0
0.1
0.0
0.0
—
0.0
—
0.0
0.0

Finger
2001 2002
13.6
3.0
2.0
0.0
1.5
0.0
0.0
0.0
0.2
0.0
0.1
0.1

13.8
3.1
2.1
0.0
1.7
0.0
0.0
0.0
0.2
0.0
0.1
0.1

Note: A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, nonpowered boring hand tools; E, non-powered cutting hand tools; F, non-powered digging hand tools; G, nonpowered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing
hand tools; J, non-powered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand
tools such as crowbars, pitchforks, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed
as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks
per year).

Table 10.20 Number of Nonfatal Occupational Injuries in the United States due to Different
Types of Powered Hand Tools Classiﬁed by the Part of Body Affected
Tool
Type

Total Number

Head

Back

Shoulder

Wrist

Finger

2001

2002

2001

2002

2001

2002

2001

2002

2001

2002

2001

2002

A

1,537,567

1,436,194

99,523

90,228

372,683

345,294

88,484

83,924

78,857

69,187

123,523

121,562

B

96,594

93,185

6,454

6,610

15,402

14,984

4,820

5,493

2,887

3,523

27,660

27,265

C

17,895

16,492

2,666

2,583

1,806

1,581

708

604

706

642

5,062

5,186

D

3,600

2,519

160

182

238

182

68

102

429

162

901

1,034

E

5,300

4,569

85

140

264

202

125

62

73

74

2,415

2,459

—

—

F

1,325

1,720

425

540

124

85

144

178

199

270

G

2,360

2,440

47

62

324

257

182

87

70

73

721

747

H

600

689

60

80

121

42

50

71

58

173

177

I

2,778

3,020

2,040

1,980

112

135

55

73

67

36

124

177

J

1,624

1,399

263

119

161

201

86

109

60

56

492

276

—

Note: A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered
boring hand tools; E, powered cutting hand tools; F, powered striking and nailing hand tools; G, powered
surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J,
powered hand tools such as nail guns, sprayers, etc.
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Table 10.21 Incidence Rates for Nonfatal Occupational Injuries in the United States
due to Different Types of Powered Hand Tools Classiﬁed by the Part of Body Affected

Tool
Type

Total
Number
2001
2002

Head
2001 2002

Back
2001 2002

A
B
C
D
E
F
G
H
I
J

169.1
10.6
2.0
0.4
0.6
0.2
0.3
0.1
0.3
0.2

11.0
0.7
0.3
0.0
0.0
—
0.0
0.0
0.2
0.0

41.0
1.7
0.2
0.0
0.0
0.1
0.0
0.0
0.0
0.0

162.6
10.6
1.9
0.3
0.5
0.2
0.3
0.1
0.3
0.2

10.2
0.8
0.3
0.0
0.0
—
0.0
0.0
0.2
0.0

Shoulder
2001 2002

39.1
1.7
0.2
0.0
0.0
0.1
0.0
0.0
0.0
0.0

9.7
0.5
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Wrist
2001 2002

9.5
0.6
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

8.7
0.3
0.1
0.1
0.0
—
0.0
—
—
0.0

7.8
0.4
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Finger
2001 2002
13.6
3.0
0.6
0.1
0.3
0.0
0.1
0.0
0.0
0.1

13.8
3.1
0.6
0.1
0.3
0.0
0.1
0.0
0.0
0.0

Note: A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered
boring hand tools; E, powered cutting hand tools; F, powered striking and nailing hand tools; G, powered
surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J,
powered hand tools such as nail guns, sprayers, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed
as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks
per year).

Table 10.22 Number of Nonfatal Occupational Injuries in the United States due to Different
Types of Non-Powered Hand Tools Classiﬁed by Event=Exposure Leading to the Injury

Tool
Type

Total

Struck

Struck

Caught

Number

by Object

against Object

in Object

Overexertion

2001

2002

2001

2002

2001

2002

2001

2002

2001

2002

A

1,537,567

1,436,194

199,855

191,607

101,177

99,916

68,048

63,057

409,011

381,048

B

96,594

93,185

45,505

43,719

6,563

7,338

5,043

3,406

27,834

28,325

C

45,629

45,225

29,024

29,666

2,462

2,337

663

616

11,226

11,426

D

438

497

152

252

20

118

161

E

23,748

24,076

20,015

21,210

137

512

790

3,540

3,494

326

367

—

54

1,293

1,307

—
177

F

4,163

4,510

424

701

102

192

48

G

1,051

1,168

338

551

173

68

179

H

346

598

160

163

110

236

5,217

4,388

3,839

3,194

170

I
J

—

—
—
—

—
111
—
64
—

132

136

1,123

1,035

567

496

276

262

211

38

58

160

K

4,216

3,791

1,472

1,610

43

103

53

51

2,598

1,979

L

5,612

5,480

2,256

1,622

370

286

142

185

2,686

3,230

Note: A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, nonpowered boring hand tools; E, non-powered cutting hand tools; F, non-powered digging hand tools;
G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking
and nailing hand tools; J, non-powered surfacing hand tools; K, non-powered turning hand tools; L, nonpowered hand tools such as crowbars, pitchforks, etc.

Kumar/Biomechanics in ergonomics, second edition

7908_C010 Final Proof page 309

29.10.2007 10:55pm Compositor Name: JGanesan

Hand tools

309

Table 10.23 Incidence Rates for Nonfatal Occupational Injuries in the United States due to Different
Types of Non-Powered Hand Tools Classiﬁed by the Event=Exposure Leading to the Injury
Tool

Total Number

Struck by Object

Type

2001

2002

2001

2002

Struck against Object
2001

2002

Caught in Object
2001

2002

2001

Overexertion
2002

A

169.1

162.6

22.0

21.7

11.1

11.3

7.5

7.1

45.0

43.1

B

10.6

10.6

5.0

5.0

0.7

0.8

0.6

0.4

3.1

3.2

C

5.0

5.1

3.2

3.4

0.3

0.3

0.1

0.1

1.2

1.3

D

0.1

0.1

0.0

0.0

—

0.0

—

0.0

0.0

0.0

E

2.6

2.7

2.2

2.1

0.1

0.2

0.0

0.0

0.1

0.1

F

0.5

0.5

0.1

0.1

0.0

0.0

0.0

—

0.4

0.4

G

0.1

0.1

0.0

0.1

0.0

0.0

0.0

0.0

0.0

0.0

H

0.0

0.1

0.0

0.0

—

0.0

—

—

0.0

0.0

I

0.6

0.5

0.4

0.4

0.0

—

—

0.0

0.1

0.1

J

0.1

0.1

0.0

0.0

0.0

0.0

—

—

0.0

0.0

K

0.5

0.4

0.2

0.2

0.0

0.0

0.0

0.0

0.3

0.2

L

0.6

0.6

0.3

0.2

0.0

0.0

0.0

0.0

0.3

0.4

Note: A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, nonpowered boring hand tools; E, non-powered cutting hand tools; F, non-powered digging hand tools;
G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking
and nailing hand tools; J, non-powered surfacing hand tools; K, non-powered turning hand tools; L, nonpowered hand tools such as crowbars, pitchforks, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed
as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks
per year).

Table 10.24 Number of Nonfatal Occupational Injuries in the United States due to Different
Types of Powered Hand Tools Classiﬁed by Event=Exposure Leading to the Injury

Tool
Type

Total

Struck

Struck

Caught

Number

by Object

against Object

in Object

Overexertion

2001

2002

2001

2002

2001

2002

2001

2002

2001

2002

A

1,537,567

1,436,194

199,855

191,607

101,177

99,916

68,048

63,057

409,011

381,048

B

96,594

93,185

45,505

43,719

6,563

7,338

5,043

3,406

27,834

28,325

C

17,895

16,492

6,762

6,706

1,329

1,368

2,115

1,563

3,769

3,353

D

3,600

2,519

1,803

1,337

295

130

500

337

881

593

E

5,300

4,569

2,895

2,736

538

604

594

539

493

430

F

1,325

1,720

354

438

41

125

127

746

735

G

2,360

2,440

934

873

308

391

393

563

640

H

—

—
471
—

—

600

689

231

315

I

2,778

3,020

79

114

41

61

91

J

1,624

1,399

391

845

97

79

367

65
—
67

293

283

206

339

405

285

Note: A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered
boring hand tools; E, powered cutting hand tools; F, powered striking and nailing hand tools;
G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand
tools; J, powered hand tools such as nail guns, sprayers, etc.
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Table 10.25 Incidence Rates for Nonfatal Occupational Injuries in the United States due
to Different Types of Powered Hand Tools Classiﬁed by Event=Exposure Leading to the Injury
Tool
Type

Total Number
2001
2002

Struck
by Object
2001
2002

Struck
against Object
2001
2002

A
B
C
D
E
F
G
H
I
J

169.1
10.6
2.0
0.4
0.6
0.2
0.3
0.1
0.3
0.2

22.0
5.0
0.7
0.2
0.3
0.0
0.1
0.0
0.0
0.0

11.1
0.7
0.2
0.0
0.1
0.0
0.0
—
0.0
0.0

162.6
10.6
1.9
0.3
0.5
0.2
0.3
0.1
0.3
0.2

21.7
5.0
0.8
0.2
0.3
0.1
0.1
0.0
0.0
0.1

11.3
0.8
0.2
0.0
0.1
—
0.1
—
0.0
0.0

Caught
in Object
2001
2002
7.5
0.6
0.2
0.1
0.1
0.0
0.0
—
0.0
0.0

7.1
0.4
0.2
0.0
0.1
0.0
0.0
0.0
—
0.0

Overexertion
2001
2002
45.0
3.1
0.4
0.1
0.1
0.1
0.1
0.0
0.0
0.0

43.1
3.2
0.4
0.1
0.1
0.1
0.1
0.0
0.0
0.0

Note: A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered
boring hand tools; E, powered cutting hand tools; F, powered striking and nailing hand tools; G, powered
surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools;
J, powered hand tools such as nail guns, sprayers, etc.
Incidence rates represent the number of injuries and illness per 10,000 full-time workers and are computed
as follows:
Incidence rate ¼ (N=EH 3 20,000,000),
where
N is the number of injuries
EH is the total hours worked by all employees during the calendar year
20,000,000 is the base for 10,000 equivalent full-time workers (working for 40 h per week, 50 weeks
per year).

10.1.8 Trends in hand tools injuries—gender of the injured
In 2001 and 2002, non-powered hand tool injuries affected nearly 81% men and
19% women in the workforce. About 50% of the injuries suffered by men were due to
non-powered cutting hand tools. Other leading sources of injuries among men were nonpowered striking and nailing hand tools (nearly 12%), non-powered digging hand tools
(nearly 11%), non-powered turning hand tools (nearly 11%), and other non-powered hand
tools such as crowbars, pitchforks, etc. (nearly 11%). Among women, injuries due to nonpowered cutting hand tools accounted for nearly 69% of the total number of injured due to
non-powered hand tools (Table 10.28).
Powered hand tool injuries affected nearly 93% of the men and only 7% of women in the
workforce. Among men nearly 30% of all injuries due to powered hand tools were due to
use of powered cutting tools. The other leading sources of powered hand tools injuries
among men were powered boring hand tools (nearly 20%), powered welding and heating
hand tools (nearly 16%), and powered striking and nailing hand tools (nearly 13%). In case
of women again, powered cutting hand tools were the leading source of all powered hand
tool injuries (nearly 29%). The next leading cause of injuries was due to the use of powered
welding and heating hand tools (nearly 19%) (Table 10.29).

10.1.9 Trends in hand tools injuries—days away from work due to the injury
In 2001 and 2002, most workers affected by non-powered hand tool injury stayed away
from work for 3–5 days (22%). The next leading number of days workers stayed away from

45,225

497

45,629

1,168

598

4,388

496

3,791

5,480

1,051

346

5,217

567

4,216

5,612

G

H

I

J

K

L

—
—
—
—
—
—
—
—
—

—

—

—

—

—

—

—

—

—

—

41

170

—

162

—

42

248

2,180

2002
2001

212
721

—
180

39

939

—

149

342

5,074

86

7,587

13,850

171,659

—

96

—

19

42

2,263

—

2,619

4,115

38,387

20–24
2002

606

360

42

606

43

204

454

4,638

75

7,036

13,139

159,229

Years

1,553

890

282

1,526

55

148

963

6,936

148

12,556

27,151

389,065

2001

25–34
2002

1,664

763

199

1,373

148

204

1,465

7,433

141

13,427

26,743

358,377

Years

1,822

1,320

163

1,298

120

324

1,200

4,845

84

11,312

25,711

438,445

2001

35–44
2002

1,368

1,322

96

1,139

210

320

1,567

5,098

125

11,366

24,544

400,871

Years

1,031

929

59

1,039

104

293

907

2,808

79

7,289

16,967

315,794

2001

45–54
2002

1,257

862

90

852

39

317

746

3,062

96

7,349

16,792

304,970

Years

385

669

—

200

48

84

488

995

38

2,941

6,398

135,690

2001

55–64
2002

355

400

62

310

127

100

227

1,169

58

2,825

6,557

143,523

Years

65 Years

58

18

—

—

—

—

—

297

—

397

809

24,541

2001

—

71

—

—

—

—

—

234

—

362

826

25,103

2002

and Older

A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools; J, nonpowered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.

4,510

4,163

F

—
2,861

4,580

—

43

—

2001
44,535

2002
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908

2001

16–19
Years
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24,076

438

23,748

D

E

93,185

96,594

C

2002

1,436,194

B

2001

1,537,567

A

Type

Tool

14–15

Years

Total

Number of Nonfatal Occupational Injuries in the United States due to Different Types of Non-Powered Hand Tools Classiﬁed
by the Age of the Affected Hand Tool User

Number
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497

24,076

4,510

1,168

598

4,388

496

438

23,748

4,163

1,051

346

5,217

567

D

E

F

G

H

I

J

—
—

—

—

57

297

39

—
83

72

—

37

209

366

37

102

947
137

178

702

2,508

13,850

—

78

482

4,115

2001
171,659

2002

465

315

67

129

200

848

352

2,382

13,139

159,229

520

1,067

160

546

387

1,429

1,176

5,373

27,151

389,065

2001

25–34
2002

343

921

152

998

733

1,004

783

4,965

26,743

358,377

Years

230

726

210

1,004

365

1,290

1,012

4,998

25,711

438,445

2001

35–44
2002

340

1,226

211

649

375

1,186

661

4,677

24,544

400,871

Years

254

434

122

509

191

934

538

3,024

16,967

315,794

2001

45–54
2002

101

409

190

453

191

817

464

2,687

16,792

304,970

Years

113

145

50

112

167

341

163

1,103

6,398

135,690

2001

55–64
2002

44

73

49

139

146

312

165

933

6,557

143,523

Years

65 Years

—

—

—

—

—

54

—

102

809

24,541

2001

—

—

—

—

—

97

—

186

826

25,103

2002

and Older

A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered boring hand tools; E, powered cutting hand tools; F, powered
striking and nailing hand tools; G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J, powered hand tools such
as nail guns, sprayers, etc.

—
—

—

74

254

—

2002
38,387

20–24
Years

312

—

—
—

—

—

—

—

—
726

4,580

—

43

—

2001
44,535

2002
197

908

2001

16–19
Years
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45,225

45,629

C

93,185

96,594

B

2002

1,436,194

1,537,567

2001

14–15

Years

Total

Number

A

Type

Tool
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Table 10.28 Number of Nonfatal Occupational Injuries in the United States due to Different
Types of Non-Powered Hand Tools Classiﬁed by the Gender of the Affected Hand Tool User
Tool
Type
A
B
C
D
E
F
G
H
I
J
K
L

Total
Number

Men

Women

2001

2002

2001

2002

2001

2002

1,537,567
96,594
45,629
438
23,748
4,163
1,051
346
5,217
567
4,216
5,612

1,436,194
93,185
45,225
497
24,076
4,510
1,168
598
4,388
496
3,791
5,480

1,009,499
74,749
36,537
399
17,659
3,937
811
260
4,952
462
3,902
3,908

930,925
73,582
36,895
467
18,684
4,301
1,023
319
4,175
394
3,572
3,748

516,842
21,152
8,668
38
5,905
171
162
86
192
105
315
1,670

500,592
19,195
8,127
—
5,392
179
70
279
150
102
219
1,696

Note: A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, nonpowered boring hand tools; E, non-powered cutting hand tools; F, non-powered digging hand tools;
G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking
and nailing hand tools; J, non-powered surfacing hand tools; K, non-powered turning hand tools; L, nonpowered hand tools such as crowbars, pitchforks, etc.

work was 1 day (10%), followed by 2 days (nearly 16%), and over 31 days off (nearly 12%).
Most injuries for which workers had to stay away from work were caused by non-powered
cutting hand tools. For non-powered cutting hand tool injuries workers stayed away from
work for a day in nearly 25% of the cases, and for 31 days or more only 6% of the cases.
Workers injured due to other non-powered hand tools such as crowbars, pitchforks, etc.
stayed away from work mostly for 31 days or more (nearly 20% of the cases) and for 1 day
Table 10.29 Number of Nonfatal Occupational Injuries in the United States due to Different
Types of Powered Hand Tools Classiﬁed by the Gender of the Affected Hand Tool User
Tool
Type
A
B
C
D
E
F
G
H
I
J

Total Number
2001
2002
1,537,567
96,594
17,895
3,600
5,300
1,325
2,360
600
2,778
1,624

1,436,194
93,185
16,492
2,519
4,569
1,720
2,440
689
3,020
1,399

Men

Women

2001

2002

2001

2002

1,009,499
74,749
16,528
3,410
4,968
1,229
2,137
507
2,625
1,419

930,925
73,582
15,225
2,362
4,239
1,663
2,230
570
2,860
1,257

516,842
21,152
1,248
186
308
96
210
93
128
206

500,592
19,195
1,165
153
311
58
210
118
126
143

Note: A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered
boring hand tools; E, powered cutting hand tools; F, powered striking and nailing hand tools; G, powered
surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools;
J, powered hand tools such as nail guns, sprayers, etc.
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(19% of the cases). In case of injuries due to non-powered striking and nailing hand
tools most workers stayed off work between 3 and 5 days (nearly 22% of the cases)
(Table 10.30).
Overall, workers injured due to powered hand tools missed work for a day in
nearly 16% of the cases, and missed work for 31 days or more in nearly 12% of the cases.
Of the total injuries caused by powered welding and heating hand tools, most workers
took a day off in nearly 48% of the cases. Nearly 45% of the injured workers took time off
for 31 days or more and this was the result of injuries due to powered cutting hand tools
(Table 10.31).

10.2 Anatomy of the hand and forearm
The force=torque generation and exertion capabilities of the human hand depend upon the
structure of the human forearm. Figure 10.1 shows the bones making up the hand and the
arm. The forearm consists of two bones: the radius and the ulna. The radius is the lateral
bone of the forearm. It has a small, ﬂat, and round head in its proximal region. Its distal
extremity is expanded, and forms a major portion of the wrist joint. The ulna, on the other
hand, is large proximally, and narrows into a small, round head, at its distal end. These
two bones are joined by the synovial joints, both proximally and distally. The proximal
joint shares an articular capsule with the elbow joint; the distal joint shares one with the
wrist. The bones are parallel to each other in the supine position. The radius connects to the
thumb side of the wrist, while the ulna connects to the little ﬁnger side of the wrist. When
the hand is pronated, the radius is wrapped around the ulna. The hand also includes eight
carpal bones, ﬁve metacarpals, and fourteen phalanges. The bones of the carpus are
arranged in two rows. These phalanges are named according to their position as proximal,
middle or medial, and distal.
There are four major nerves in the forearm and the hand. They are the median nerve, the
musculocutaneous nerve, the ulnar nerve, and the radial nerve. These nerves innervate the
skin and control the muscular contraction in the hand and the forearm.
The muscles that produce ﬂexion in the wrist are called the ﬂexor carpi radialis and
ﬂexor carpi ulnaris. Extension in the wrist is produced by the exterior carpi radialis longus,
the exterior carpi radialis brevis, and the extensor carpi radialis ulnaris. Abduction or
radial deviation of the wrist is made possible by the extensor carpi radialis longus,
the ﬂexor carpi radialis, and the abductor pollicis longus. The ﬂexor carpi ulnaris and the
extensor carpi ulnaris help in the adduction or ulnar deviation of the wrist.
The muscles that make hand motion possible are lumbricals, dorsal and ventral interossei, ﬂexor digitorum profundus, and ﬂexor digitorum superﬁcials (metacarpophalangeal
[MP] ﬂexion except for the thumb); exterior digitrom (MP extension except for the
thumb); dorsal interossei (digital abduction); ventral interossei (digital adduction); lumbricals, dorsal, and ventral interossei (proximal interphalangeal [IP] extension); lumbrical,
dorsal, and ventral interossei (distal IP extension); ﬂexor digitorum superﬁcials and
ﬂexor digitorum profoundus (proximal IP ﬂexion); ﬂexor digitrom profounds (distal IP
ﬂexion); ﬂexor pollicis longus and brevis (thumb ﬂexion); exterior pollicis longus and
brevis (thumb extension); abductor pollicis longus and brevis (thumb abduction); adductor
pollicis (thumb adduction); and opponens pollicis, abductor pollicis brevis, and ﬂexor
pollicis brevis (opposition of the thumb). These muscles are connected to the bones by
tendons. The tendons that are connected to the ﬁngers pass through a channel-like structure in the wrist called the carpal tunnel. The various nerves and blood vessels also pass
through this channel (Figure 10.2). The wrist joint can move only in two planes. Movement
in one plane allows for ulnar and radial deviations. Movement in the second plane,
perpendicular to the ﬁrst plane, allows for ﬂexion and dorsiﬂexion.
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3,791
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4,216
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936
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5,779

12,443

193,066

524

466

24

439

45

102

301

3,255

75

5,272

11,514

178,778

2002

6–10 Days
2001

822

442

57

436

20

141

453

1,762

15

4,162

5,761

170,772

461

342

33

441

56
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323

1,698

68

3,575

5,473

158,609

2002

11–20 Days
2001

279

206

7

192

2

39

229

1,129

69

2,172

14,995

97,526

202

382

9

319

37
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409

870

11

2,308

16,707

95,886

2002

21–30 Days
2001

1,171

1,409

62

845

119

230

703

1,512

69

6,159

9,716

337,558

2001

1,318

966

195

634

146

245

950

2,164

113

6,779

8,511

360,061

2002

31 Days or More

A, total in all private industry; B, tools, instruments, and equipment; C, non-powered hand tools; D, non-powered boring hand tools; E, non-powered cutting hand tools;
F, non-powered digging hand tools; G, non-powered gripping hand tools; H, non-powered measuring hand tools; I, non-powered striking and nailing hand tools; J, nonpowered surfacing hand tools; K, non-powered turning hand tools; L, non-powered hand tools such as crowbars, pitchforks, etc.
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16,492
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4,569
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C

D
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168
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432
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604
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521
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15,037
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296
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2,659

13,745

161,426

2 Days

574

412

100
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334
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20,544
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241

523
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285
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425
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3–5 Days
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997
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1,715

12,443

193,066

178

155

132

540

164

526

441

2,143

11,514

178,778

2002

6–10 Days
2001

87

64

40

55

82

775

254

1,578

5,761

170,772
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282
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255

175

625

339

1,852

5,473
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526

118

229

519

371

470

647

3,236
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97,526

42

88

35

183

89
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950

16,707

95,886
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21–30 Days
2001

54

141

50

331

124

903

522

1,982

9,716

337,558

2001

277

134

107

291

647

919

415

2,839

8,511

360,061

2002

31 Days or More

A, total in all private industry; B, tools, instruments, and equipment; C, powered hand tools; D, powered boring hand tools; E, powered cutting hand tools; F, powered
striking and nailing hand tools; G, powered surfacing hand tools; H, powered turning hand tools; I, powered welding and heating hand tools; J, powered hand tools such
as nail guns, sprayers, etc.
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Figure 10.1 Bones of the hand and the arm. (Adapted from Putz–Anderson, Cumulative Trauma
Disorders: A Manual for Musculoskeletal Diseases of the Upper Limbs, Taylor & Francis, London, U.K., 1988.)

Median
nerve

Ulnar
nerve

Tendons
Ligament

Bones

Figure 10.2 Cross section of the wrist showing the carpal tunnel. (Adapted from Putz–Anderson,
Cumulative Trauma Disorders: A Manual for Musculoskeletal Diseases of the Upper Limbs, Taylor & Francis,
London, U.K., 1988.)
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10.3 Tool and task-related factors in hand tool design
10.3.1 Grip
10.3.1.1 Types of grips
The human hand is dexterous enough to permit different grips. The two most common
grips are the power grip and the precision grip [7]. The power grip is used when forces are
to be exerted. In a power grip, the tool axis is perpendicular to the axis of the forearm, and
the hand is ﬁsted with four ﬁngers on one side and the thumb on the other side. There
are three classes of power grips depending on the line of direction of the force: force
parallel to the forearm (e.g., saw), force at an angle to the forearm (e.g., hammer), and
torque about the forearm (e.g., corkscrew).
The precision grip is primarily used for work that requires precise manipulation and
control, rather than the use of large forces. In a precision grip, the tool is pinched between
the thumb and ﬁngers. These are two classes of precision grips: the internal precision grip,
where the shaft of the tool is internal to the hand (e.g., a knife); and the external precision
grip, where the shaft of a tool is external to the hand (e.g., pencil).
Precision grips, on an average, provide only about 20% the strength of a power grip [8].
This is because precision grips use smaller muscle groups for force generation than power
grips. The implication is that tools such as hammers, designed for exertion of the force,
should carry a power grip; tools, such as surgical knives, designed for minute manipulation, should carry a precision grip.

10.3.1.2 Angles of forearm, grip, and tool
The angles of the forearm, the grip, and the tool are possible causative factors for upper
extremity injuries and illnesses. Deviations of the wrist have been shown to result
in productivity losses [9], and losses in grip strength of the individual by as much as
14%–27% [10]. The recommended wrist orientation is a handshake (straight) orientation.
If any bending is required, the tool, rather than the wrist should be bent [11]. Bending the
tool handles, and increasing the length of the upper portion of the handle, has been
shown to result in fewer complaints of wrist stress and fatigue [12–16]. To avoid wrist
deviation in the direction of the ulna when exerting large forces on a straight tool handle,
the recommendation is to keep the long axis of the forearm parallel to the direction of
exertion of the force [17]. Further, the tool handle axis should be at 808 from the long axis
of the tool (as in a pistol grip) whenever large forces are to be exerted on a workpiece [3].
The angle of bend does not seem to inﬂuence task performance greatly [12,13], even though
tasks such as vertical hammering seem to be more difﬁcult, less accurate, and more
stressful and fatiguing [14]. In designing hand tools to be used by one hand, the ﬁnger
forces have been found to be inﬂuenced by the grip posture of the hand. For good control
and minimum fatigue while using the hand tool, researchers suggest using a primary
control area of 10–13 cm from the wrist origin, and 8–12 cm from the wrist origin as the
secondary control area [18]. Further, the hand postures of the index and the middle ﬁngers
at the MP joint and at the proximal IP joints become important [18].

10.3.1.3 Grip thickness
A range of grip thickness has been recommended for different types of grips and hand tools.
Experiments with screwdriver handles (a precision grip) prompted Hunt [19] to recommend
an 8 mm diameter handle rather a 16 mm diameter handle due to the slowing of work done
with the thicker handle. Kao [20] recommended a 13 mm diameter handle for a pen (again, a
precision grip); however, Sperling [21] recommended a 30 mm diameter handle compared to
a 10 mm diameter handle for a pen due to observed lesser fatigue, lower recorded strain, and
larger maximal force exertion with the 30 mm diameter handle. For power grips, hand size
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inﬂuences the diameter of the handle [22,23]. According to Jonsson et al. [24], power grips
around a cylinder should surround more than half the circumference of the cylinder, without
the ﬁngers and the thumb meeting. Grip strength increases with increase in grip diameter.
Based on this observation, Hertzberg [25] recommended an optimum grip diameter of 65 mm.
Ayoub and LoPresti [26] recommended 51 mm, and Greenberg and Chafﬁn [22] recommended 50 mm. Fransson and Winkel [27] recommended a grip diameter between 50 and
60 mm for females, and between 55 and 65 mm for males based on the maximum grip
force recorded. In a recent study with Japanese subjects, Yakao et al. [28] recommended an
optimum grasping diameter of 30–40 mm for males, and 10% less for females, for holding
cylindrical tubes, based on the sensory testing of the dimensions of the length of the hand.
Most published studies recommend a grip diameter between 50 and 60 mm also, while
designing tools with power grips, it is to be remembered that people with small hands cannot
use tools with grip diameters more than 60 mm. In designing cross action tools cannot use
tools with grip diameters more than 60 mm. In designing cross action tools such as plate shears
and scissors, where the shafts=grips of the tool move, the recommended maximum span is 100
mm, and the recommended minimum span is 50 mm [22]. Researchers also recommend the
use of the spring to open the handles in cross-section tools as it will relieve the extensor
muscles during the opening of the tool [29,30]. Despite design efforts such as weight and
location compensation, grip dimensions and shapes continue to cause muscular strain [31].

10.3.1.4 Grip length
Grip length of a tool is another grip-related factor that has been studied in the literature
based on hand width ranges (which varies from 79 mm for a 1st percentile female [32,33] to
99 mm for a 99th percentile male [33,34]). Konz [35] recommended a minimum grip length
of 100 mm and a grip length of 125 mm for the grip to be comfortable. Other recommendations for the grip length include 120 mm [36], and grip length of 110 and 100 mm for men
and women, respectively [37]. The grip length recommended is 125 mm [35]. The general
recommendation is to have a grip length that would not limit the tool head opening, and at
the same time avoid excessive compressive forces or stress concentrations on the tender
parts of the palm. For external precision grip, the tool shaft must be at least 100 mm in
length and must be long enough to be supported at the base of the ﬁrst ﬁnger or the thumb.
For internal precision grip, the tool should extend past the tender palm [35], and must not
end close to the central part of the palm.

10.3.1.5 Grip force
Literature recommends a maximum grip force of 90 N based on the 95th percentile
value [22]. For situations requiring repeated force exertion, the recommendation is to use
40%–50% of the maximum hand grip strength of males and females while cutting with
plate shears for 1 min without fatigue. In a study of the grip force and fatigue with three
types of plate shears (one ordinary and two shears modify with springs and reduced grip
spans), and three different types of plates (easy to cut, moderately difﬁcult to cut, difﬁcult
to cut). Kilbom et al. [29] found that females reduced their relative grip force from 65% to
50% when using the spring grip and the reduced grip span, and males used 40%, and
females 60% of their maximal grip force with the plate that was moderately difﬁcult to cut.
Further, they found that the total work was not inﬂuenced by the type of plate shear. The
productivity of male and female subjects (in terms of the cum cut per min) was strongly
related to the hand size and the relative grip force used.

10.3.1.6 Grip surface characteristics
The characteristics of the grip surface are another factor that has been extensively studied
in the literature. The general recommendation is to use a grip surface that is slightly
compressible, nonconductive, and smooth [35]. Compressible materials dampen vibration
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and allow for better distribution of pressure. Making the grip surface too soft will,
however, increase the risk of sharp objects, such as metal chips, getting embedded in the
grip making it unsafe to use. Wood or plastic is desirable as grip handle materials as these
do not absorb oil or other liquids, and do not conduct heat or electricity [38]. The
perception of hand fatigue has been shown to decrease when foam rubber grip is used
[39]. The recommendation is to avoid metal handles, or encase metal handles in a rubber or
plastic sheath [35]. When using hand tools, the pressure–pain threshold has been reported
to be around 500 kPa for females and 700 kPa for males [40]. These pressures are even
greater when exerted maximal power grips. Thus, to ensure distribution of the grip
pressure, and to avoid excessive localized pressure resulting in pain in the hand, and
consequent disruption of work, researchers recommended maximizing the grip surface
area. Another grip surface characteristic that has been studied includes the frictional
characteristics of the grip surface. It has been shown that the frictional characteristics of
the tool surface vary, with the pressure exerted by the hand with the smoothness and
porosity of the surface varying with contaminants [41,42]. Sweet increases the coefﬁcient of
friction. Adhesive tape and suede are recommended when moisture is present in the
environment where the hand tools are handled [42].

10.3.1.7 Grip shape
Grip shape has also been extensively studied in the literature. The most important consideration related to grip shapes is that the shape should maximize the area of contact
between the palm and the grip in order to avoid pressure ridges and stress concentration
points, especially in power grips. Grip pressure concentration under static and dynamic
loading conditions has been shown to be related to vibration white ﬁnger syndrome [43].
Commercial hand tools, in general, have with rounded ends maximized force [44]. There
are conﬂicting results regarding the relationship between torque and handle diameter.
For turning action with cylindrical grips, Pheasant and O’Neill [45], and Grieve and
Pheasant [46] reported that the maximum volitional torque exertion capability of males
and females had more effective torque exertion capability than males for handle sizes less
than 44.5 mm. However, while Mital and Sanghavi [47] reported an increase in the torque
with an increase in grip diameter, it was not a proportional increase. Also, when there is no
turning action on the grip and yet torque is exerted on the workpiece, torque varied with
the lever arm [48]. Pheasant and O’Neill [45] reported that the shape of the handle was not
relevant as long as the hand did not slip around the handle. Since rectangular or triangular
edges resist slippage, use of these shapes is recommended when a noncircular grip is used.
Mital and Channaveeraiah [48] compared cylindrical, triangular, and rectangular handles
and reported that the torque exertion capability of individuals with triangular handle
screwdrivers was greater than with cylindrical handle screwdrivers. For wrenches, the
torque exertion shape was found more favorable than the square, hexagonal, and circular
handle shapes [49]. Cochran and Riley [50] recommended a handle perimeter of 110 mm
for knives; further the thrust forces exerted with straight knives are about 10% greater with
triangular handles than with cylindrical or rectangular handles. For screwdrivers, a
T-shaped handle is preferable than a straight handle as it prevents wrist deviation, and
increases torque exertion capability by as much as 50% [45]. Further, the T-handle should
be 25 mm in diameter, and should be slanted at an angle of 608 to allow the wrist to be
straight. For knives a pistol grip at an angle of 788 to the horizontal [3] is preferable to a
straight grip [51,52]. For poultry cutting knives, Fogleman et al. [53] found that the
traditional straight knife performed the worst. Further, a minus 308 blade in a dagger
grip was found to be the best for a table cut (in terms of minimizing the wrist extension,
ulnar deviation, and their ranges), and a plus 308 blade, held normally, was best for a
hanging cut. The diameter of the knife was found to be insigniﬁcant.
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10.3.1.8 Grooves, indentations, and guards in grips
Commercially available hand tools have a variety of grooves, indentations, and guards.
The literature does not recommend form ﬁtting tools that have grooves for ﬁngers, etc. [11].
Grooves, in general, are too big or too small, and do not ﬁt the user. This results in pressure
ridges, nerve compression, and circulation impairment. Vertical grooves on the handle,
provided by the designer to prevent the hand from slipping, cut into the palm of the hand
and add to pressure ridges. Such grooves and ﬂutes should be avoided. If grooves are to be
provided in the tool, it is desirable to use grooves that are small enough to avoid pressure
concentration but large to provide good friction between the hand and the grip. For small
hand tools used in precision work, regular size handles can be provided instead of grooves,
for better control. The undesirability of grooves, however, does not mean that grooves
should never be used. Slight and uniform surface indentations have been used and allow
for greater torque exertion capabilities than smooth handles. A 50 mm diameter handles
with knurled surface maximized torque exertion [45]. Guards are used in front of the grip
to prevent injuries from happening when the hand slips, or when the hand and tool collide
against a sharp or rigid surface. Cochran and Riley [54] recommended guards of 1.52 cm
height or above to ensure maximum safety to worker.

10.4 Effective weight of tool
The effective weight of a tool is the tool weight supported by the worker. Manually
operated precision tools have low effective weights and do not pose major health risks.
However, many power grip tools (axes, hammers, saws), and power tools (especially with
externally supplied pneumatic or electrical power), which use large muscle groups of the
forearm, have high effective weights, and pose a health risk. In order to reduce fatigue,
the recommended effective weight of tools is 2.3 kg [22,36]. Further, this weight should be
reduced if the centre of gravity of the tool is far away from the wrist. This recommendation
is corroborated in addition by Johnson and Chidress [55], who observed that powered
screwdrivers weighing 1.12 kg or less do not produce signiﬁcantly different EMG activity
magnitudes. Workers subjectively rated tools weighing between 0.9 and 1.75 kg a feeling
just right [56]. Grant and Habes [57] found that addition of ﬂanges to handles to provide an
additional source of coupling between the hand and the handle did found that the grip
force required to perform tool lifting tasks. In fact, they found that the grip force increased
with increase in the effectiveness of the tool. For ﬁne precision work, researchers recommended using much lighter tools than those used for work involving large muscle groups.

10.5 Type of tool
Wrenches enable greater torque exertion (about 10–20 times more) than screwdrivers as they
use different muscles and lever arms [40]. The torque exertion capability for screwdrivers, in
general, increases with increase in handle diameter. The torque exertion capability for
wrenches, in general, increases with increase in handle diameter and varies linearly with
the lever arm. Exceptions include instances such as when more torque is exerted with a
socket wrench than with a vise grip or a spanner wrench or a crescent wrench of about the
same lever arm. The type of grip, and the nature of coupling between the tool and workpiece,
sometimes creates such situations.

10.6 Trigger
Many powered tools are started by a trigger, activated either by the thumb, or one or
several of the other ﬁngers. When triggers have to be activated repeatedly or for prolonged
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periods of time, musculoskeletal problems arise as such repeat activities require precision as well as force exertion (for holding and guiding the tool). In order to avoid such
musculoskeletal problems, researchers recommend designing the tool for activation by
either hand (one hand operates while the other rests) [58], or through the use of additional
help from the middle ﬁnger in addition to the triggering action from the index ﬁnger [59].
According to Lee and Cheng [59], the task demands for tripping a trigger should be
less than 2 kg for single-ﬁnger triggering and less than 4 kg for double ﬁnger triggering.
Also, to reduce the effect of continues exertion of muscle force, the recommendation is to
provide a latch (or other comparable locking mechanism) that can hold the trigger in
place while the tool is in use. New developments in tactile sensing technologies are now
enabling designers to develop zero-force triggers for use in common hand tools such as
soldering guns, where, normally, forces in excess of 20 N would be needed to operate the
tool [60].

10.7 Special purpose tools
In general, special purpose tools, even though more expensive than general purpose tools,
are faster. The savings in labor costs, due to shorter time per use over the life of the tool,
more than offset the high initial cost of the tool [35].

10.8 Power source of tools
The recommendations are to use power tools with external energy whenever possible
[35]. This is due to the cost-effectiveness of mechanical energy (compared to human
energy), and the fact that the efﬁciency of machine power generation is much higher
than the efﬁciency of human power generation. Besides, human fatigue and machines do
not. While powered hand tools add to the efﬁciency, they have been shown to cause
adverse reaction forces and consequent operator discomfort, especially when such power
tools have shut off mechanism that causes only a slow decline in torque when the tool is
shut off [61,62].

10.9 Vibration characteristics
Using hand tools that vibrate, for short and prolonged periods, can cause vasospastic
disease (Reynaud’s disease) and contribute to carpal tunnel syndrome [63,64]. While
some researchers have questioned the existence of a direct relationship between vibration
and carpal tunnel syndrome [65–69], Silverstein et al. on basis of extensive epidemiological evidence, suggest that the risk of cumulative trauma disorders (CTD) is increased
by ﬁve times in jobs inducing only high force=high repetitiveness. The recommendation
of researchers is to avoid vibrations in the critical range of 40–130 Hz [63]. According to
the Technical Research Centre of Finland [70], vibration levels for pneumatic screwdrivers
and nut runners, when more than 126 dB, should not exceed 8 h of exposure time.
Lundstrom and Johansson [71] reported that exposure to vibration between 2 and 200
Hz leads to acute impairment of tactile sensibility. Since resonances of the hand-arm
system do not occur above 1000 Hz [72], it is important to avoid segmental vibration
frequencies below 1000 Hz. NIOSH [64] has provided general recommendations that are
useful in practice: jobs should be redesigned to minimize the use of vibrating hand tools;
powered hand tools should be redesigned to minimize vibration; and engineering controls, work practices, and administrative controls should be used to minimize vibration
where jobs cannot be redesigned. A reduction in the vibration driving force, and the use
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of damping materials will reduce vibration [73]. Developments such as using the amount
of energy absorbed by the hand and the arm as a basis for assessing risk to excessive
vibration exposure [74], and using an energy ﬂow hand-arm divider to reduce the
magnitude of vibration transmitted to the hand [75] augur well for the future.

10.10 Duration and repetitiveness of use
The duration and repetitiveness of use of a hand tool have been shown to increase the
potential for risk of an occupational injury, either alone or in combination with some of
the other factors discussed in the section on effective weight of tool [76–80]. Silverstein et al.
[69,81] observed that in highly repetitive work with high manual force exertions, the risk
and prevalence of carpel tunnel syndrome was 15 times higher than in jobs with low
repetitiveness and low force exertions. Depending on whether the demands on time are
low, moderate, or high (see Sperling et al. [82] for the set of criteria that determine what is
low, moderate, or high), high force or precision requirements in combination with high
demands on time, or high force or precision requirements in combination with moderate
demands on time, should be considered unacceptable. Duration and repetitiveness of work
have been extensively studied by researchers. Greenberg and Chafﬁn [22] reported that 2.5
kg held in one hand led to signiﬁcant muscle fatigue within 20 min even with a comfortable
working posture.
When exertions have to be repeated, the duration of exertion, and the ensuing rest
period, inﬂuences the time it takes to reach subjective fatigue. Thus, 1 min exertions
with 1 min rest periods lead to fatigue within 4 h if 5.6 kg are held in one hand. If the
weight of the object is 1.9 kg, 1 min exertions with 10 s rest breaks lead to fatigue in 4 h [22].
It has been determined that if repeated exertions are made at a self-determined pace, the
maximum torque that can be exerted with screwdrivers and wrenches declines by as much
as 38% after 240 s [48]. This decline limits the endurance time as well. Recovery heart rate
and recovery of endurance have been used to determine optimum work–rest regimes for
intermittent isometric activity [83–85]. Using force response to electrical simulation of
the forearm muscles, and local blood ﬂow as the criterion, it was determined that at 25%
MVC continuous exercise until exhaustion, recovery did not take place even after 24 h [86].
Several attempts have been made to determine the maximum number of exertions per
hour, or per day, that can be tolerated without fatigue or muscle tension disorders [80,87].
While it is difﬁcult to set precise limits on the acceptable number of exertions per day, it can
be concluded that repetitive hand-wrist exertions distributed at high rate over the workday
introduces an increase of musculoskeletal disorders.

10.11 Gloves
Gloves protect the hand and forearm of the worker by resisting sharp edges, splinters,
extreme temperatures, sparks, electricity, and chips. Gloves are also used to reduce transmission of vibration energy by absorbing or attenuating it. Gloves have many disadvantages as well. Gloves interfere with a person’s ability to grasp objects; they also affect
hand movements. Gloves change the effective dimensions of the hand. They increase the
hand thickness anywhere from 8 to 40 mm [88]. Manual dexterity is reduced by the
presence of the glove material over the hand [89–91]. However, gloves that provide good
dexterity and manipulative capabilities have been designed [92,93]. Gloves also reduce
tactile feedback and the edges and seams of gloves cause irritation at contact points.
Human performance in the presence of gloves has, in general, been found to be mixed.
Weidman [94] studied the inﬂuence of different kinds of gloves on manual performance
and observed that performance times decreased by 12.5% when the gloves were made of
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Neoprene. With terry cloth, leather, and PVC gloves, performance decreased by 36%, 45%,
and 64%, respectively. Jenkins [95], however, reported superior performance when operating small knobs while wearing gloves. Plummer et al. [91] found that the assembly of a
0.635 cm diameter bolt, nut, and washer assembly took signiﬁcantly longer and resulted in
more error than when assembling larger sized bolts (0.79 and 1.27 cm diameter bolts).
Desai and Konz [96] found no difference in error rates in tactile inspection of different sizes
of hydraulic hoses. There are studies that report an actual increase in performance as a
result of wearing gloves. Bradley [97,98] reported an increase in speeds for control operations. Riley et al. [99] also reported an increase in friction and a reduction in task strength
requirements with gloves.
The force=torque exertion capability when wearing gloves is another dimension of
interest to designers. When wearing gloves, a fraction of the force generated by the
muscular contraction may be directed in maintaining the grip and may result in reduced
force production. Such reduction in grip (grasp) force has been reported by several studies.
Hertzberg [25] reported a 20% decline in the grip strength when gloves were used. Lyman
[100] and Sperling [101] reported a 30% or more decrease in strength. Cochran et al. [102]
reported a reduction in grasp force due to wearing gloves ranging from 7.3% to 16.8%
when compared to work without gloves. Sudhakar et al. [103] reported that the peak grip
strength with rubber and leather gloves was 10%–15% lower compared to grip strength
without gloves even when there was no signiﬁcant difference in muscle activity between
glove and no-glove conditions. Mital et al. [104], however, found that the peak torque
exertion capability of individuals when using hand tools such as wrenches and screwdrivers generally increased with gloves even though muscle activity did not signiﬁcantly
differ between the glove and the no-glove condition.
While Goel and Rim [105] and Bingham et al. [106] observed a reduction in the
transmission of vibration energy in the presence of gloves, Gurram et al. [107] found that
wearing gloves when using hand tools was ineffective in reducing the attenuation of
vibration caused by hand-held power tools.
The reduction in grip or grasp force, however, has not been observed always. Lyman
and Groth [108] reported that workers exerted more force with gloves than without gloves
when inserting pins in a peg-board. Riley et al. [99] also reported an increase in the
maximum pull force, push force, wrist ﬂexion torque, and wrist extension torque. Shih
and Wang [49] reported a 10%–30% increase in the maximum volitional torque exertion
capability when subjects wore gloves while using hand tools. Also, the glove thickness had
a positive correlation with the supination maximum volitional torque exertion.
Industrial activities such as maintenance and repair require the use of wrenches and
screwdrivers, where the force exertion is mainly rotary at the periphery of the grip, in
addition to the compressive (grasping) forces. Mital et al. [104] used seven different hand
tools and nine varieties of commercial gloves and measured peak volitional torques on a
simulated workpiece. The peak torque and electromyogram of ﬂexor digitorum profundus
and supinator brevis indicated that muscle activity did not differ signiﬁcantly between the
glove and no-glove conditions. Further, the peak torque exertion capability of individuals
increased with gloves. The magnitude of the torque was different for different gloves.
Overall, it can be said that gloves are a mixed blessing. They provide safety and comfort
but occasionally reduce manual performance.

10.12 Operator-related factors in hand tool design
Worker characteristics such as left=right handedness, gender, age, strength, technique,
body size, and posture have an inﬂuence on the risk of injury and decreased productivity
in work with hand tools. Research in each of these factors is summarized below.
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10.12.1 Left=right handedness
Approximately 10% of the population is left-handed [109]. Yet most tools are designed for
right-handed users. Since the preferred hand is stronger by about 7%–20% [110,111], more
dexterous [112] and faster [113], a left-handed user is at a disadvantage when using a righthanded tool. Also, certain right-handed tools require different action when used by the
left hand [114]. In many instances, tools designed for right-handed people cannot be used
by left-handed people [115]. The solution to this problem is to design tools for use by
either hand.

10.12.2 Gender=age
Worker’s gender and age affect the strength and torque exertion capabilities of individuals,
and hence the use of hand tools. The grip strength of females has been determined to be
approximately 50%–67% of male grip strength [35,37,116]. Males, on the average, can exert
about 500 N force while females, on the average, are able to exert 250 N force. This
difference in force exertion capability is primarily due to the females having smaller grip
size and muscles. The implication is that hand tools designed on the basis of wale strength
and anthropometry will not work for females. Mital [40] reported that the torque exertion
capability of males with screwdrivers and wrenches is 10%–56% greater than females. Grip
strength is also signiﬁcantly affected by age [111]. By age 65, the decline in strength is about
20%–40%. Etherton et al. [117] report that for overhead pulling tasks in adjusting rollover
protective structures for farm tractors, the older work group (55 years and older) had a
mean strength of 97% of that of the younger work group (55 years and younger). Further,
when the task was to be done at shoulder height, the older group’s strength was only 78%
of that of the younger group’s strength.

10.12.3 Strength
A signiﬁcant relationship has also been observed between the isometric strengths and
anthropometry, and the torque exertion capability of individuals while using hand tools.
Mital and Sanghavi [47] observed that a signiﬁcant correlation existed between the isometric shoulder strength and torque exertion capability. Their overall conclusions were
that heavier and stronger individuals exerted more torque than their weaker counterparts.
Shoulder strength was found to be a limiting factor in torque exertion capability. Etherton
et al. [117] found that the force applied at a given wrench handle length and the strength
needed to tighten threaded fasteners became smaller as the diameter of the threaded
fastener decreased. This conclusion was based on the signiﬁcant difference observed in
the strength exertion capabilities of older and younger adults for pulling type tasks at or
above shoulder heights. Obertengren et al. [118], in their study of manual screw driving
tasks, found that the shoulder working height and the type of screw had an effect on the
workload and torque exertion. Mital and Sanghavi [47], and Johnson and Childress [47,55]
also observed that body heights, and whether or not the worker was sitting or standing,
were unimportant. Fransson and Winkel [27] found that the ability of the hand to produce
force depended on the grip type used. Further, they concluded that 35% of the male–female
difference in hand strengths was due to the difference in the male–female hand size.

10.12.4 Posture
The effect of body posture on use of hand tools was studied in detail by Mital [119] and
Mital and Channaveeraiah [48]. Postures ranging from standing to lying-on-the-side were
studied. It was concluded that minor posture variations were unimportant. Extreme
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variations, such as between standing and lying on the stomach or leaning sideways from a
ladder, however, were found to cause large differences in torque exertion capabilities.

10.12.5 Technique=experience
Technique and experience of the worker are two other factors that have been shown to
have an inﬂuence on the torque exertion capability of the workers when working with
hand tools. Marras and Rockwell [120] reported that workers experienced in spike maul
use generated almost twice as much force (136–846 N) as the novice workers (64–446 N).
This large difference was due to the technique used by the workers (snapping action as
opposed to sustained application of force).

10.12.6 Reach distance
Reach distance has been determined to have an effect on the torque exertion capability as
well. Mital and Sanghavi [47] found that the torque exertion capability with wrenches and
screwdrivers decreased linearly with reach distance (distance between the front of the
ankles and the workpiece) between 33 and 58 cm in the standing posture, and between 46
and 71 cm in the sitting posture.

10.12.7 Wrist orientation
Mital and Channaveeraiah [48] found that the orientation of the wrist played a signiﬁcant
role in determining the maximum torque exertion capability. They concluded that the
maximum torque with wrenches was exerted when the long axis of the tool was kept
horizontal. With screwdrivers, they concluded that the torque exertion was maximum
when the wrist was rotated 908 counterclockwise from the prone position.

10.13 Summary
Recommendations based on research ﬁndings in hand tool design, selection, and usages
have been presented in this chapter. However, it is important to realize that proper design
of the hand tool alone may not be sufﬁcient to correct any ergonomic problem. There are a
number of other important activities that have to be carried out in conjunction with hand
tool design, if ergonomic recommendations for hand tool design are to make any impact.
These activities include problem identiﬁcation (based on collected injury and risk potential
data); data collection using statistical techniques, and by using ergonomic work, tool, and
equipment analyses; and a complete and thorough analysis of the collected data. A number
of techniques are available for identiﬁcation of musculoskeletal injury hazards for the
upper extremities [121], and these techniques should be used in addition to the comprehensive injury data collection devices instituted by the BLS, for better overall injury
prevention and control in the workplace. Ergonomic signiﬁcance of the material presented
in this chapter is as follows: humans use different types of hand tools not only in a variety
of occupational settings, but also in a number of other domestic day-to-day activities. Use
of hand tools has been linked to musculoskeletal disorders of the upper extremities.
Decades of research with hand tools have resulted in guidelines for the design, selection,
and use of hand tools, which, when adequately implemented, can provide effective
engineering and ergonomic solutions to alleviate injuries to the hand tool user. This
chapter highlights the injury problems due to the use of hand tools among the US
workforce, and presents an up to date summary of research in the various aspects of
hand tool design.
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11.1 Need for protection of hand
The hand, which provides humans with both mechanical and sensory capabilities, needs to
be protected from the environment. Protection is needed from mechanical trauma (abrasions, cuts, pinches, punctures, crush injuries), thermal extremes (heat and cold), radiation
(nuclear, ultra-violet, x-ray, and thermal), chemical hazards, blood borne pathogens,
electrical energy, and vibration.
There exist several forms of hand protection, which can be used as stand-alone protection, or in combination with other personal protective equipment. The commonly available
hand protection devices are gloves, mittens, ﬁnger cots, and gauntlets—made of several
materials, such as leather, cotton, rubber, nylon, latex, metal, and in combinations of the
same—to provide maximum protection against the speciﬁc condition being guarded
against.
It will be relevant to give a brief description of a variety of gloves that are available
today. It will also be relevant to discuss performance effects of gloves, before detailing on
the challenges of glove design.
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11.2 Types of gloves
There are a wide variety of gloves available today. Starting from a garden glove at 50 cents
a pair from a local grocery stores to latex and vinyl gloves used by health care professionals
to custom ﬁt shuttle gloves donned by astronauts for extravehicular activities (EVA),
which cost a few hundred thousand dollars a pair, the extent of variety among gloves
can be overwhelming as to defy easy categorization. Gloves can be categorized along a
number of dimensions such as materials, design, and location of use. Materials used in
gloves are cotton, nylon, duck, jersey, canvas, terry, ﬂannel, lisle, leather, rubber, synthetic
rubber, wire mesh, aluminized fabric, asbestos, plastic and synthetic coatings, impregnated
fabrics, polyvinyl chloride, nitrile, neoprene, and many synthetic ﬁbers with identiﬁable
brand names (Riley and Cochran, 1988). Glove styles include liners, reversibles, open back,
gloves or mittens with reinforced nubby palms and ﬁngers, and double thumb gloves.
Certain tasks may need double or more gloves. For example, shuttle gloves are an
assemblage of three layers of gloves, whereas latex sensitive people in the medical community wear an inner liner with an outer shell. The length of glove may be wrist-, elbow-,
or shoulder-length with exact dimensions depending on the manufacturer. In summary,
the gloves range from easily available general purpose ones to highly task-speciﬁc and
job-rated ones.
The use of gloves, although a necessity in many work places, has some associated
disadvantages. Gloves have been found to affect hand performance adversely, and the
performance parameters affected are dexterity, task time and grip strength, and range of
motion. Facilitation of these activities, with simultaneous protection from the hazards of
the work environment, is often conﬂicting objectives of glove design. The conﬂicts associated with providing primary hand protection through the use of a glove while permitting
adequate hand functioning has been widely recognized. Table 11.1 provides a summary of
comparison of bare-hand and gloved-hand capabilities. The glove effects on performance
are enumerated in detail in this table.

Table 11.1 Comparison of Bare-Hand–Gloved-Hand Capabilities
Indices
Thermal tolerance
Tactile perception
Grip strength
Range of motion
Manipulative ability
Prehension
Torque capability
Vibration tolerance
Dexterity
Chemical resistance
Electrical energy
Radiation (all kinds)
Biohazard risk
Abrasive trauma

Bare Hand

Gloved Hand

Poor
Excellent
Good
Excellent
Excellent
Excellent
Poor
Poor
Excellent
Poor
Poor
Poor
Poor
Poor

Good
Poor
Reduced
Poor
Reduced
Poor
Improved
Good
Reduced
Excellent
Excellent
Excellent
Excellent
Improved
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11.3 Glove effects on performance
11.3.1 Grip strength
Published evidence exists for glove effect on grip strength, grasp strength, pinch strength,
grasp at submaximal levels of exertion, torque capabilities, and on endurance time. Reduction in grip and grasp force when gloves are donned is perhaps the most common ﬁnding
(Cochran et al., 1986; Bishu and Klute, 1993; Bishu et al., 1993; Muralidhar et al., 1999).
Muralidhar et al. (1999) evaluated two prototype gloves (contour and laminated) with a
single layer and a double layered glove. Bare-hand performance was measured to assess
the exact glove effect. Considerable reduction in grip strength with gloves was found.
Figure 11.1 shows the effect of gloves on grip strength. Similar results were also reported
by Bronkema and Bishu (1996).
Buhman et al. (2000) examined the grasp force at maximal and submaximal exertion.
A number of experiments were performed. It was identiﬁed that grasp force was affected
by frictional and load-tactile feedback. They found that the glove effect was strong at
maximal exertions but marginal at submaximal exertions. From the ﬁndings they conclude
that the neuromuscular mechanisms utilized during maximal exertions are differentially
applied or different from those used during submaximal or ‘‘just holding’’ types of
exertion.
Shih et al. (2001) investigated the effect of latex gloves on motor performances. Grip and
load forces were recorded for picking various masses (100, 150, and 200 g) using forces
transducers. Greater grip and load forces were identiﬁed for multiple layered gloves.
It was also demonstrated that the gloves were more slippery than bare hands. The authors
conclude that the increased grip force is due to lower friction between the object and glove
surfaces.
Madhunuri et al. (2007) in their evaluation of latex and vinyl gloves identiﬁed latex
gloves enhanced grip strength than vinyl gloves. They determined that grip strength was
high for latex powdered followed by vinyl powdered, latex nonpowdered, vinyl nonpowdered, and bare-handed condition. They also found that males had better grip strength
than females.

Gloves vs. grip strength
38
37
Grip

Grip (Kg)

36
35
34
33
32
31
30

Bare

Single

Double
Glove

Figure 11.1 The effect of gloves on grip strength.
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11.3.2 Torque strength
Unlike grip strength, the overall ﬁndings on torque strength is somewhat muddled, with
some studies suggesting that gloves increase torque strength, while others suggesting
the reverse. Imrhan and Farahmand (1999) examined the effect of two glove conditions
(dry and grease smeared) and selected handle task characteristics on tightening torques on
cylindrical handles in simulated oil rig tasks. They found a 50% reduction of torque when
using grease smeared gloves compared to dry gloves. They also found a 15% increase
with the long handle compared to the short one, a 25% increase with the medium diameter handle compared to the small one, and a 12% increase with the horizontally oriented
handle compared with the vertical one. Similarly Mital et al. (1994) have reported an increase in peak torque exertion capabilities when gloves are donned, with the extent of
increase being dependent on the type of gloves donned. In contrast, Cochran et al. (1988)
found that gloves reduce torquing force. Similar results have been reported by Adams and
Peterson (1988), and Chen et al. (1989). In summary, the effect of gloves on torque
capabilities is far less clear. However, it is reasonable to assume that gloves would aid
torquing tasks.

11.3.3 Pinch strength
As compared to grip or grasp capabilities, studies on glove effect on pinch strength are few
and far in between. Kamal et al. (1992) report that gloves do not affect lateral pinch
capabilities. Hallbeck and McMullin (1991, 1993) found similar results for three jaw
chuck pinch. Lowe and Freivalds (1997) investigated the pinch force required for handling
windshield glass in a warehouse. Pinch force was measured using force sensitive resistors
in the pulpar surfaces of the ﬁnger tips. They found that Spectra gloves required 4%–20%
less grip force than Nitrile gloves.

11.3.4 Endurance time
Almost all activities with gloved hand involve certain levels of hand exertions for periods
of time. Therefore, two issues are relevant here: the extent of exertion and the time of
exertion. Most of the published studies on gloves have addressed the issue of extent
of exertion. Bishu et al. (1994a) addressed the question of how long can a person sustain
a level of exertion in gloved-hand condition. This deals with muscular fatigue and related
issues. They reported that the endurance time at any exertion level depended just on the
level of exertion expressed as a percentage of maximum exertion possible at that condition.
Figure 11.2 shows the plot of the exertion level effect on the endurance time, across all
glove and pressure conﬁgurations. The endurance time is least at 100% exertion level,
whereas it is most at 25% exertion level.

11.3.5 Dexterity
Published studies on effect of gloves on hand dexterity are in abundance. See for example
Bradley (1969), Banks and Goehring, (1979), McGinnis et al. (1973), Plummer et al. (1985),
and Cochran and Riley (1986). Purdue peg board test, O'Connor's dexterity test, and a host
of functional tests have been used to evaluate this characteristic. More recently, Bensel
(1993) conducted an experiment in which the effects of three thicknesses (0.18, 0.36, and
0.64 mm) of chemical protective gloves on ﬁve dexterity tests (the Minnesota rate of
manipulation-turning, the O'Connor ﬁnger dexterity test, a cord and cylinder manipulation, the Bennet hand-tool dexterity test, and a riﬂe disassembly=assembly task) were
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Figure 11.2 Endurance time vs. level of exertion.

investigated. Mean performance times were shortest for the bare-handed condition and
longest for the thickest (0.64 mm) glove. However, Nelson and Mital (1994) found no
appreciable differences in dexterity and tactility among latex gloves of ﬁve different
thicknesses. The authors found the thickest latex glove (0.8280 mm) to be puncture
resistant, with no loss in dexterity and tactility as compared to the thinner gloves.
Muralidhar et al. (1999) evaluated two prototype gloves (contour and laminated) with a
single layer, and a double layered glove. Bare-hand performance was measured to assess
the exact glove effect. The authors reported a reduction in performance with gloves.

11.3.6 Tactility
Although intuitively most obvious, the effect of gloves on tactile sensitivity has not been
well documented. The evidence on this matter is somewhat confusing mainly due to
inadequacies of measures and instruments. Monoﬁlament test (Weinstein, 1993) is by far
the most popular test to assess tactile sensitivity. Used in clinical testing, ﬁlaments with
predetermined force are pressed against the ﬁngers of the subjects by the experimenter till
the sensation of touch is felt. The force is recorded as the tactile sensitivity. Two point
discrimination test used by O'Hara et al. (1988) and by Bishu and Klute (1993) failed to give
a clear indication of loss of tactile sensitivity. Bronkema et al. (1994) have used grasp force
degradation at submaximal levels of exertion with gloves as a measure of loss of tactility.
Their results indicate that gloves do reduce tactile sensitivity. Desai and Konz (1983)
studied the effect of gloves on tactile inspection performance, and found that gloves had
no signiﬁcant effect on the inspection performance. Nelson and Mital (1994) found no
appreciable differences in dexterity and tactility among latex gloves of ﬁve different
thicknesses. Geng et al. (1997) investigated the tactile sensitivity of gloved hand in a cold
(128C and 258C) operation. They measured the tactual performance using an identiﬁcation task with various sizes of the objects over the percentage of misjudgement. They
found that the tactual performance was affected both by the gloves and hand or ﬁnger
cooling. Madhunuri et al. (2007) determined the effect of latex and vinyl gloves on hand
performance. They developed a new test (sponge test) to measure ﬁne ﬁnger tactility. The
evaluation of the effect of latex and vinyl gloves on human performance indicated that
tactility was better when subjects donned latex gloves than vinyl gloves. Figure 11.3 shows
the effect of gloves on tactility.
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Effect of gloves on tactility.

In summary, although the evidence shows that gloves reduce tactility, due to difﬁculties
in measurement of tactility, its exact effect has not been clearly understood and should be
the focus of glove research in the future.

11.4 Biomechanics of gloves
Hand strength, measured through grip or grasp strength, has been used as a metric to
assess human capabilities at work. Reduction in grip and grasp strength when gloves are
donned are perhaps the most common ﬁnding among published studies. Mathematically
one can postulate the following equation.
Forcewith gloves ¼ Forcewithout gloves  Glove factor
where glove factor 1, depending on glove material, thickness, and other attributes.
In other words, if one exerts 10 lb force with gloves, the actual force is 10 lb divided by
the glove factor. This relationship may be valid only for maximal strength capabilities.
However, submaximal or ‘‘just holding’’ types of capabilities are a more common
occurrence in most jobs. Surprisingly, fewer experiments have focused on submaximal
types of grasp forces (see Lyman and Groth, 1958; Westling and Johansson, 1984; Radwin
and Oh, 1992; Bishu et al., 1994b). An important research question is whether the glove
effect shown in maximum holding studies is consistent at submaximal levels of holding, as
is common in most tasks.
When grasping at submaximal levels, it is typical that people overexert initially to a
peak level and then slowly reduce the grasp to a stable level (Bronkema et al. 1994, Bishu
et al. 1994b, Kim and Bishu 1997). The peak force, stable force, and ratio of stable force to
load grasped are dependent on loads as shown in Table 11.2 (Bronkema et al. 1994). The
study shows the difference between the peak force and the stable force for the loads
investigated to be almost the same, which may imply a similar pattern of muscle strength
transition from overexertion to stable regardless of the loads lifted.
A similar pattern of grasp was reported by Grant (1994), who asked 30 male participants
to grasp a cylindrical aluminum handle, bare handed, and move it against various levels of
weight. The theoretical grasp force necessary was calculated by taking into account the
friction at the hand–handle interface, the mass of the object moved, and vertical acceleration. Participants were found to over grasp, or apply more force than theoretically
necessary, especially at the lighter loads.
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Table 11.2 Load Effect on Peak and Stable Forces

Load

Peak Force

Stable Force

Ratio of
Stable=Load

0.5
5.5
10.5
15.5
20.5

15
22
29.7
35
40.8

9.6
17
22
29
34

19.2
3.1
2.1
1.9
1.7

Source: Bronkema, L., Bishu, R.R., Garcia, D., Klute, G., and Rajulu, S.
Tactility as a function of grasp force: Effects of glove, orientation, load and
handle, Proceedings of the 38th Annual Conference of the Human Factors
and Ergonomics Society, Nashville, TN, 1994, 597–601.

It appears that the friction at the glove–handle interface affects submaximal levels of
exertions, whereas glove thickness or stiffness does not. Friction is a measure of resistance
between two surfaces. Typically, dynamic friction is always lower than that of static
friction and is less understood. Static friction is used in this study and is assumed to be
constant. This assumption, although not completely affecting hand biomechanics, is not
unreasonable. It was hypothesized that at lower levels of friction a person may over grasp
to compensate for the slippery feeling and to provide a ‘‘safety margin.’’ Likewise, at
higher levels of friction, a person may grasp with less force than necessary. This sense of
critical balance as to the amount of force applied while gripping is important to maintaining hold of an object. Too ﬁrm a grip could result in the destruction of a fragile object,
causing possible injury to the hand, or lead to muscle fatigue and interfere with further
manipulative activity imposed upon the hand. Too loose a grip would result in dropping
an object. A series of studies were performed at our laboratory to have a better understanding of submaximal grasp control at various levels of surface friction and load. The
discussions below pertain to these studies (Cherry et al., 2000).

11.4.1 A theoretical perspective
Given that people tend to overexert, and that extent of overexertion tends to increase at
lower loads, is it possible to predict how much force people will overexert for a given load?
From physics, the amount force theoretically necessary to hold an object will be
Ftheoretical ¼ W=
where
m ¼ coefﬁcient of friction at the hand–handle interface
W ¼ the weight of the object being held
Ftheoretical ¼ the force exerted by the hand perpendicular to the handle
The coefﬁcient of friction between any two surfaces, such as handle and glove, is a
constant. However, when grasping is done, there are really two frictions; one between
glove and hand, and the other between glove and the handle. The former is too complex for
measurement and modeling. In fact, that friction would be dependent on the glove
material, sweat characteristics of the hand, and on a host of other factors. In one of our
studies, two types of gloves (leather and cotton) and three levels of friction were factorially
combined. The coefﬁcient of friction for the six glove–friction conditions was measured and
is shown in Table 11.3.
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Table 11.3 Coefﬁcient of Static Friction
for Glove Conditions

4.8 mm silicon
3.2 mm silicon
No silicon

Cotton

Leather

0.613
0.471
0.366

0.809
0.65
0.525

Now if we deﬁne the following relationship
Factual ¼ C  Ftheoretical
where
C ¼ the correction factor, or the amount of exertion above the theoretical force
Ftheoretical ¼ the force exerted by the hand perpendicular to the handle
Factual ¼ the actual force exerted by the hand
then a plot of the correction factor should give some information on the nature of
the relationship between the theoretical and actual grasp force. Figure 11.4 shows a plot
of the correction factors for all the conditions tried in this study. It is interesting to
note that the correction factor reduces with increasing loads. It is very interesting to note
that the correction factor approaches 1 for leather gloves at the heaviest weight lifted, while
it is <1 for cotton glove. If we postulate that this correction factor is a measure of factor of
safety, then the results suggest that this safety factor reduces with increasing weights to be
lifted. More study is deﬁnitely needed to validate this.
The same is seen Figure 11.5 which shows a plot of actual grasp against theoretical grasp
for all the conditions. It is seen that as the weight lifted increases, the gap between the
theoretical and actual grasp reduces, and as a matter of fact crosses for the cotton glove.
Although greater actual forces than theoretical forces are somewhat intuitive, the opposite
seems to be true at higher loads. It appears that there is a critical threshold on the amount
of force applied while gripping is important to maintaining hold of an object.

Correction factor

2.5

No friction cotton

2

Level 1 friction
cotton

1.5

Level 2 friction
cotton
No friction leather

1

Level 1 friction
leather

0.5

Level 2 friction
leather

0
5.5

10.5

15.5

20.5

Grasp load (Ib)

Figure 11.4 Correction factor. (From Cherry, J., Christensen, A., and Bishu, R., Glove comfort vs.
discomfort: Are they part of a continuum or not? A multidimensional scaling analyses. Proceedings
of the IEA 2000/HFES 2000 Congress, Santa Monica, CA, pp. 5-95–5-98, 2000. With permission.)
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Figure 11.5 Theoretical vs. actual grasp. (From Cherry, J., Christensen, A., and Bishu, R., Glove
comfort vs. discomfort: Are they part of a continuum or not? A multidimensional scaling analyses.
Proceedings of the IEA 2000=HFES 2000 Congress, Santa Monica, CA, pp. 5-95–5-98, 2000. With
permission.)

Figure 11.6 shows the plot of friction on grasp force. As expected, with increasing
friction the grasp force is reduced.
It appears from these ﬁgures that
(a) the correction factor seems to reduce with increasing load grasped, but appears to
become asymptotic after some load, and
(b) the pattern seems to be consistent for both the gloves with the cotton glove showing
greater correction factors uniformly.

40
Average grasp force (Ib)

35
30
25
Peak force

20

Stable force

15
10
5
0
No silicon

4.8 in.2
silicon

7.2 in.2
silicon

Friction level

Figure 11.6 Effect of friction on grasp force. (From Bronkema, L. and Bishu, R.R. The effects of
glove frictional characteristics and load on grasp force and grasp control, Proceedings of the
40th Annual Meeting of the Human Factors and Ergonomic Society, Philadelphia, PA, 1996. With
permission.)
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It seems that the amount of over grasp (or the correction factor) depends ﬁrst on the
level of friction and then on the glove type, with little interaction between them. More
study is needed to determine the relationship among correction factor, load, and gloves.
Perhaps the following model better describes the nature of over grasp:
Factual ¼ G  Cð,WÞ  W=
where
G is the glove factor with values dependent on the type of gloves
C (m,W) is the correction factor for a speciﬁed value of coefﬁcient of friction and load
lifted.
A model, such as the one postulated above, should be validated ﬁrst through more work
before being used as a tool for designers and practitioners.

11.5 Conclusion
In summary the following statements can be made:
Gloves
1. Gloves protect the hand from the environment, but affect the performance.
2. Gloves range widely in size, type, and cost. They range from general purpose gloves
to highly specialized task-speciﬁc gloves.
3. Gloves reduce grip or grasp strength capabilities while they do not affect torque or
pinch capabilities.
4. Gloves reduce hand dexterity, tactility, and manipulability.
5. Providing protection without compromising performance in a continuous challenge
for glove designers.
Submaximal grasping
6. At the beginning of grasp, the grasp force at the low loads tends to be more overexerted than does that at the high loads.
7. The ratio of the overexertion for the low loads declines faster than does that for the
high loads.
8. The ratio of the stable force to the load lifted is higher at the low loads than at the high
loads. It approaches to the unity as increasing the load.
9. The difference between the peak force level and the stable force level is almost
constant over all levels of loads considered.
10. Gender differences are observed for the submaximal exertion as likely as for the
maximal exertion.
11. Wearing cotton gloves tends to require more grasp force.
12. Grasp force differs according to the handle orientation.
13. The grasp control, i.e., a stability of grasp can be obtained more easily at the low
loads.
14. The additional friction on gloves can make the actual grasp force as same as the
theoretically needed force. But, it is dependent upon types of gloves.
15. The correction factor that is a coefﬁcient relating actual grasp force to theoretical
grasp force approaches to or below unity as increasing the levels of loads. More
research is needed before any generalizations.
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12.1 Introduction
One of the goals of the ergonomic process is to design or modify people's work and other
activities to be within their capabilities and limitations. One possible outcome of a poor
harmonization is the development of disorders of the musculoskeletal system known as
repetitive strain injuries (RSI), cumulative trauma disorders (CTD) or, as they are termed
here, activity and work-related musculoskeletal disorders (MSD).
The relationship between human activity and MSD can be investigated from a number
of disciplines using many methodological approaches. Most evidence is available from the
relationship between work and MSD; however, in this chapter other activities will be
mentioned where appropriate. The epidemiological research addressing the relationship
between work exposure and MSD will not be addressed here as it has been extensively
345
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reviewed in Hagberg et al. (1995), Bernard (1997), and NRC (2001). These reviews found
strong and consistent relationships between many types of MSD and workplace exposures.
Modiﬁcation of these risk factors, both physical and psychosocial, is therefore a reasonable strategy for both primary and secondary prevention. Biomechanics offers one
approach to analyzing and understanding the mechanical function of the musculoskeletal
system and thus the relationships between work activity and the loads on the tissues (Wells
et al., 2004). Coupling this understanding with a knowledge of the response of tissues to
loading can help support the biological plausibility of epidemiological investigations and
suggest ways in which the work environment can be changed. The distal arm will be used
in this chapter to illustrate the role of biomechanics in understanding the injury potential of
manual activity. Although the anatomy of the region is unique, other regions can be
studied using similar approaches. The relationships between work and MSD will be
described for the major types of tissue involved: tendon, nerve, and muscle. It is acknowledged that clinically, patients may present with more complex symptoms. These are the
result of complex interactions between the many subsystems.
Biomechanics can make its best contributions at the tissue load level. Biomechanics does
this by helping us understand the effects of the many interacting physical stressors that act
on the hand, wrist, and forearm during work (Wells et al., 2004). Although this chapter
provides insight into the biomechanical nature of upper extremity work related disorders,
for detailed pathogenic reviews, readers are referred to Moore (2002) for biomechanical
models of numerous distal upper extremity disorders and Keir and Rempel (2005)
mechanisms of median nerve trauma associated with carpal tunnel syndrome.

12.2 Biomechanical approaches and MSD potential
in tendon disorders
12.2.1 Etiology of tendon disorders due to mechanical factors
Etiologically, reduced lubrication between tendons and tendon sheaths due to excess
relative movement has been suggested in tenosynovitis (Rowe, 1987; Moore et al., 1991),
whereas high peak loads and cumulative strain have been suggested for tendinitis (Abrahams,
1967; Goldstein, 1981). Mechanical stresses due to impingement are also of importance.
In vivo animal experiments under high-load, high-frequency movement conditions
have created tendon damage in rabbits from high-frequency movements (Backman et al.,
1990). High-frequency, low-load conditions produced with electrical stimulation did not
however produce any tendon damage in monkeys' ﬁnger ﬂexor tendon or sheath (Smutz
et al., 1995). More recently Archambault et al. (2001) have supported the ﬁndings of
Backman and colleagues but at more realistic movement rates. Early damage was found
in the paratenon, the outer covering of the tendon. It is suggested that this is consistent
with frictional damage due to the long term sliding of the tendon under load.

12.2.2 Biomechanical models of tendon disorders
Norman and Wells (1990) have proposed a model for understanding the origin of hand
wrist tenosynovitis in which the frictional work done by the tendon sliding through its
sheath is proposed as an important risk factor for MSD. Frictional work is present due to a
‘‘belt-pulley’’ interaction when the wrist deviates from a straight position. Armstrong and
Chafﬁn (1978) originally estimated the radius of curvature of the ﬂexor tendons in the
carpal tunnel from wrist angle changes and tendon displacement. More recently Keir and
Wells (1999) measured the tendon positions using MRI scanning techniques on living
subjects exerting known forces in a variety of functional posture. Using mathematical
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Tendon force
Tendon geometry

Pinch force

ρ

ρ

Increasing tendon tension

Figure 12.1 The effect of tendon load on tendon radius of curvature through the carpal tunnel. Loading
the tendon with 10 N force decreased the radius of curvature, r (From Keir, P.J. and Wells, R.P.,
Clin. Biomech., 14, 635–645, 1999).

differentiation, the instantaneous radii of curvature were calculated throughout the length
of the carpal tunnel. It was observed that tendon tension reduced the radius of curvature of
the ﬂexor tendons as they traversed the carpal tunnel (Figure 12.1).
The magnitude of the transmitted (normal) tendon forces is dependent on the tendon
axial load and the radius of curvature. Any tendon load will create a frictional resistance to
sliding and, if the wrist or ﬁngers move, frictional work will be done at the tendon–sheath
interface (Figure 12.2). It is also suggested that a nonnegligible resistance to movement be
present to move the tendons through the carpal tunnel even in the straight position.
Estimates extrapolated from the work of Goldstein (1981) put this resistance at around
5 N in the neutral position in humans; however, values of the order 0.5 N have been
measured (Smutz, P., personal communication). Efforts have been made to examine the
friction in the A2 pulley of the ﬁnger in cadaveric tendons (Coert et al., 1995; Uchiyama

Tendon force
Tendon movement
Frictional work on tendon /sheath
Pinch force
Normal force on tendon

Figure 12.2 Combined effect of gripping, with time varying postures. The gripping requires tendon
tension. The time varying wrist posture creates sliding of the digital ﬂexor (and extensor) tendons.
The combined effect is friction and energy input to the tissues. Finger motion will likewise create
tendon sliding.
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et al., 1995). Under a 4.9 N load the frictional force was found to range from 0.12 to 0.2 N
for angles of 208–608 (Uchiyama et al., 1995); from this the mean coefﬁcient of friction was
0.04–0.14. When the tendon was cut and rejoined using a running suture, the friction
increased to 0.146–0.432 N for angles from 208 to 608.

12.2.3 Summary and usage
Excursion of the tendons at the wrist (caused by ﬁnger and wrist movement) in both
straight and deviated postures (especially when the tendons are under tension) creates an
energy input, possibly beyond the recovery capability of the tissue. This is in keeping with
injury and accident theory where ‘‘energy’’ is the source of injury (e.g., Haddon, 1980).
Moore et al. (1991) calculated a wide range of biomechanical exposure measures during
four kinds of simulated manual work in the laboratory. These measures were based upon
peak and cumulative external measures and estimated internal loads. Of these, frictional
work best matched the injury risk in a large epidemiological study by Silverstein et al.
(1986, 1987). More recently, tendon excursion has been calculated to characterize typing on
different keyboard conﬁgurations (Nelson et al., 2000; Treaster and Marras, 2000).

12.3 Biomechanical approaches and MSD potential
in nerve disorders
12.3.1 Etiology of nerve disorders due to mechanical factors
Mechanical insult to the nerve can be due to increased hydrostatic pressures in the carpal
canal, direct mechanical insult (contact stresses) upon the nerve by overlying tendons, or
impingement (pinched nerve) and stretch (Wall et al., 1992). All have been suggested as
likely mechanisms of work-related nerve disorders. Nerve, or more properly its blood
supply, is sensitive to the hydrostatic pressure. Lundborg et al. (1982) induced pressures in
the carpal tunnel and concluded that ‘‘ . . . there is a critical pressure level between 30 and
60 mmHg where nerve ﬁbre viability is acutely jeopardized.’’ They also note that the
effects in their experiments were due to ischemia rather than mechanical compression.
Rydevik and Lundborg (1977) noted however that mechanical trauma increases susceptibility to ischemia. Szabo and Sharkey (1993) developed a method studying the response of
nerve to sinusoidally varying pressures. They reported that the changes in conduction
were related to the mean pressure rather than the peak but the choice of pressure waveforms requires expanding to examine better the impact of different work conditions
(Rempel, 1995). Direct mechanical compression of nerves can be seen at many sites in the
wrist between the ﬂexor retinaculum and the ﬂexor tendons (Smith et al., 1977), in the
lumbar spine between adjacent spinal motion units or due to extruded nuclear material
(Rydevik et al., 1990), or in the neck between scalene muscles or against the upper ribs.
Direct compression inducing pressures of 10–50 mmHg produces effects such as reduced
blood ﬂow, and increased permeability of blood vessels with edema. Direct compression of
the nerve at low levels of 20–30 mmHg (Rydevik et al., 1981) affects local blood ﬂow as
well as impairing axonal transport at 30 mmHg (Dahlin et al., 1987). It is noteworthy that
compression does not cause pain in all cases; however, the presence of inﬂammation and
compression does appear to be painful (Rydevik et al., 1990).
Stretching of nerves has been suggested as a possible cause of nonspeciﬁc nerve
disorders. It has been shown in a rabbit model that stretch of the order 6% gives rise to
changes in conduction behaviour (Wall et al., 1992). It has also been demonstrated that
nerves slide over their course from the spinal cord to their destination to accommodate
motion at the intervening joints; for example, McLellan and Swash (1976) demonstrated
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sliding of nerves at the shoulder level due to wrist movement. Szabo et al. (1994) found that
the median nerve excursion with ﬂexion–extension of the ﬁngers is 43% of the excursion
experienced by the ﬂexor tendons. The difference between specimens was signiﬁcant but
the difference before and after sectioning the transverse carpal ligament (TCL) was not.
It has been found that there is reduced sliding of the median nerve in patients with carpal
tunnel syndrome (CTS) (Nakamichi and Tachibana, 1995; Valls-Sole et al., 1995), indicating
that there may be increased frictional forces or adhesions in the diseased arm. Hough et al.
(2007) reinforced these ﬁndings using a Doppler ultrasound technique and found that
median nerve sliding in ﬁnger ﬂexion–extension was reduced by almost 3 mm in patients
versus controls. If sliding is restricted at some level, perhaps by adhesions, the excursion of
the nerve due to joint motion will increase the stretch in the segments adjacent to the
restriction with possible chronic effects. This is the basis for a provocative test such as
straight leg raises in sciatica.

12.3.2 Biomechanical models of carpal canal hydrostatic pressure
Hydrostatic pressure exists in anatomical compartments. Compartment syndromes demonstrating elevated pressure have been described in many parts of the body. The elevated
pressure may be due to processes after trauma when acute damage can result or be due to
processes occurring as a result of activity. A nerve that passes through a compartment
under elevated pressure is subject to possible damage, depending on the pressure and
length of exposure. Despite the carpal canal having the appearance of an open ended tube,
it behaves like a compartment (Szabo and Chidgey, 1989). Compartment (hydrostatic)
pressures are measured using invasive techniques; however, recent in vivo and in vitro
testing allows estimates of carpal tunnel pressure from postural and force data.
Rempel (1995) reported on a series of in vivo measures of carpal tunnel pressures during
a wide variety of manual activities in many participants. It appears that wrist and ﬁnger
postures, as well as the force exerted, affect the carpal canal pressure. It appears also that
many work activities exceed the benchmark 30 mmHg pressure and many exceed the 60
mmHg level. Rempel et al. (1997) found that the effects of ﬁngertip force on carpal tunnel
pressure were independent of and greater than those due to wrist posture during a ﬁnger
pressing task. Keir et al. (1998) determined that at the same ﬁngertip force magnitude, a
pinch grip created twice the carpal tunnel pressure than a simple ﬁnger press. This latter
ﬁnding supports the epidemiological evidence that pinch grip activities are highly correlated to ﬁndings of CTS and tendinitis in the forearm. Full supination has also been shown
to increase carpal tunnel pressure (CTP) (Rempel et al., 1998). Previously, Rempel et al.
(1994) determined the effects of wearing a ﬂexible splint on carpal tunnel pressure during a
simulated supermarket checker=bagger task and found that the splints did not reduce
pressures. These techniques have also been used to evaluate computer input devices using
three different computer mice which indicated that, although the devices appeared very
different in shape, there were no signiﬁcant differences in pressure or wrist angles. There
were no differences in pressure or wrist angle between the mice; all devices resulted
in wrist angles near 308 of extension and carpal tunnel pressures approaching 30 mmHg
(Keir et al., 1999).
In order to determine better the multiple effects of posture and force exertion, Keir
et al. (1997) used a cadaver preparation to examine these same effects. Cadaver arms
were instrumented for wrist posture in ﬂexion–extension and ulnar-radial deviation and
the tendons for index and middle ﬁnger ﬂexors as well as ﬂexor pollicis longus
and palmaris longus were connected to wires so that known forces could be applied.
A two-ﬁnger pinch grip was simulated. The responses to wrist angle changes are seen in
Figure 12.3 while Figure 12.4 shows the effects of adding load to the ﬂexor tendons.
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Figure 12.3 The effect of wrist posture on carpal tunnel pressure and median nerve contact stress
(pressure). Hydrostatic pressure was measured by catheter and contact stress by a tubular rubber
transducer replacing the excised median nerve. (From Keir, P.J., Wells, R., Ranney, D., and Lavery,
W., J. Hand Surg., 22A, 628, 1997.)

Similar responses have been found in vivo by Rempel's group in healthy volunteers
(Rempel, 1995; Keir et al., 2007).

12.3.3 Biomechanical models of direct nerve compression
Mechanical stress to the median nerve can be predicted by modiﬁed belt-pulley models of
the wrist. As was described in Section 12.2 on tendon disorders, when the tendon is under
tension and must change direction, a force at right angles to the tendon (normal force) must
be present. If the wrist is in ﬂexion, this force will be directed against the median nerve.
Moore et al. (1991) used existing data to predict loading of the median nerve during manual
work. More recently, Keir and Wells (1999) estimated the tendon radius of curvature from
MRI (and thus the resulting contact pressure) at a range of wrist angles (Figure 12.1). Further
MRI research has resulted in a predictive computer simulation of the carpal tunnel which
will lead to mechanistic testing of these empirical ﬁndings (Mogk and Keir, 2007).
Measurements, in vitro, of the pressure in a balloon transducer which has replaced the
median nerve are available (Keir et al., 1997) (Figure 12.4). The belt-pulley models predict
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Figure 12.4 The effect of tendon tension on carpal tunnel pressure and median nerve contact stress
(pressure). Flexor tendons loaded with 10 N force. Hydrostatic pressure was measured by catheter
and contact stress by a tubular rubber transducer replacing the excised median nerve. (From Keir,
P.J., Wells, R., Ranney, D., and Lavery, W., J. Hand Surg., 22A, 628, 1997.)

loading of the median nerve only in ﬂexion whereas the experimental data of Smith et al.
(1977) and Keir et al. (1997) show loads in both ﬂexion and extension wrist postures.
Instrumented measures of local contact stress are needed for clariﬁcation.

12.3.4 Summary and usage
There exist models of contact stress as well as hydrostatic pressure in the carpal canal (a full
review of median nerve trauma may be found in Keir and Rempel, 2005). There is little
data on nerve stretch during work or other activities. Drury (1987) calculated an exposure
parameter (which he termed daily damaging wrist motions) when wrist ﬂexion and
force exertion coincided. Moore et al. (1991) calculated median nerve contact stress and
its time integral during four kinds of simulated manual work in the laboratory. Under
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natural conditions, participants elected to work with the wrist in extension as they
squeezed the tool. Even under forced conditions where the work was conﬁgured to require
ﬂexed wrist postures, wrist postures varied close to straight and little loading on the
median nerve by the tendons was predicted.
To develop work guidelines for wrist posture based on carpal tunnel pressure, Keir et al.
(2007) determined the angles that protected 75% of the study population from reaching
a carpal tunnel pressure of 30 mmHg (the consensus pressure for the initiation of median
nerve trauma and empirically demonstrated to elicit CTS symptoms). These angles were
32.78 for wrist extension, 48.68 for ﬂexion, 21.88 for radial deviation, and 14.58 for ulnar
deviation.

12.4 Biomechanical approaches and MSD potential
in muscle disorders
12.4.1 Etiology of muscle disorders due to mechanical factors
Muscular loading during upper limb intensive work has been linked to the development of
chronic muscle problems in the shoulder and neck (Veiersted et al., 1993). Recent clinical
ﬁndings have suggested that forearm muscle pain may be an overlooked problem studying
work-related chronic musculoskeletal disorders (Ranney et al., 1995). Although workrelated muscle pain is well accepted in the shoulder area, pain in the forearm is usually
attributed to tendinitis or epicondylitis. Suggested mechanisms for muscle pain include
fatigue induced hypoxia leading to metabolic changes as a result of low-level continuous
activation, increased intracompartmental pressure, and physical disruption of the muscle
with high force (especially eccentric) contractions.
The major approaches to determining potential for development of muscle work-related
disorders have been electromyography (Jonsson, 1982), biomechanical models (McGill and
Norman, 1986), and fatigue=recovery type curves (Rohmert, 1973). This review will touch
on recent ﬁndings using electromyography.
Electromyography has been extensively used in the trapezius and other shoulder and
neck musculature although more work is now seen in the distal arm. Furthermore, the
extensors of the wrist and ﬁngers appear to be a critical area to consider (Hägg and
Milerad, 1997). Their importance in manual activity is highlighted by the relationship of
gripping to high extensor activity (Snijders et al., 1987). Appropriate processing of the
electromyographic signal can serve as a link between the work done and the muscle usage
required. Jonsson (1982) described a technique in which the frequency of occurrence of any
particular level of electromyography (EMG) occurring is calculated. From this, an amplitude probability distribution function (APDF) curve is developed. The ‘‘static’’ level of this
curve describes the low end of muscle loading and can suggest the ability of a muscle to
rest and thus appears important in the development of chronic work-related muscle
problems. If the value is greater than zero the muscle is not given a chance to completely
rest at least 10% of the time during a task.
Static muscle loading (not synonymous with the ‘‘static level’’ of Jonsson), even at low
levels, has been linked to muscle fatigue, pain, and myalgia (e.g., Larsson et al., 1988).
Examination of the muscle ﬁbers has revealed that in chronically statically loaded muscles
there exist increased numbers of type I (slow twitch) ﬁbers and what are termed ‘‘ragged
red’’ ﬁbers (Henriksson, 1988; Larsson et al., 1988; Lindman et al., 1991). Ragged red ﬁbers
have damaged mitochondria and are likely indicative of present or past ischemia. These
ﬁndings and an understanding of the orderly recruitment of motor units (Henneman et al.,
1965) have led to the ‘‘Cinderella’’ hypothesis, named for the fable character who, like the
small motor units, was always the ﬁrst to work and the last to leave (Hägg, 1991). Recent
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studies suggest that low-level muscular loading in the distal extremity may be moderately
increased by concurrent potentially interfering tasks (multitasking) such as shoulder activity and mental loading (MacDonell and Keir, 2005; Au and Keir, 2007), but not in all
circumstances (Visser et al., 2006).
Although the APDF is a useful method of quantifying muscle usage throughout the
duration of a task, it gives no indication of the duration of each rest pause, that is, whether
the rests came as numerous pauses or one big pause. Veiersted et al. (1990, 1993) addressed
this by using a ‘‘gaps’’ analysis. This analysis looks at the number of times the muscle is
turned off (less than 0.5% MVC) and it appeared that people with pain had fewer numbers
of gaps. More recently, Mathiassen and Winkel (1991) have proposed a measure, exposure
variability assessment (EVA), which combines elements of both these approaches.

12.4.2 Summary and usage
Veiersted et al. (1990, 1993) addressed the relationship between work exposure, quantiﬁed
by trapezius activation using a gaps analysis. It appeared that people with pain had fewer
numbers of gaps and workers with fewer gaps were more likely to develop trapezius
myalgia. This is in accordance with the notion that muscle ﬁbers need a rest for recovery.
Figure 12.5 illustrates the patterns of muscular activity currently believed to create high
and low risk of muscle pain.
Keir and Wells (2002) used a biomechanical model to determine that an extended wrist
during typing can overload the wrist extensor muscles. The biomechanical model
accounted for gravitational and passive forces, and then related the required balancing
High peak load
100%

0
50%

Time
High static load, few gaps

Higher risk

0

Time

ECU

Moderate peak load, many gaps
50%
Lower risk
0

Time

Figure 12.5 Schematic of muscle activity (electromyograms) associated with low and high risk of
developing myalgia. Electromyograms are rectiﬁed and normalized to a maximum voluntary effort
(MVE) and represent a period of about a minute.
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forces to the capacity of the musculature. This agreed with the demand evidenced by
electromyography (Rose, 1991).
Recently, models predicting grip force from EMG have been developed to for static and
force varying contractions under limited conditions (Duque et al., 1995; Claudon, 2003;
Keir and Mogk, 2005). In addition, models have been developed to predict muscle activity
during gripping (Mogk and Keir, 2006) as well as the complex loading at the wrist,
‘‘moment wrench’’ (Wells and Greig, 2001; Greig and Wells, 2004).

12.5 Discussion and conclusions
In the introduction, we noted the ability of biomechanics to elucidate the relationships
between work activity and the loads on the tissues. Moving from this understanding of
load to one of injury is not so simple. Our knowledge of acute tissue response is improving,
but data on the response of tissues to low loads extending over time periods of the order of
weeks or months is almost nonexistent.
Work and other activities are inherently dynamic, albeit interspersed with quasi-static
postures; a single static analysis is usually not sufﬁcient for most jobs although the peak
loading remains important. As a result, some investigators are moving to continuous
recording in the ﬁeld for periods counted in hours. This has two results: it challenges
data collection but also raises questions concerning how to analyze long records of
forces or posture. To provide biomechanical load estimates over industrially useful time
periods using most current measurement systems results in very tedious collection and
analysis. Electromyography has a clear advantage in this respect.
However, once these records have been collected one must then make decisions with
respect to summarizing the data. There is a concern that at least information concerning the
intensity of the exposure variable, its time variation, and the duration of exposure be
described (Winkel and Mathiassen, 1994). There is no consensus on which variables to
record or how to report them in forms useful in understanding the development of activity
and work-related musculoskeletal disorders (Marras et al., 1993; Hansson et al., 1996).
Moore et al. (1991) proposed a possible framework utilizing both peak and time integrated
measures for upper-limb risk assessment (Table 12.1). Krajcarski and Wells (2007) extended

Table 12.1 Work-Related Musculoskeletal Disorder (WMSD)
Injury Mechanisms and Modelled Risk Factors
Disorder
Nerve

Proposed Pathophysiology
Force of tendons on median nerve

Carpal tunnel
syndromea
Hydrostatic pressure in
carpal canal

Tendon

Contact stress on median
nerve
Bearing loads on sheath

Possible Biomechanically
Modelled Risk Factors
Peak force against ﬂexor retinaculum
and median nerve
Time integrated force against ﬂexor
retinaculum and median nerve
Hydrostatic pressure predicted based
upon in vivo and in vitro
experimentation
Contact stress predicted from in vitro
experimentation and belt-pulley models
Time integrated force against sheath
(continued)
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Table 12.1 (Continued) Work-Related Musculoskeletal Disorder (WMSD)
Injury Mechanisms and Modelled Risk Factors
Disorder
Tenosynovitis

Tendinitis
Muscle

Proposed Pathophysiology
Movement of tendon with
respect to the sheath
Friction between tendon and
tendon sheath
Strain and cumulative strain
in tendon

Possible Biomechanically
Modelled Risk Factors
Cumulative tendon excursion
Frictional workb
Peak tendon tension

Static or uninterrupted
activation

Time integrated tendon force
Static muscle load (10th percentile
amplitude probability distribution
function [APDF])

Dynamic muscle use

Electromyogram (EMG) gaps
EMG (50 and 90th percentile APDF)
Exposure variation assessment (EVA)

Myalgia and other
disorders

a
b

Carpal tunnel syndrome may also be secondary to tenosynovitis and other causes.
Variable which showed good match to Silverstein et al. (1986) injury risk in laboratory tests (Moore et al., 1991).

this framework by introducing the time constants of tissues into the analysis of risk factors
for low back pain.
This chapter has reviewed how biomechanics offers an approach to analyzing and
understanding the mechanical function of the musculoskeletal system and thus the relationships between work activity and the loads on the tissues. The interpretation of tissue
load poses many challenges. There are precious few acute tolerance data available for most
parts of the musculoskeletal system. There is even fewer chronic data available. A possible
way around this difﬁculty is to use biomechanics to estimate tissue loads in epidemiological studies and use the health outcomes to set high and low risk tissue loads. Recently,
Wells et al. (1997) proposed and successfully used (Norman et al., 1998) such an approach
in a study of risk factors for low back pain.
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13.1 Introduction
Musculoskeletal disorders (MSDs) continue to be a major cause of disability and lost work
in many industries involving hand-intensive activities (BLS 2003). MSDs are ‘‘multifactorial,’’ which means that they may be caused or aggravated by multiple factors. Factors that
pertain to the individual, such as weight, age, and leisure activities, are referred to as
‘‘personal’’ factors. Factors that pertain to the job, such as work posture, force required to
handle materials and use tools, and recovery time, are referred to as ‘‘work-related’’
factors. There is a growing body of literature that demonstrates exposure to work factors
results in an increased risk of MSDs (NRC 1999, NRC and IOM 2001). MSDs that result
from exposure to work factors are referred to as work-related MSDs or WMSDs. This
chapter describes the American Council of Industrial Hygienists Threshold Limit Value
(ACGIH TLV) for monotask hand work and reviews the basic concepts underlying general
development of TLV. It discusses speciﬁcally some of the studies on which the TLV for
monotask handwork was based and some studies of the TLV that have been reported since
it was proposed. The chapter concludes with the concepts and methods that are used to
apply this TLV.
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13.2 ACGIH TLVs
ACGIH TLVs are not standards, they are guidelines. ACGIH is a scientiﬁc organization that
has established committees to review existing published, peer-reviewed literature. The
committees recommend and the ACGIH board of directors approves the publication of
guidelines known as threshold limit values (TLVs) for use by industrial hygienists in making
decisions regarding safe levels of exposure to various physical agents encountered in the
workplace. Users of their guidelines are cautioned that there may be other factors in addition
to those speciﬁed by the TLVs that should be considered in evaluating speciﬁc workplaces.
For this reason, professional judgment is necessary for applying and interpreting TLVs.
The TLV for hand activity is intended to protect most workers from musculoskeletal
disorders for the hand, wrist, and forearm. Workers with predisposing health conditions
such as arthritis, endocrinological disorders, obesity, pregnancy, old age, or previous
injuries may be affected by exposures below the TLV. It is likely that exposures below
the TLV may produce some discomfort, but it should not persist from day to day or
interfere with activities of work or daily living. The ACGIH TLV is designed to prevent
only work-related cases. Employers should educate workers about nonwork-related causes
of musculoskeletal disorders and how they can minimize their risk.

13.3 The Basis for a TLV on hand activity level
ACGIH Documentation is the ofﬁcial source of information on the basis for ACGIH TLV
(ACGIH 2005a). Here we will brieﬂy describe some of the very early studies that called
attention to the hand–wrist–forearm MSD as an occupational health problem, some of the
key references that relate to speciﬁc aspects of the TLV and some studies that have been
reported since the TLV was proposed.
In 1927, Obolenskaja and Goljanitzki suggested work rates of 7,600–12,000 exertions=
shift were a factor in 189 cases of tenosynovitis among 700 tea packers. Hammer (1934)
suggested human tendons do not tolerate more than 1500–2000 exertions per hour.
Although these were not controlled epidemiological studies, they demonstrated a long
standing concern about MSDs in manual work and introduced the concept of a dose–
response relationship between repetitive hand work and hand–wrist–forearm MSDs. Since
these studies, there have been many controlled studies that support this relationship.
Work by Roquelaure (1997), Fransson-Hall et al. (1995), and Facett and Rempel (1997) all
indicated that there is elevated risk of hand–wrist–forearm MSDs with exposures at four or
more hours per shift. Therefore, the TLV applies to exposures of four or more hours.
Latko et al. (1999), Luopajarvi et al. (1979), Silverstein et al. (1987), Armstrong (1987),
Fransson-Hall et al. (1995), Roquelaure (1997), Leclerc et al. (1998), and Marras and
Schoenmarklin (1993) all supported an exposure–response relationship between repetitive
work and hand–wrist–forearm MSDs. Chiang et al. (1993) showed a relationship between
force and carpal tunnel syndrome. Silverstein et al. (1987), Armstrong et al. (1987), Roquelaure (1997) all demonstrated an interaction between force and repetition. Latko et al.
(1999) reported that the prevalence of nonspeciﬁc discomfort, symptoms of carpal tunnel
syndrome and tendonitis, and nerve conduction ﬁndings were all strongly related to
repetitive hand work. These studies support an exposure-response relationship between
hand and wrist musculoskeletal disorders, force and repetition form the basis for the
ACGIH TLV on Hand Activity Level.
ACGIH (2005a,b) adapted the repetition scale (see Figure 13.1a) and force scale (see Figure
13.1b) described by Latko et al. (1997, 1999), Latko (1997). The repetition scale was renamed
‘‘Hand Activity Level’’ or ‘‘HAL’’ to emphasize that this TLV applies to the hand and activity
of the hand in the broadest sense. Deﬁned repetition on a scale from 0 to 10 where 0 was
‘‘hands idle most of the time; no regular exertions’’ and 10 was ‘‘rapid steady motion or
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Hand activity level (HAL)
0
Hands idle
most of
the time;
no regular
exertions

2
Consistent,
conspicuous,
long pauses;
slow motions

4
Slow
steady
motion /
exertion;
frequent
brief pauses

6
Steady
motion /
exertion
infrequent
pauses

8
Rapid
steady
motion /
exertions
infrequent
pauses

10
Rapid steady
motion or
continuous
exertion
difficulty
keeping up

(a)
Peak finger force
0
None at all
(b)

10
Greatest imaginable

Figure 13.1 (a) Visual analogue scale for estimating hand activity level (HAL) from observations.
(From Latko, W., Armstrong, T., Foulke, J., Herrin, G., Rabourn, R., and Ulin, S., Am. Ind. Hyg. Assoc.
J., 58, 278, 1997. With permission.); (b) Peak ﬁnger force can be estimated from observations of a job
and using the above visual analogue scale. (From ACGIH, Documentation of the TLVs and BEI with
Other Worldwide Occupational Exposure Values 2005, ACGIH Worldwide, Cincinnati, OH, 2005a;
ACGIH, Hard activity level. 2005. Threshold limit values for chemical substances and physical agents
and biological exposure limits, American Conference of Governmental Industrial Hygienists, Cincinnati, OH, pp. 112–117, 2005b. With permission.)

continuous exertion; difﬁculty keeping up.’’ Additional anchor points were described at twopoint intervals based on the frequency, speed of motion, and recovery time (see Figure 13.1a).
Force is expressed as the ‘‘peak ﬁnger force,’’ which is deﬁned as the 90th percentile of
the force the worker exerts with his or her ﬁngers over the work shift. The term ﬁnger is
included with force because the TLV applies to the hand, wrist, and forearm. The ﬁngers
are the primary link between work objects and tendons and muscles in the hand, wrist, and
forearm (Armstrong and Chafﬁn 1979). Force is normalized on a 0–10 scale as described by
Latko (1997) for direct comparison with the HAL.
Peak force is used as opposed to an average force. Average forces above 15% of maximum
strength or 1.5 on a 0–10 scale generally cannot be sustained for prolonged exertions
(Rohmert 1973; Bystrom and Fransson-Hall 1994). Repetitive work is typically composed
of patterns of varying force levels (Armstrong and Chafﬁn 1979; Armstrong et al. 1982).
Periods of high force are typically offset by periods of low force. Average values mask the
magnitude of the peak forces; however, peak forces may vary signiﬁcantly from one cycle to
the next and are subject to random ﬂuctuations. Silverstein et al. (1987) utilized an adjusted
force which was expressed as average force 3 (1 þ coefﬁcient of variation squared). For a
coefﬁcient variation of 0.9 reported by Silverstein (1985), the adjusted force was very close to
a 97.5 percentile. For purposes of the TLV, peak ﬁnger force is deﬁned as a 90th percentile
value. Peak forces also are consistent with the measurements used by Roquelaure (1997).
Assessment of 90th percentile peak ﬁnger forces is discussed below.
The maximum acceptable hand force was established as 0 for a HAL of 10. By deﬁnition,
a HAL of 10 is the ‘‘fastest possible: continuous exertions, rapid motion difﬁculty keeping
up.’’ It can be assumed that the external forces approach 0 as HAL approaches 10;
however, there are likely to be very high inertial forces on tendons and muscles due
to the rapid motions (Marras and Schoenmarklin 1993). The cyclical motions of the wrist
translate into constant accelerations and decelerations. Wrist motions can be described as a
series of sine functions (Radwin and Lin 1993). The angular velocity of the joints is
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Hand activity level

Figure 13.2 The ACGIH TLV for monotask hand work. The solid line depicts combinations of hand
activity level and peak ﬁnger force that should not be exceeded to prevent excessive risk of hand and
wrist MSDs. The dashed line is an action limit at which some people may be elevated risk. The action
limit should trigger additional job analysis and worker training. (From ACGIH, Documentation of
the TLVs and BEI with other worldwide occupational exposure values 2005, ACGIH Worldwide,
Cincinnati, 2005a. With permission.)

proportional to the amplitude and the frequency of motion, and the angular acceleration
is proportional to the amplitude and the frequency squared. The force required to overcome the inertia of the ﬁngers and the wrist is equal to the product of angular acceleration
and the moment of inertia of the hand segments. Thus, ‘‘rapid steady motion or continuous
exertion difﬁculty keeping up’’ is associated with high inertial forces that would be
transmitted to the ﬁnger and wrist tendons and the forearm muscles.
The TLV assumes a simple linear relationship in which it is assumed that a peak ﬁnger
force decreases from a value of 7 for a HAL value of 1 to a peak ﬁnger force of 0 for a HAL
value of 0 and is shown in Figure 13.2. The relationship between peak ﬁnger force and
HAL can be described mathematically as
Peak ﬁnger force  70=9  7 3 HAL=9
A nonlinear relationship is possible between peak ﬁnger force and HAL, but at the time
the TLV was developed there were insufﬁcient epidemiological data to rationalize a more
complex function.
There was concern that a signiﬁcant number of workers might still be at risk at exposure
levels below the TLV, so an action limit was recommended. In contrast to the TLV which
should not be exceeded, the action limit may be exceeded, but it triggers a proactive program
that includes training, job and health surveillance, and medical management. The action
limit goes from a HAL and peak ﬁnger force of 1 and 5 to 10 and 0, respectively. The
action limit can be described mathematically as
Peak ﬁnger force  50=9  5 3 HAL=9
In addition to force and repetition, there are biomechanical studies that show how nonneutral wrist postures contribute to hand–wrist–forearm MSDs (Armstrong and Chafﬁn
1979; Moore et al. 1991; NRC 1999, NRC and IOM 2001; Moore 2002; Clark et al. 2004).
Studies by Marras and Schoenmarklin (1993) found angular wrist velocity and acceleration,
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but not wrist angle, to be associated with risk of hand–wrist–forearm MSDs. Angular
velocity and acceleration are captured with the speed consideration in HAL (see Figure
13.1a). At the time the TLV was proposed, the available health studies were not considered
adequate to specify a speciﬁc limit for non-neutral postures and postures were deferred to
professional judgement.
There is a growing body of literature concerned with organizational issues (NRC 1999;
NRC and IOM 2001). The mechanism by which organizational factors contribute to MSDs
is not clear or at least not clear enough to specify a TLV for these factors at this time.
Several studies of the TLV have been reported since it was proposed. Franzblau et al.
(2005) examined the prevalence of symptoms and speciﬁc disorders among 908 workers
from seven different job sites in relation to the TLV. Worker exposures were categorized as
below the action limit, between TLV and the action limit, or below the action limit.
Elbow=forearm tendonitis was found to be signiﬁcantly related to TLV category as were
all measures of carpal tunnel syndrome. Still, there was a substantial prevalence of
symptoms and speciﬁc disorders below the TLV action limit. These results suggest that
adherence to the TLV and action limit will reduce, but not eliminate, symptoms or upper
extremity musculoskeletal disorders and that a control program may still be necessary.
Gell et al. (2005) conducted a prospective study of 432 industrial and clerical workers
over a period of 5.4 years. Incident cases were deﬁned as diagnosed with CTS in
workers who had no history of CTS at the beginning of the study. There was elevated
incidence of new CTS cases among workers whose jobs exceed the TLV (relative risk 1.6);
however, the relationship was not statistically signiﬁcant at p < .05.
Werner et al. (2005) studied upper extremity pain in a cohort of 501 active workers
from four industrial and three clerical work sites for an average of 5.4 years. Cases were
deﬁned as workers who were asymptomatic or had a discomfort score of 2 or less at
baseline testing, but reported a discomfort score of 4 or above on a 10-point visual analog
scale at follow-up. Controls were deﬁned as those who reported pain of 2 or less
at follow-up. The peak ﬁnger force was close to or exceeded the TLV for 65% of cases
versus only 39% of control (p ¼ .01). The peak ﬁnger force was higher among cases
(3.4 versus 2.9, p ¼ .04). Signiﬁcant relationships also were reported between upper
extremity discomfort and both peak and average ﬁnger force and both peak and average
wrist posture.
These studies provide additional support for the TLV, but suggest that the action limit
for a proactive control program may be set too high. Users should consider lowering it to a
peak ﬁnger force of 3 for a HAL value of 1. The Werner et al. (2005) study also supports the
concern about nonneutral wrist postures.

13.4 Applying the ACGIH TLV
Key points of the TLV on hand activity level:
.
.
.
.
.

Considers repetition and force and applies to monotask hand work performed for
four or more hours per day.
The term ‘‘hand activity level’’ or HAL is used to refer to repeated and sustained
exertions of the hand.
Peak ﬁnger force is the 90th percentile force value exerted with the ﬁngers.
Factors besides repetition and force such as posture, contact stresses, vibration, and
psychosocial stresses are deferred to professional judgment of the analyst.
The TLV speciﬁes an exposure level that presents a signiﬁcant risk of work-related
MSDs and it should not be exceeded.
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The action limit speciﬁes exposure limits that may present a risk to some people—
particularly if combined with other work or personal factors. The action limit should
trigger a proactive program.
The TLV should be applied to the right and left hands.

13.4.1 Monotask hand work
The ACGIH TLV is intended for monotask hand work for four or more hours per shift
(ACGIH 2005a,b). Many will think of a task as a way of organizing groups of work
elements according to their purpose. In this case, monotask work implies that there is a
predictable pattern of work elements throughout the work shift.

13.4.2 Hand activity level
Latko et al. (1997) showed that HAL is closely related to the frequency of exertion and the
recovery time in the work cycle. These data were used by the ACGIH physical agents
committee to develop a table of hand activity levels versus frequency and duty cycle. Table
1 was adapted from ACGIH (2005a). Duty cycle has been replaced with recovery time, the
complement of duty cycle. Recovery time will be more familiar to those concerned with setting
up production standards. Work standards use allowances which are generally expressed as a
percentage of work time. A second modiﬁcation of Table 1 includes upper and lower limits for
each exertion frequency range. There are some gaps in the ACGIH table because of the range
of the available data. As many readers will inevitably encounter values outside of the range of
the observed data, values are suggested for extrapolation. Extrapolated values are indicated
with an asterisk and are the opinion of the author and do not reﬂect the views of ACGIH.
The concept of an exertion is important in ratings based on observations and calculations. An exertion is a single movement or exertion of force. Figure 13.3 shows time-based
plots of ﬁnger forces and postures for two cycles of a turkey thigh boning job reported by
Armstrong et al. (1982). In this case, an exertion entails positioning the knife and performing the cut. The force plots are estimated from surface EMG measurements of the forearm.
It can be seen from the force plot for the right hand (Figure 13.3a) that, over the course of
each 7.6 s cycle, there are approximately four peaks that correspond with each cut, plus a
ﬁfth exertion to control the knife between thighs. It can be seen from the plot of the wrist
posture, in Figure 13.3c and d, that these cuts also involve ﬂexion and ulnar deviation of
the wrist. The average exertion frequency for the right hand is 0.66 exertions=s, computed
by dividing ﬁve exertions by 7.6 s. The left hand is used to hold the thigh and pull the meat
away from the bone. Although the force peaks are not as conspicuous, four exertions per
thigh are required for each 7.6 s cycle. The left hand can rest between successive thighs. The
average exertion frequency for the left hand is 0.5 exertions=s.
Other examples of an exertion include swinging a hammer, twisting a screwdriver,
driving a threaded fastener with a power screwdriver, getting and placing a part, folding
the ﬂap of a box, ejecting the contents of a pipette, activating a control on a machine,
pressing a key on a keyboard, etc. All of these examples entail a single movement or
exertion of force. It is not always necessary to make a plot as shown in Figure 13.3.
Exertions can be counted from detailed job descriptions used by engineers to establish
production standards or from video recordings.
In addition to exertion frequency, the force plots also provide information about
recovery time so that Table I can be used to estimate the hand activity level. There is
essentially no recovery time for the right hand because of the exertion to hold the knife in
between successive cuts and thighs. The recovery time can be calculated by adding up the
times that the hand is at rest or estimated from job observations.
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Figure 13.3 (a) and (b) Time-based plots of hand force; (c), (a), and (d) wrist ﬂexion=extension
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Figure 13.3 (continued) (e) and (f ) wrist ulnar=radial deviation; (a), (c), and (e) for the right, and
(b), (d), and (f ) left hands for two cycles of turkey thigh boning. (Adapted form Armstrong, T.,
Foulke, J., Joseph, B., and Goldstein, S., Am. Ind. Hyg. Assoc. J. 43, 103, 1982.)

Rest: (2:0  0) þ (10:6  5:6) ¼ 7 s
Work: 2:0  5:6; 10:6  15 ¼ (5:6  2:0) þ (15  10:6) ¼ 8:0 s
In this case, the recovery time was found to be 47%.
Using Table 1, the hand activity level can be estimated for the right hand with 0.66
exertions=s and 0% recovery time as 6, and for the left hand with 0.5 exertions=s and 47%
recovery time as 5.

13.4.3 Peak ﬁnger force
The ﬁnger force varies with time and work elements as shown in Figure 13.3a and b for the
turkey boning job. Peak ﬁnger force is expressed as a 90th percentile on a relative
0–10 scale (see Figure 13.1b). The upper percentiles are more sensitive to jobs with high
force variations than are average values, but are not as sensitive to random values as are
absolute peaks. The relative 0–10 scale adjusts for posture variations and can be assessed
using the Borg (1990) scale or observer ratings (as shown in Figure 13.1b). In cases where
force is measured in conventional force units, it is necessary to divide by the posturespeciﬁc strength. Peak ﬁnger force on a 0–10 scale can be calculated based on a 90th
percentile ﬁnger force and posture-speciﬁc hand strength. Figure 13.4 shows frequency
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Figure 13.4 Frequency and cumulative histograms for ﬁnger force of (a) right hand and (b) left hand,
from Figure 13.3a and b. The dashed lines show the 90th percentile forces.

histograms for the force plots shown in Figure 13.3a and b. Using the cumulative frequency
curve, the 90th ﬁnger forces are estimated for the right and left hands as 118 and 52 N,
respectively. They can be expressed on a 0–10 scale by dividing them by the posturespeciﬁc strength and multiplying the result by 10:
Peak finger force ð0 10Þ ¼ 90th percentile finger force ðNÞ=strength ðNÞ  10
The knife and thigh in the thigh boning example are held in a power-grip posture. Based on
a survey of 40–45 year old suburban and rural females by Mathiowetz et al. (1985), average
right and left hand grip strengths are estimated as 314 + 60 and 278 + 61 N, respectively.
Right hand: peak finger force ¼ 118 N=314  10 ¼ 3:8
Left hand: peak finger force ¼ 52 N=278  10 ¼ 1:9
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Strength can be adjusted from males or females, young or old workers, or higher or lower
percentiles, depending on the population of interest.
Peak ﬁnger force can be estimated by the observer (Latko et al. 1995). Force estimates can
also be obtained from the workers themselves. Marshall et al. (2004) showed that worker
force ratings can be improved signiﬁcantly if they are ﬁrst asked to make a maximal exertion
on a force gauge. The maximum force values can be compared with the relative worker
ratings to estimate forces in pounds or Newtons. Bao and Silverstein (2005) described the use
of force matching in which workers indicate the task force requirements by squeezing a force
dynamometer in a similar position. They reported good agreement between actual and
observed forces, but that clear instructions are important.
In some cases, forces can be estimated from the weight of a work object using
biomechanical analysis. For example, the ﬁnger force required to lift a tool box in a
hook-grip posture will be equal to the weight of the tool box. The ﬁnger force required
to hold a work object in a pinch posture will be equal to the weight of the object divided by
two times the coefﬁcient of friction. The ﬁnger required to one part against another may be
difﬁcult to measure. Biomechanical analysis of these exertions is complex and beyond the
scope of this discussion.
Surface electromyography (EMG) can be used to estimate hand forces in some settings
(Armstrong et al. 1982; Jonsson 1988; Mathiassen and Winkel 1991). Finally, some tasks
may be suitable to the use of electronic force gauges for measurement of forces. Armstrong
et al. (1994) describe the use of force gauges under a keyboard for measuring reaction
forces as subject type on a keyboard. The method selected for assessing force and repetition
will depend on the desired level of quality, type of job, and available resources.

13.5 Applying the TLV
As described above, the hand activity level and peak ﬁnger force can be determined from
observations using the scales provided in Figure 13.1a and b. This method is particularly
well suited for plant walk through inspections, but ratings also may be preformed from
video recordings. The HAL and peak force values can be determined as described above
using observer ratings or methods analysis for HAL. Observer ratings also can be used for
peak ﬁnger force and other ergonomic stresses such as average force, peak and average
postures, and contact stress. Observer ratings are particularly useful for identifying jobs for
follow-up analyses or during walk through surveys.
Latko (1997) describes a procedure in which a team of two or more people observed
video recordings of jobs, made independent ratings, and then discussed them until they
achieved a consensus of +0.5 for each score. This process was very time consuming and
not well suited for in-plant surveys. In response, Latko et al. (1997) recommend that jobs
ﬁrst be rated by two or more observers. Those ratings can then be compared and discussed
until agreement is achieved within 1 point on a 10-point scale. Furthermore, Ebersole and
Armstrong (2006) described a procedure in which a pair of analysts observed and rated
jobs independently on the plant ﬂoor or from videos. They then discussed their results
and rerated the jobs, but consensus was not forced. Ebersole and Armstrong (2006)
reported that when 846 jobs were rated independently by two raters, the two HAL ratings
were within plus or minus one point 90% of the time and the two peak force ratings
were within plus or minus one point 86% of the time. These agreements are acceptable
for plant surveys. For some jobs, a time-based analysis of methods, forces, and
postures as described by Armstrong et al. (2003) could provide useful details and increased
accuracy.
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13.6 Determining compliance with the TLV
Compliance with the TLV is determined by locating the observed hand activity level and
peak ﬁnger force in Figure 13.2 or by comparing the observed and acceptable peak ﬁnger
forces for the observed hand activity levels as described in the example above. The turkey
boning job in which workers used a knife to debone 3,780 turkey thighs per shift was used
above to illustrate the concept of an exertion (Armstrong et al. 1982). The hand activity level
for the right and left hands was estimated above as 6 and 5, respectively, from the force
plots shown in Figure 13.3. The peak ﬁnger forces were estimated above as 4 and 2 for the
right and left hands, respectively, from the cumulative force frequency histograms shown
in Figure 13.4 and average grip strengths for females in their early forties by Mathiowetz
et al. (1985). These values are located on a plot of peak ﬁnger force versus HAL with vertical
and horizontal lines as shown in Figure 13.5. The lines are deliberately one HAL unit and
one force unit wide to remind the user that these are 10-point scales. Users should be
cautious when the intersection of the lines is close to the TLV or action limit. In this case,
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Figure 13.5 Applications of the TLV for the right hand and left hand for boning 3780 turkey thighs
per shift. The right hand exceeds the TLV; the left hand is below the action limit.
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it can be seen that the intersection of these lines for the right hand is clearly above the TLV.
In this case, the intersection of the left hand lines is below the action limit.
The TLV also can be evaluated computationally as shown previously:
Peak Finger Force  70=9  7  HAL=9
For the right hand of the thigh boner, the acceptable ﬁnger force is
Peak finger force  7:77  0:77  6
Peak finger force  3:1
Since the observed force was 4, the TLV is clearly exceeded by the right hand. In addition
to the force and posture, it can be seen from Figure 13.3c and e that there is also repeated
wrist ﬂexion and deviation. Engineering controls need to be considered to reduce the ﬁnger
forces and the postural stresses on the wrist. Administrative controls also should be
implemented as long as the peak ﬁnger force and HAL values are near the action limit.
Similarly, the TLV is not exceeded by the left hand, but we are slightly above the
action limit.
TLV : peak finger force  7:77  0:77  5
Peak finger force  3:8
Action limit : peak finger force  5:55  0:55  5
Peak finger force  2:8
This example was based on average strength of a female in her early forties. Different
results would be obtained for workers with different strengths. It is important that strength
values representative of all of the workers be considered—male–female, young–old, and
lower percentiles in each category.
Administrative controls should be continued as long as exposures are close to the action
limit. Administrative controls should include educating workers about the symptoms of
hand–wrist–forearm MSDs and where to go to get help if symptoms occur. Workers
also should be instructed in best-work practices and how to adjust their equipment.
Supervisors should be instructed about the symptoms of MSDs, best-work practices, and
work station setup so that they can assist workers. Controls should include surveillance of
worker symptoms, injuries, and illnesses to identify both reported and unreported problems so that appropriate interventions can be implemented. Surveillance should include
further analysis of the job to identify causes for high forces and posture stresses so that they
can be addressed. Finally, there should be some kind of administrative structure to manage
these control efforts, e.g., an ergonomics team or safety committee.

13.7 Summary
The ACGIH TLV is a tool for assessing the risk of hand–wrist–forearm MSDs. The TLV
applies monotask hand work performed for four or more hours per day. The TLV considers hand activity level and peak ﬁnger force, but recommends that other work factors,
such as wrist posture, contact stresses, and hand-arm vibration, also be considered—
particularly when exposures are close to the TLV. Also, workers should be advised to
discuss personal factors, such as weight, chronic diseases, pregnancy, and past injuries,
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with their health care provider. Peak ﬁnger force and hand activity level can be determined
from observations or calculated from time-based measurements. Time-based measurements may be obtained from sequential analysis of video recordings or electronically
from electromyography, force gauges, and goniometry. Exceeding the TLV should initiate
an engineering control change process. Exceeding the action limit should initiate further
analysis and administrative or engineering controls.
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14.1 Introduction
Although practicing ergonomists rarely use sophisticated biomechanical models of the
hand, wrist, and elbow in conducting job analysis or equipment design, knowledge gained
from biomechanical models has had a great inﬂuence on the practice of ergonomics. Static
models of elbow ﬂexion are used in ergonomics training and teaching to illustrate how
373

Kumar/Biomechanics in ergonomics, second edition 7908_C014 Final Proof page 374 26.10.2007 7:45am Compositor Name: VAmoudavally

374

Biomechanics in ergonomics, second edition

large tissue stresses can arise from small loads applied to the hands. Models of the wrist are
used to explain the effect of wrist posture on stresses acting on the contents of the carpal
tunnel. The purpose of this chapter is to provide an overview of biomechanical models of
the hand, wrist, and elbow that may be of use to ergonomists. It will identify impediments
to widespread use of upper extremity models in ergonomics practice, and recent work to
overcome these barriers will be reviewed.

14.2 Elbow
Biomechanical models of elbow ﬂexion=extension are commonly encountered in ergonomics textbooks and training manuals because they clearly illustrate the principles of levers in
occupational ergonomics. Figure 14.1 illustrates a free body analysis of the forearm that
forms the basis of a static single muscle biomechanical model of forearm ﬂexion while
holding a ball in the hand. Gravity acts on the mass of the ball and center of mass of the
forearm, which produces downward forces having magnitudes of W and G, respectively.
Each force acts through a moment arm (15 and 30 cm, respectively) to generate clockwise

R

B

G

R

W

B

3 cm

G
15 cm

W
30 cm

Figure 14.1 Illustration of the forces acting on the forearm while holding a ball weighing W in the
hand. The biceps muscle force, B, acts upward on the ulna. The joint reaction force, R, and weight of
the forearm, G, act downward. The vector sum of these forces must be zero to maintain static
equilibrium. Similarly, the net moment about the joint center must also be zero. These two conditions
can be written algebraically as Equations 14.1 and 14.2.
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moments. An upward force of magnitude B is generated by the active contraction of the
biceps muscle, and it acts at a distance of 3 cm from the elbow ﬂexion=extension axis. To
maintain static equilibrium, the net ﬂexion=extension moment at the elbow joint must be
zero, which produces the moment equilibrium condition:
(G  15 cm) þ (W  30 cm)  (B  3 cm) ¼ 0

(14:1)

If the forearm and ball weigh 15 and 20 N, respectively, the biceps must generate B ¼ 275 N
to maintain a static posture. Force equilibrium conditions require that the sum of all forces
acting on the forearm in the vertical direction be zero to maintain static equilibrium:
BGWR¼0

(14:2)

Therefore, the reaction force acting on the trochlear notch of the ulna is 240 N. This type of
example is widely used in ergonomics training and teaching, because it illustrates how
mechanical forces acting on biological tissues (biceps force B and joint reaction force R) can
be much greater than the magnitude of externally applied forces. A similar free body
analysis can be conducted with forearm rotation to develop a dynamic biomechanical
model (Chafﬁn and Andersson, 1984).
Suppose that an additional muscle is added to the example in Figure 14.1 at a distance of
2 cm from the center of rotation, and it produces a force acting parallel to the biceps. Then
the moment equilibrium and vertical force equilibrium conditions, respectively, are
(G  15 cm) þ (W  30 cm)  (B  3 cm)  (H  2 cm) ¼ 0

(14:3)

HþBGWR¼0

(14:4)

Now there are three unknowns (B, H, and R) but only two equations. Note that force
equilibrium in the horizontal direction is trivial since all forces in this example are vertical.
It is common for biomechanical models to have more muscles than mechanical equilibrium
conditions, which is known as ‘‘static indeterminacy.’’ Mathematically, static indeterminacy means that there are an inﬁnite number of muscle force combinations that can satisfy
the equilibrium conditions. Two approaches are typically used to rationally select
muscle forces from the potentially inﬁnite set: optimization and electromyographic
(EMG) recordings.

14.2.1 Muscle force prediction using optimization
It is intuitively reasonable that the central nervous system (CNS) might select muscle forces
to optimize some quantity, such as minimizing energy expenditure or maximizing endurance. It is possible to use static equilibrium condition given by Equation 14.3 as the
foundation for a mathematical optimization problem that can be solved numerically:
Minimize Q(H, B) such that the following conditions hold:
(G  15 cm) þ (W  30 cm)  (B  3 cm)  (H  2 cm) ¼ 0

(14:5)

H  0, B  0

(14:6)

The function Q(H, B) is the ‘‘objective’’ or ‘‘criterion’’ function to be minimized. If it is
a convex function, it is easy to ﬁnd a global minimum for this problem. Note that
the muscle forces are required to be nonnegative (Equation 14.6), because a muscle cannot
generate compressive forces. Elbow models in the literature have used a variety of
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objective functions: sum of muscle forces (Yeo, 1976); sum of muscle stresses (Crowninshield, 1978); maximum muscle stress (An et al., 1984); maximum muscle neural activation
(An et al., 1989); and sum of weighted muscle forces raised to integer powers, e.g., Hn þ Bn
(Raikova, 1996). Gonzales et al. (1996) have formulated a dynamic elbow model using
optimal control theory which minimizes movement time. However, there is considerable
controversy about whether the CNS really does select muscle force activations to minimize
a quantitatively deﬁnable criterion, and if it does, what the criterion should be.

14.2.2 Muscle force prediction using EMG-driven models
An alternative to the optimization approach is to estimate muscle forces from EMG
recordings. This method requires developing a muscle model that relates measured
EMGs to muscle force. Woldstad (1989) developed an EMG-driven model for predicting
biceps and triceps muscle forces during rapid elbow ﬂexion=extension movements. The
elbow moment at time t, M(t), was modeled as



du(t)
M(t) ¼ cB  EB (t)  MAB (u(t))  LCB (u(t))  VCB u(t),
dt


du(t)
þ cT  ET (t)  MAT (u(t))  LCT (u(t))  VCT u(t),
dt

(14:7)

where c was a coefﬁcient that relates EMG, E(t), to muscle force under isometric conditions,
and u(t) was the included elbow angle at time t (note the subscript, T or B, denotes triceps
and biceps, respectively). MA represented the muscle moment arm, which was derived
from a simple geometric model of the upper arm. LC was a quadratic polynomial used to
incorporate the length–tension property of muscle physiology, and VC was an exponential
function used to compensate for the speed of muscle shortening. Parameters for this model
were estimated from isometric and isokinetic elbow exertions. Note the basis of this model
was a multiple regression relating EMG and net joint moment measured under isometric,
anisotonic conditions:
M(t) ¼ cB  (EB (t)  MAB (u(t)) þ cT  (ET (t)  MAT (u(t)) þ (t)

(14:8)

The independent variables in the regression model were the product of the EMG and
moment arm, so the regression coefﬁcients, cB and cT, were the relationships between EMG
magnitudes and muscle forces.
From Equation 14.7 it is clear that the forces generated by the biceps and triceps muscles
were predicted to be


du(t)
FB (t) ¼ cB  EB (t)  LCB (u(t))  VCB u(t),
dt

(14:9)

and

FT (t) ¼ cT  ET (t)  LCT (u(t))  VCT

du(t)
u(t),
dt


(14:10)

The data requirements for an EMG-driven model are substantial, including EMG recordings of all relevant muscles and elbow angle. Although Woldstad (1989) used joint angle as
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a surrogate for muscle length, the reported agreement between model predictions and
laboratory measurements were high.
Flexion and extension of the forearm is not the only motion of the elbow to model.
Baildon and Chapman (1983) and Caldwell and Chapman (1989, 1991) have used EMG
recordings to estimate muscle forces during supination in a laboratory setting. Cnockaert
et al. (1975) used an EMG model to analyze ﬂexion and supination moments at the elbow.
Unfortunately, no applications of EMG-driven models of the elbow to ﬁeld situations have
been reported, probably due to the complex instrumentation required.

14.2.3 Strength prediction models
Since muscle moment arms and lengths change through the joint range of motion, maximal
isometric strength depends on joint angle. Biomechanical models of elbow ﬂexion strength
have been developed (Ismail and Ranatunga, 1978; Van Zuylen et al., 1988; Hutchins et al.,
1993; Winters and Kleweno, 1993). Elbow extension strength has also been modeled by
Hatze (1981). Prediction of maximum isometric strength through the range of motion is one
method for estimating parameters in the length–tension relationship of muscle (Hatze,
1981; An et al., 1989).

14.3 Wrist
Carpal tunnel syndrome (CTS) is an important occupational health problem that has both
psychosocial and biomechanical risk factors. Epicondylitis of the elbow is also prevalent in
many workplaces. Biomechanical models have been proposed for estimating forces in the
prime wrist ﬂexors, some of which are involved in epicondylitis, and for predicting stresses
in the tissues passing through the carpal tunnel.

14.3.1 Muscle force prediction using optimization
The optimization approach to predicting muscle forces from net intersegmental joint
moments has been applied to the wrist (Penrod et al., 1974; McLaughlin and Miller,
1980; Buchanan and Shreeve, 1996). In a detailed laboratory study of the forearm
and wrist, Buchanan and Shreeve (1996) evaluated the effects of the mechanical representation of the system (number of degrees of freedom, DOF) and objective function selection.
The wrist was modeled with two DOF (ﬂexion=extension and radial=ulnar deviation), but
simulations were conducted with a variety of elbow representations (one, two, and three
DOF). Objective functions considered included sum of squared forces, sum of squared
stresses, sum of cubed stresses, and a minimum fatigue criterion proposed by Dul et al.
(1984). That study reported that the results strongly depended on the mechanical description of the system used, and that none of the model formulations studied produced muscle
force predictions that agreed well with measured EMGs.

14.3.2 Muscle force prediction using EMG-driven models
Several EMG-driven models of the wrist have been outlined (Schoenmarklin and Marras,
1992; Buchanan et al., 1993; Laurie, 1995), but only Buchanan et al. (1993) have described
experimental results. Buchanan et al. (1993) assumed a linear relationship between muscle
tension and EMG recordings, and a least squares minimization technique was used to
estimate model parameters. Subjects performed isometric contractions at prescribed combinations of ﬂexion=extension and radial=ulnar deviation moments. A Monte Carlo simulation was performed to assess the sensitivity of model parameters to noise in the EMG
signal, and they were found to be very stable.
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14.3.3 Belt–pulley models
A biomechanical model that has had wide impact on industrial ergonomics is the pulley
model of the carpal tunnel developed by Armstrong and Chafﬁn (1979). In that model the
extrinsic ﬁnger ﬂexor tendons (ﬂexor digitorum profundus, ﬂexor digitorum superﬁcialis,
and ﬂexor pollicis longus) were conceptualized as belts wrapping around a pulley (Figure
14.2). In a ﬂexed wrist posture, the ﬂexor retinaculum acts as a pulley; in extension, the
carpal bones are the pulley. The model relates tendon force, which can be estimated using
hand models (see later), to normal forces acting between the extrinsic tendons and surrounding tissues. One anatomic structure near these tendons, the median nerve, is of
particular interest to occupational ergonomics because of its role in carpal tunnel syndrome. Armstrong and Chafﬁn (1979) argued that compression of the median nerve in the
carpal tunnel by adjacent tendons is an etiological factor in carpal tunnel syndrome. The
normal force acting between the belt and pulley, FN, is (per unit length):
FN ¼

FT emu
R

(14:11)

FL

F ⬘T

FS
R

FN
q

FR

FT

Figure 14.2 The tendons of the extrinsic ﬁnger ﬂexor muscles can be conceptualized as belts
wrapping around a pulley. The tension in the tendon, F0T and FT, are different because of frictional
forces acting on the belt by the pulley. Normal forces acting on the belt by the pulley, FN, are required
to maintain equilibrium. (Reprinted from Chafﬁn, D.B. and Andersson, G.B.J., Occupational Biomechanics, John Wiley and Sons, New York, 1984. With permission.)
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where FN is the tension in the belt, m is the coefﬁcient of friction between belt and pulley, u
is the included angle of belt–pulley contact, and R is the radius of curvature of the pulley
(LeVeau, 1977). Because of the lubrication of the tendons by synovial ﬂuid, ignoring
frictional forces gives
FN ¼

FT
R

(14:12)

This relation was used by Armstrong and Chafﬁn (1979) to evaluate the effects of wrist
posture and gender-related wrist anthropometry on tendon stresses, based on wrist radii
measurements made on cadavers (Armstrong and Chafﬁn, 1978). According to the model,
wrist size affects the normal forces acting between the tendons and surrounding tissues
(Figure 14.3).
The total normal force acting between the tendon and surrounding tissues is
FR ¼ 2FT sin

u
2

(14:13)

200
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Figure 14.3 The belt–pulley model of the wrist can be used to analyze the effect of wrist size and
posture on the normal force, FN, acting on the contents of the carpal tunnel. A small wrist (5% female)
has larger normal force than a large wrist (95% male) because the radius of curvature is smaller.
Forces with the wrist in extension are larger than forces with the wrist in ﬂexion because the radius of
curvature in extension is smaller than in ﬂexion. (Reprinted from Armstrong, T.J. and Chafﬁn, D.B.,
J. Biomech., 12, 567, 1979. With permission.)
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where FR is the total reaction force acting on the tendon. This indicates that wrist angle is a
critical determinant of forces acting to support the extrinsic ﬁnger ﬂexors. Figure 14.4,
which is based on Equation 14.13, illustrates that larger wrist-angles lead to more reaction
force on the tendon. This observation provides a basis for ‘‘neutral wrist posture’’ guidelines in the prevention of carpal tunnel syndrome.
Because some parameters were virtually impossible to determine in vivo at the time,
Armstrong and Chafﬁn (1979) did not use their model to analyze jobs quantitatively.
However, the model has had a wide inﬂuence on ergonomic practice by highlighting the
importance of nonneutral wrist postures in the development of carpal tunnel syndrome.
Other researchers have worked to estimate parameters in the model. Albin (1987) used
the pulley model to estimate the in vivo coefﬁcient of friction for the extrinsic ﬁnger ﬂexor
tendons to be 0.12. Keir and Wells (1992) used magnetic resonance imaging (MRI) to
estimate the radius of curvature of the ﬂexor digitorum profundus and ﬂexor digitorum
superﬁcialis tendons in vivo under loaded and unloaded ﬁnger conditions. Extended (208),
neutral, and ﬂexed (208 and 458) wrist postures were tested. Radii of curvature for the
ﬂexor digitorum profundus ranged from 8.6 mm in 458 ﬂexion to 57.6 mm in neutral under
loaded conditions. More importantly, the study found that the tendons did not have

Extension

Flexion

400
F T = 200 N

F T = 200 N

F T = 150 N

F T = 150 N

F T = 100 N

F T = 100 N

FR Force (N)
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F T = 50 N

−50⬚

0⬚

50⬚

100⬚

q Wrist angle (Degrees from straight)

Figure 14.4 The belt–pulley model predicts that wrist posture affects the relationship between
tendon tension, FT and the reaction force, FR. This observation supports the widely used ergonomic
principle that neutral wrist postures reduce stress on the tissues in the carpal tunnel. (Reprinted from
Armstrong, T.J. and Chafﬁn, D.B., J. Biomech., 12, 567, 1979. With permission.)
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constant radius of curvature throughout the length of the carpal tunnel. In fact, there is a
smaller radius at the distal end of the tunnel when in a ﬂexed posture. Tensile force in the
tendon also appeared to affect the radii of curvature.
The pulley model described by Armstrong and Chafﬁn (1979) was—like most biomechanical models—deterministic, even though there is signiﬁcant anatomical and physiological variability within a population. Miller and Freivalds (1995) used the pulley model
of the extrinsic ﬁnger ﬂexor tendons passing through the carpal tunnel as the basis for a
stochastic model of extrinsic ﬁnger ﬂexor tendon trauma. The material properties and
mechanical loading on the tendons were considered to be random variables, and the
probability of injury was derived.
The belt–pulley model of the wrist has also been incorporated into a sophisticated
method for assessing exposures in epidemiological studies of upper extremity cumulative
trauma disorders. In contrast to most exposure assessment methods that focus on job
checklists or simple EMG techniques, Moore et al. (1991) used a belt–pulley model to
estimate internal mechanical stresses on the extrinsic ﬁnger ﬂexor tendons from EMG and
electrogoniometer data. The belt–pulley model was used to estimate forces on the tissues
surrounding the tendons, tendon excursion, and the frictional work done by the tendons
on the surrounding tissues. In a laboratory study of simulated jobs, the frictional work
measure was closest to the estimates of risk identiﬁed in the cross-sectional epidemiological study of cumulative trauma disorders (Silverstein et al., 1986) and carpal tunnel
syndrome (Silverstein et al., 1987). More importantly, this model-based exposure assessment system has been used to identify a relationship between exposure to physical risk
factors and risk of cumulative trauma disorders (Wells et al., 1992). The modeling approach
has also been used to evaluate alternative job rotation systems for cumulative trauma
disorder potential (Wells et al., 1995).

14.3.4 Strength prediction models
Loren et al. (1996) have developed a biomechanical model for predicting wrist ﬂexion and
extension strength throughout the ﬂexion=extension range of motion. The model includes
both mechanical and physiological factors, including the effects of wrist posture on tendon
moment arms and muscle ﬁber lengths. Moreover, the model incorporates the effect of
tendon compliance on muscle ﬁber length, which has the effect of changing the length–
tension curve of the musculotendinous unit.

14.4 Hand
The high incidence and economic cost associated with cumulative trauma disorders of the
hand and wrist has generated a signiﬁcant amount of research on the biomechanics
of the hand. Even musculoskeletal disorders occurring in the wrist and forearm are
affected by hand mechanics, because forces applied to the ﬁngers affect the extrinsic ﬂexor
and extensor muscle forces.

14.4.1 Muscle force prediction models
Biomechanical models similar to that described in Equations 14.5 and 14.6 can be
developed for ﬁngers. Force and moment equilibrium conditions for the articulations of
the hand can be formulated under static conditions (Chao et al., 1976; Chao and An,
1978a,b; An et al., 1985). Figure 14.5 illustrates a model of the ﬁnger in which the interphalangeal joints are assumed to be revolute joints having only ﬂexion=extension motion;
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Figure 14.5 Sagittal plane view of a ﬁnger model. Finger posture is described by deﬁning the
orientations of coordinate systems ﬁxed to each bone relative to each other. Moment and force
equilibrium conditions are formulated at each joint of the ﬁnger.

the carpometacarpal and metacarpophalangeal joints are modeled as universal joints
(ﬂexion=extension and abduction=adduction motions). The geometry of the ﬁnger segments must be speciﬁed, which can be done by specifying the rotation between coordinate
systems ﬁxed to each bone in the ﬁnger. Maximum muscle forces can be modeled as being
proportional to the physiological cross-sectional area of each muscle. Due to the interconnectedness of the tendons of the ﬁnger extensor mechanism, additional constraints are
added to the allowable forces in the intrinsic muscles and the extensor digitorum communis muscle (An et al., 1985). Since the mechanical description of the ﬁnger is statically
indeterminate, the optimization approach can be used to solve for the muscle forces, given
a speciﬁed externally applied force at the ﬁngertip. An et al. (1985) solved this model using
several objective functions, including combinations of muscle forces, joint reaction forces,
joint moments, and maximum muscle stress. Table 14.1 shows the range of muscle forces
predicted, normalized to external force magnitude for several types of grips (Figure 14.6)
and tasks. Force generated by the ﬂexor digitorum profundus muscle during tip pinch was
between 1.93 and 2.08 times the magnitude of the force applied to the ﬁngertip, depending
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Table 14.1 Finger Muscle Forces Predicted by Optimization (Expressed as a Ratio of Tendon
Tension to Externally Applied Force) Using a Variety of Objective Functions
Function
Tip pinch
Pulp pinch
Lateral pinch
Grasp
Briefcase grip
Holding glass
Opening jar

FDP

FDS

RI

LU

UI

LE

1.93–2.08
2.53–3.14
1.37–5.95
3.17–3.47
0.0–0.02
2.77–2.99
3.50–5.49

1.75–2.16
0.32–1.32
—
1.51–2.14
1.70–1.78
1.29–1.57
—

0.0–0.99
0.0–1.61
1.01–7.04
0.0–1.19
0.0–0.45
—
4.2–4.53

0.0–0.72
0.0–1.17
0.0–6.10
0.0–0.91
0.0–0.33
0.48–0.53
0.0–1.15

0.21–0.65
0.62–1.19
—
0.0–0.49
0.11–0.27
0.28–0.38
0.0–1.0

—
—
7.45–15.94
—
—
—
9.48–16.23

Note: Ranges indicate the range of force predictions that can be generated by minimizing different objective
functions (An el al., 1985). Muscles listed are the ﬂexor digitorum profundus (FDP), ﬂexor digitorum
superﬁcialis (FDS), radial interosseus (RI), lumbrical (LU), ulnar interosseus (UI), and extrinsic extensor (LE).

on the objective function used in the optimization. For the lateral key pinch, the ratio was
3.17 to 3.47. Given the uncertainty about what objective function is to be minimized, how
realistic are the model predictions?
Due to the long, slender morphology of extrinsic hand tendons, it is possible to measure
tendon tension directly in vivo using a miniature S-shaped force transducer (An et al.,
1990). Schuind et al. (1992) used such a force transducer to measure tension intraoperatively in the ﬂexor digitorum profundus, ﬂexor digitorum superﬁcialis, and ﬂexor pollicis
longus muscles in ﬁve patients undergoing carpal tunnel surgery. Since the operations
were conducted using local anesthesia, subjects could actively perform gripping tasks
while the tension in their tendons was being recorded. Table 14.2 provides the measured
forces and ranges of forces predicted by models (Cooney and Chao, 1977; An et al., 1985;

Tip pinch

Ulnar pinch

Lateral pinch

Grasp

Figure 14.6 Grip postures analyzed by An et al. (1985). Summary results for these postures are
presented in Table 14.1. (From Chao, E.Y., Opgrande, J.D., and Axmear, F.E., J. Biomech., 9, 387, 1976.
Reprinted with permission from Elsevier.)
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Table 14.2 Comparison of In Vivo Measurements and Predicted Tendon Forces
during Pinch (Expressed as a Ratio of Tendon Tension to External Pinch Force)
Tendon

Measurements

Predictions

Tip pinch
FPL
FDP
FDS

3.60 (4.62)
7.92 (6.33)
1.73 (1.51)

2.28–3.52
1.93–2.08
1.75–2.16

Lateral pinch
FPL
FDP
FDS

3.05 (3.04)
2.90 (2.61)
0.71 (0.69)

2.47–3.84
1.37–5.95
—

Note: Tendon forces were measured using an S-shaped buckle transducer placed around
the tendon, and predictions were made using models (Cooney and Chao, 1977; An
et al., 1985; Chao et al., 1989). FPL is the ﬂexor pollicis longus, FDP is the ﬂexor
digitorum profundus, and FDS is the ﬂexor digitorum superﬁcialis. Means (and
standard deviations) are presented for the forces measured in vivo; ranges are given
for model predictions using different objective functions.

Chao et al., 1989). Although measurements of forces during tip pinch were outside the
range of model predictions, lateral pinch measurements agreed well. The in vivo measurements do conﬁrm model predictions that tendon forces are greater than the applied force,
sometimes by a signiﬁcant amount.
An optimization model of the ﬁnger similar to that of Chao and An (1978a,b) and An et
al. (1985) was implemented in a system speciﬁcally designed for ergonomic analysis of
hand tools (Yun and Freivalds, 1995). Force sensing resistors were used to measure hand
contact forces, and a Cyberglove (Virtual Technologies) was used to measure ﬁnger
geometry. This instrumentation system provided data for the biomechanical model,
which produced muscle forces estimates.
Unlike hand tool use, where static gripping is common, keyboarding and piano playing
are fast enough to require dynamic biomechanical models of the ﬁngers. Harding et al. (1989,
1993) developed an optimization type sagittal plane ﬁnger model for use in analyzing piano
playing. Tendon tensions between 0.7 and 3.2 times the applied ﬁngertip force were predicted. Harding et al. (1989) reported using an optimization model of the ﬁnger for determining ﬁnger positions for piano playing that would minimize internal tissue loads. Wolf
et al. (1993) used the model of Harding et al. (1989) to analyze the biomechanics of the index
ﬁnger while playing Mendelssohn's Song without Words (op. 19, no. 2) and identify potential
risk factors for the development of cumulative trauma disorders in pianists. Dynamic ﬁnger
models have also been developed by Brook et al. (1995) and Buchner et al. (1985).
Compared to the ﬁnger, few models of the thumb have been developed. Planar (Hirsch
et al., 1974) and three-dimensional (Cooney and Chao, 1977; Toft and Berme, 1980) models of
the thumb have been used to estimate tendon and joint contact forces. These models solved
the problem of static indeterminacy by assuming only agonist muscles were active and
lumping functionally similar muscles together, which reduced the number of unknowns to
the number of equilibrium conditions. Cooney and Chao (1977) predicted that for each
Newton of force applied to the thumb during lateral pinch, the ﬂexor pollicis longus tension
was between 2.28 and 3.52 N. Similarly, lateral pinches produced ﬂexor pollicis longus
forces 2.47 to 3.84 times the magnitude of the externally applied force. The authors concluded that the compression force at the carpometacarpal joint, which is often involved
in arthritis of the hand, could range between 837 and 1609 N during a strong grasp.
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An EMG-driven model of thumb ﬂexion=extension was developed based on an assumed
polynomial relationship between muscle tension and EMG (An et al., 1983). The EMGdriven model predicted ﬂexor and extensor pollicis longus muscle forces similar to those
reported in Cooney and Chao (1977).

14.4.2 Fingertip pulp models
Fingertip pulp is comprised of the skin and underlying fatty tissue on the ventral surface
of the distal phalanx of each digit. Forces applied to the skin by contact with the environment may not be the same as the forces applied to the skeleton, because the pulp of
the ﬁngertips may affect the temporal and spatial distribution of the forces. A biomechanical model of the ﬁngertip pulp is needed to bridge the gap between the external force
applied to the skin and the forces acting on the phalanges of the digits. Serina (1996)
developed a quasi-static mechanical model of ﬁngertip pulp for use in analyzing keyboarding tasks. It used an axisymmetric, ellipsoidally shaped membrane with a uniform
internal pressure to model the ﬁnger pulp. The membrane was assumed to extend inﬁnitely between two parallel, rigid plates. The subcutaneous tissue was modeled as an
incompressible, inviscid ﬂuid; the skin was modeled as an isotropic, elastic, incompressible
continuum undergoing ﬁnite deformations. Model predictions were compared to in vivo
measurements of pulp displacement under a variety of loading conditions. Although that
model assists in understanding ﬁnger pulp mechanics quasi-statically, a fully dynamic
model is necessary for use in analyzing the rapid ﬁnger movements associated with
keyboard use or piano playing.

14.4.3 Geometric contact models
The ergonomics of using hand tools depends on the contact between the palm, thumb,
ﬁngers, and the tool itself. Models have been developed for predicting hand kinematics as
it wraps around various types of objects. Buchholz and Armstrong (1992) developed a
kinematic model of the hand based on modeling each segment of the ﬁngers as a threedimensional ellipse. They used it to predict hand geometry during power grips. Models for
predicting hand kinematics have also been implemented in computer-aided design (CAD)
software (Davidoff and Freivalds, 1990, 1993) and custom software (Buford and Thompson,
1987). Gourret et al. (1989) developed a ﬁnite element model for predicting the behavior
of the soft tissues of the hand when grasping soft objects.

14.4.4 Strength prediction models
Models have been developed for predicting maximum ﬁnger ﬂexion strength (Chao and
An, 1978b; An et al., 1985; Lee and Rim, 1990; Lee and Kroemer, 1993; Valero-Cuevas et al.,
1996). These models maximize the force generated by the ﬁnger against an object subject to
mechanical equilibrium conditions and maximum muscle force limits.

14.4.5 Belt–pulley models
Tendons wrap around connective tissue structures in the ﬁngers, just as they do in the
carpal tunnel. Uchiyama et al. (1995) modeled the interaction of the ﬂexor digitorum
profundus tendon and the ﬁbrous hands restraining it in the ﬁnger as a belt and pulley.
The model was used to estimate the coefﬁcient of friction between tendon and pulley in the
index ﬁnger, which ranged from 0.03 to 0.05.

Kumar/Biomechanics in ergonomics, second edition 7908_C014 Final Proof page 386 26.10.2007 7:45am Compositor Name: VAmoudavally

386

Biomechanics in ergonomics, second edition

14.5 Multiple segment arm models
Although most published models have focused on isolated joints or joint complexes, some
biomechanical models of the upper extremity have included the shoulder, elbow, and
wrist. Raikova (1992) formulated an optimization model for predicting muscle forces in
the upper extremity that included the glenohumeral, elbow (ﬂexion=extension and supination=pronation), and wrist (radial=ulnar deviation and ﬂexion=extension) joints. Lemay
and Crago (1996) developed a model to simulate forearm and wrist movements using a
sophisticated muscle modeling approach. Hogan (1985) has proposed biomechanical
models of the upper extremity based on joint stiffness considerations. Buchner et al.
(1985) formulated a sagittal ﬁve-link model that included the forearm and multisegment
ﬁnger representation and analyzed it for controllability. Detailed models of the whole arm
have not been extensively used in ergonomics, but whole-body models that include arms
are used in ergonomics practice and applied research.

14.6 Whole-body biomechanical models
The most widely used biomechanical models of the upper extremity are whole-body
biomechanical models used primarily for assessing stresses on the low back, such as the
two-dimensional static strength prediction (2DSSPP) model and three-dimensional static
strength prediction (3DSSPP) model developed by the University of Michigan. These
models predict maximal strength capabilities and estimate internal mechanical forces on
the lumbar spine. The biomechanical models implemented in the 2DSSPP (Chafﬁn and
Andersson, 1984) and 3DSSPP (Garg and Chafﬁn, 1975; Chafﬁn and Erig, 1991) contain a
single DOF elbow joint but no wrist or hand joints. It computes net intersegmental elbow
ﬂexion=extension moment and compares it to normative strength values, but it does not
compute internal muscle forces at the elbow. Nor does it model supination=pronation torque
on the forearm. It is unclear how the simpliﬁed representation of the upper extremity in
these models affects their results. However, Al-Eisawi et al. (1994) reported experimental
observations that wrist strength is not a limiting factor for whole-body exertions, except
when the wrist is in an extended posture and the task requires wrist ﬂexion strength.
Whole-body biomechanical models are being incorporated into computer-aided design
(CAD) programs to augment the traditional anthropometry assessments of workstation
design. An AutoCAD system called ergoSHAPE (Launis and Lehtel, 1992) computes elbow
joint moments and compares them to estimated maximum strengths (no detailed wrist or
hand is included in the model). Models of the upper extremity can also be used to solve the
‘‘inverse kinematics’’ problem that arises in these applications for determining joint angles
required to reach speciﬁc targets (Lepoutre, 1993; Lenarcic and Umek, 1994; Jung et al., 1995).
Whole-body biomechanical models are also used for computing net intersegmental
moments in ﬁeld and laboratory research studies. Some models include the elbow but
not the hand or wrist (Chafﬁn and Andersson, 1984; Kromodihardjo and Mital, 1986),
but others include a wrist joint (McGill and Norman, 1985; Khalil and Ramadan, 1988;
Cheng and Kumar, 1991).
Ergonomics researchers and practitioners should be aware of how the upper extremity
is represented in whole-body biomechanical models, because they are so commonly used
in ergonomics practice.

14.7 Hand–arm vibration models
Numerous biomechanical models have been developed for studying the effect of vibration
on the upper extremity, especially vibration occurring as the result of using vibrating hand
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tools. These models provide insight into what anatomic structures absorb the vibrational
energy applied to the hand. The models can be used to simulate a variety of engineering
controls for reducing the effect of vibration on the body, especially those parts of the body
known to respond unfavorably to hand–arm vibration.
The models are based on sets of spring–mass–dashpot systems connected in series, each
representing a part of the arm. The mechanical system is mathematically represented by
systems of second-order differential equations. Figure 14.7 illustrates a ﬁve DOF model of
the arm (Thomas et al., 1996). Masses m1, m2, and m3 can be loosely thought of as
representing the masses of the hand, forearm, and upper arm, respectively. The mechanical
properties of the skin, muscles, bones, ligaments, and other tissues are represented by
linear springs and dashpots. Accelerations, Z0, are applied to the end of the system. Energy
dissipation in model elements, which correspond to anatomic regions, can be computed.
The distinguishing characteristic of these models is the number of DOF they contain.
Many models contain two (Gurram et al., 1994), three (Reynolds and Jokel, 1974; Reynolds
and Falkenberg, 1984; Rakheja et al., 1993; Gurram et al., 1994, 1995), four (Reynolds and
Falkenberg, 1984; Rakheja et al., 1993), or ﬁve DOFs (Thomas et al., 1996). The differences
arise from how the arm is represented. For example, Gurram et al. (1994) analyzed a
two DOF model containing hand and forearm masses and a three DOF model that
contained an additional mass corresponding to a glove on the hand. Similarly, some
authors choose to model the tissues of the hand in more detail (Reynolds and Keith,
1977; Reynolds and Falkenberg, 1984) while others choose a more aggregate approach
with ﬁnger, hand, and arm elements (Suggs and Mishoe, 1977; Wood and Suggs, 1977;
Reynolds and Falkenberg, 1984).
Model parameters are determined experimentally. Subjects hold a vibrating handle
which has an accelerometer attached to it. The driving point impedance, which is the
ratio of the excitation force to driving point response velocity, is computed. Model parameters are chosen so that model predictions match the magnitude and phase of the measured
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Figure 14.7 Hand–arm vibration can be modeled by a series of masses, springs, and dashpots. An
external acceleration can be placed on the distal element of the model, and the resulting mass
displacements can be simulated. Energy dissipation by model elements can also be computed.
(Reprinted from Thomas, C., Rakheja, S., Bhat, R.B., and Stiharu, I., J. Sound Vib., 191, 171, 1996.
With permission.)
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data. Earlier authors used trial and error methods (Mishoe and Suggs, 1977; Reynolds and
Falkenberg, 1984); model parameters can also be estimated by solving a numerical optimization problem in which the objective function is the square of the difference between
model predictions and measurements (Rakheja et al., 1993; Gurram et al., 1994). Many
authors have noted that model parameters depend on grip strength, which affects the
coupling between the vibration source and hand.

14.8 Summary
Although biomechanical models of the upper extremity have not been widely used for
analyses by ergonomics practitioners, they are commonly used to develop insight into the
biomechanical basis of ergonomics. Elbow ﬂexion models illustrate that internal muscle
forces can be much greater than the actual hand-loads being lifted. Similarly, biomechanical models illustrate that tension in the extrinsic hand tendons can be much greater than
ﬁngertip loads, and they illustrate the effect of grip type on tendon loading.
Large data requirements for hand models are a major impediment to their widespread
use by ergonomics practitioners. Improvements in sensors for measuring forces acting on
the hand have occurred (Fellows and Freivalds, 1989; Jensen et al., 1991; Bishu et al., 1993;
Rempel et al., 1994), but the development of low-cost data collection equipment and data
analysis software is necessary for biomechanical models of the hand, wrist, and elbow to
become part of the ergonomist's armamentarium.
Recent emphasis on ergonomic interventions for the prevention of carpal tunnel syndrome has highlighted the importance of understanding the forces acting on the median
nerve as it passes through the carpal tunnel. Biomechanical models have illustrated the
effects of grip type on the extrinsic ﬁnger ﬂexor tendons, and the pulley model explains
how wrist ﬂexion and extension modiﬁes the relationship between tendon tension and the
normal force acting between the tendons and surrounding tissues in the carpal tunnel.
Hand–arm vibration models have provided insight into which tissues of the upper
extremity absorb vibrational energy. Vibration models have contributed to the development of vibration standards, which has a direct impact on ergonomics practice. Moreover,
hand–arm vibration models can be used to modify tool design to change their frequency
characteristics.
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15.1 Introduction
Just about any ﬁeld of engineering has its computer simulation methods: ﬁnite element
analysis, computational ﬂuid dynamics, multibody dynamics, and boundary element methods
all address the simulation of physical phenomena. This technology as a whole is known as
computer-aided engineering (CAE) and it has come quite far. Today, many engineering
decisions are based solely on computer simulations of complex phenomena. This is also
going to be the case in ergonomics and biomechanics.
Computer models of the human body can be used to gain important information
about the mechanics of the human body and the ergonomic consequences of the situations
we subject it to. They not only use anatomical data, but also change the ﬁeld of anatomy
in a functional direction, providing names and locations of elements of the musculoskeletal
system, and also a deeper understanding of the mechanical functions of these elements.
The shoulder in particular is challenging to model for a variety of reasons:
1. Shoulder girdle is a closed kinematic chain with a complicated behavior involving a
scapula ﬂoating freely on the thorax balanced only by muscle forces.
2. Shoulder appears to be constructed for movement ﬂexibility, so its articulation spans
a very wide interval of joint angles.
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3. Its morphology is quite complicated and a reasonable model requires between 100
and 200 individually activated muscles.
4. Many muscles are multiarticular and, furthermore, change function with the posture
because their moment arms slip from one side of a joint to the other.
5. Many muscles wrap over and slide on bony surfaces on which they can engage and
release contact.
This chapter reviews some of these complications and their possible solutions, using
as an example a shoulder model developed in the AnyBody modeling system. (www.
anybodytech.com).

15.1.1 Musculoskeletal simulation
The application of computer simulation can be useful in ergonomics for minimizing
incompatibilities between the workers' physical capabilities and their job demands toward
preventing work-related musculoskeletal injuries. The simulation tool or system can help
improve the mental image of joint anatomy as well as an understanding of joint biomechanics. Biomechanical models can help ergonomists conceptualize joint injuries and understand the mechanisms that cause joint loads and may be responsible for the injury
development. Another advantage of musculoskeletal simulation, as opposed to traditional
qualitative ergonomics guidelines, is that the former makes the quantitative principles of
biomechanics accessible to ergonomists and provides a much superior basis for prescription of interventions.
A crucial difference between ‘‘describing a problem’’ and ‘‘solving a problem’’ should
be borne in mind. For modeling purposes, one may build a complex expression, whereas in
solving a problem one should tend to build expressions that are as simple as possible
(Cannon 1967). Methods for ﬁnding these different options are modeling and simulation
(Redﬁeld and Mooring 1991). Thus, ergonomists have an opportunity to experience this
dilemma for themselves. Ergonomists can explore and practice musculoskeletal modeling
based on examples of quantitative models.
Systems models should be as simple as possible, and each model should be developed
with a speciﬁc application in mind (Shearer et al. 1997). This approach may lead to
different models of the same system being built for different uses. In the case of biomechanical models, different anatomical components may be used in describing the system in
various applications.

15.1.2 Musculoskeletal shoulder models
The shoulder complex includes three bones: the clavicle, scapula and humerus, and the
thorax which together create the four articulations: glenohumeral (GH), acromioclavicular
(AC), sternoclavicular (SC), and scapulothoratic (ST). Many shoulder models were created
starting with two-dimensional models (De Luca and Forrest 1973; Walker and Poppen
1977) of the glenohumeral joint (GH). Three-dimensional models of the shoulder complex
introduced not only the glenohumeral joint, but also the acromioclavicular, sternoclavicular, and coracoclavicular joints with the interplay of muscles and ligaments (Högfors et al.
1991; van der Helm 1994; Garner and Pandy 2001). The main criteria used to compare the
different models were (Table 15.1):
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Table 15.1 The Three-Dimensional Models of the Shoulder
Shoulder Model

Number of
Degrees-of-Freedom

Number
of Muscles

Number
of Bundles

12
9
9

21
17
26

33
101
42

Högfors et al. (1987)
van der Helm (1994)
Garner and Pandy (2001)

.
.
.

number of degrees-of-freedom (DOF),
number of muscle groups and bundles of muscle, and
method used to model the muscle-path geometry.

The three-dimensional models (Högfors et al. 1991; van der Helm 1994; Garner and Pandy
2001) included a physiological cross-sectional area (PCSA) and maximum isometric force.
The method used by Högfors et al. (1991) and van der Helm (1994) to model the musclepath geometry was by centroid paths of muscles that were approximated as an elastic band
wrapping around simple geometric shapes. Garner and Pandy (2001) used centroid paths
of the muscles that were approximated using the obstacle-set method.
Comparing these three shoulder models, only Garner and Pandy (2001) used optimal
muscle-ﬁber length, tendon slack length, and muscle pennation angle in their shoulder
model.

15.1.3 The AnyBody modeling system
AnyBody is a commercially available CAE package for musculoskeletal modeling. It is a
modeling system in the sense that the software does not contain a predeﬁned model, and
in this respect the concept is different from the digital manikins typically used for investigations of industrial ergonomics and vehicle package design. Instead, the system
allows the user to build and analyze models of humans, animals and, indeed, any technical
mechanism.
The human musculoskeletal system is very complex and it is not feasible for the average
ergonomist to construct valid models of the human anatomy starting from the beginning
for each investigation. Instead, a library of body models has been developed and placed
in the public domain independently of the software. The coordination of this library
is conducted by the AnyBody Research Group at Aalborg University, Denmark (www.
anybody.aau.dk). Placing the models in the public domain enables scrutiny, improvement,
and validation of the models by independent researchers, and in this way, the
model repository obtains a steadily increasing reliability. The library is organized into
individual body parts that can be assembled to form smaller or larger parts of the entire
human body.

15.1.4 The AnyBody shoulder model
The shoulder model of the AnyBody model repository is based on the Delft shoulder
model by van der Helm et al. (1992). The Delft model has been consistently and very
methodically developed over many years and is state-of-the-art in the ﬁeld.
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15.1.5 Kinematics
Shoulder kinematics is relatively complicated because the shoulder girdle is a closed
kinematic chain due to the anatomical constraints. The ﬁrst constraint relates to the gliding
movements of the scapula on the thorax and the second to the clavicula, which allows the
acromion to move more or less on a sphere around the sternoclavicular joint.
Using the formalism of the Delft shoulder model, Figure 15.1 shows how the mechanism
is connected. The simple part is that the humerus is connected proximally to the scapula by
a spherical joint, the glenohumeral (GH) joint. This is kinematics only. In practice, the
glenoid fossa is rather shallow and prone to instability.
The proximal end of the clavicle is connected to the sternum by another spherical joint,
the sternoclavicular (SC) joint. The distal end is joined with the acromion in another
spherical joint, the acromioclavicular (AC). This gives the clavicle the opportunity to rotate
about an axis through those two joints, and this rotation must be constrained in a
musculoskeletal model. In the AnyBody model, this is accomplished by the addition of
the conoid ligament (Figure 15.1).
The scapula is ﬂoating on the thorax, kinematically constrained at the two points, the
trigonum spinae (TS) and the angulus inferior (AI). The thorax is modeled as an ellipsoid,
and the position of the scapula on this surface must be balanced by muscles pulling in
different directions. The movement of the scapula is termed scapular–thoracic articulation.
It is often convenient to specify this as the position of a palpatable bony landmark with
respect to the thorax, and the acromion is often used for this purpose. The scapular–
thoracic movement may in this case be speciﬁed by a two-dimensional location of the
acromion in the parasaggital plane.
A shoulder model is difﬁcult to separate from the forearm, because bi-articular muscles
crossing the elbow also cross the GH joint. Therefore, the posture and equilibrium of the
forearm play a role for the shoulder. The forearm comprises two bones, the radius and
ulna, which form joints with the elbow and the wrist. This means that the degrees-offreedom of these multiple individual joints inﬂuence each other. The articulations are

Conoid ligament
SC
AC

GH

TS

AI

Figure 15.1

Kinematic constraints in the shoulder.
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Pronation/supination

Flexion/extension

Figure 15.2 Degrees-of-freedom of the forearm.

usually interpreted such that the elbow joint is a hinge offering ﬂexion and extension,
and hence in the Delft model is denoted FE. The joints between the radius and ulna
offer another movement capability which, from an external point-of-view is a rotation of
the forearm, but from a mechanical point-of-view is really a mutual displacement between
the two bones. Proper modeling of the joints' movement will allow the distal part of the
forearm the opportunity of pronation=supination. The degrees-of-freedom of the forearm
are illustrated in Figure 15.2.
The shoulder has considerable movement ﬂexibility, and it is often possible to attain
a speciﬁc position of the hand with several different postures of the shoulder complex.
In general, the strength of the scapular–thoracic movement is superior to the GH articulations, but the latter are easier to realize because they involve movement of less mass.
Therefore, individuals tend not to articulate the scapular–thoracic movement unless it is
necessary. This necessity may arise for the following reasons:
1. To reach farther
2. To apply more force
In particular, when the humerus is abducted above a certain limit, it will impinge soft
tissues under the acromion, and further abduction can then only be obtained with elevation of the scapula. For abductions below this limit and for moderate loads and reaches, the
scapular–thoracic movement is normally not applied. This has fostered the idea of the
shoulder rhythm, which is a rule-based coherence between glenohumeral rotation and
scapular–thoracic posture. Shoulder rhythm considerably facilitates the control of shoulder
posture, but the idea must be applied with care because its validity depends not only on
kinematics but also on load.

15.1.6 Muscle conﬁguration
A model of the shoulder primarily faces two challenges with respect to the muscles. The
ﬁrst challenge is the fact that anatomical muscles are not classiﬁed according to their
mechanical effect. Muscles may be recruited by the central nervous system in smaller
motor units, so each muscle is in reality a large number of more or less independent
actuators. This fact is particularly important because many anatomical muscles span
large areas and have ﬁbers that pull in different directions. The deltoid muscle, for instance,
has ﬁbers on the anterior, lateral, and posterior sides of the GH joint, and these ﬁbers drive
ﬂexion, abduction, and extension, respectively, of the joint. Other muscles with considerable variations of mechanical ﬁber actions are the latissimus dorsi and pectoralis muscles.
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Figure 15.3 The Delft shoulder model as implemented in AnyBody. This model is loaded by a vertical
force at the hand and responds by activation of the elbow ﬂexors. The thickness of each muscle is
proportional to the instantaneous muscle force, and the hue illustrates the muscle active state.

Figure 15.3 illustrates an important point about musculoskeletal models. It is usually
necessary to divide the whole muscle belly into several individual units called bundles
according to grouping of muscle fascicles. Notice, for instance, the deltoid and the pectoralis muscles. Both of these are fan-type muscles with a narrow insertion on the humerus
and a very wide origin. This means that the ﬁbers in different parts of the muscle have very
different trajectories and therefore different mechanical functions. It is particularly prevalent for the deltoid, whose anterior ﬁbers act as shoulder ﬂexors, while the posterior ﬁbers
are shoulder extensors.
Another important observation is that most of the muscles in the shoulder are wrapping
over bony surfaces. These muscles will slide on the bones as the shoulder articulates and
they can engage and release contact with the bony surfaces. Some of these muscle ﬁbers
change moment arms and thereby mechanical functions with the shoulder posture. In
some postures a muscle may act as a joint ﬂexor, and in another situation as an extensor.
van der Helm and Veenbaas (1991) have investigated this issue, and the resulting shoulder
model in AnyBody (Figure 15.3) comprises 118 individually activated muscle units.
The second challenge is that muscles wrap over bones and slide on bony surfaces with
the articulation of the shoulder. This phenomenon is known as contact mechanics, and it is
mathematically and numerically challenging to model. The AnyBody model handles the
problem as an optimization problem that minimizes the distance of the muscle from origin
to insertion while treating the bones as obstacles in the space.

15.1.7 Applications of a shoulder model
The possible applications of musculoskeletal shoulder models are boundless. In this section
we shall present a few examples that are representative for different sectors.
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The shoulder models were based on inverse dynamics where the posture and external
forces were speciﬁed, and the system computed internal muscle forces and joint reactions
by means of equilibrium and an optimality criterion for redundant muscle recruitment
(Rasmussen et al. 2001).
The ﬁrst example is from occupational ergonomics and deals with a hospital porter
pushing beds. A bed is relatively heavy and this work can result in a multitude of overuse
injuries, for instance elbow pain.
A simple mechanism on the bed allows for adjusting the height of the push bar and the
question is, which bar height would be preferable in terms of reduction of elbow forces in
the movement. The problem is not trivial because the majority of the reaction force in the
elbow is generated by muscle actions, and they depend in a complicated fashion on the
posture and, therefore, also on the handle height.
In a simulation, three different bar heights were tested: 0.9, 1.1, and 1.3 m, where the
lowest position is illustrated in Figure 15.4. The high position of the bar is roughly aligned
with the shoulders.
It turns out that the high position is the best, resulting in elbow reaction forces that are
only half of the forces in the low handle position (Figure 15.5).
The second example concerns product design. A motorized lawn mower has its cutting
unit sitting on the back which can be lifted by means of a mechanism connected to a lever
that the operator can pull. The cutting unit is rather heavy, and the dimensions of
the mechanism will inﬂuence the operator's ability to exert enough force for the task
(Figure 15.6). In particular, a longer lever arm will not only reduce the necessary force
but also require the operator to pull the lever arm over a larger distance ending with the

Figure 15.4

A hospital porter pushing a bed.
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Elbow joint force (N)

800
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600
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500

1.1 m
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1.3 m

300
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100
0
0

0.24 0.47 0.71 0.95 1.18 1.42
Time (s)

Figure 15.5

Elbow forces during a push of the bed from ﬂexed to fully extended elbows.

shoulder in a more extended posture in which it has less strength. Somewhere between
the desire for leverage and limitation of the shoulder articulation may exist an optimum.
It turns out that an average 50th percentile male cannot operate the lawn mower
mechanism that lifts the cutting unit. However, by adding a 10 cm extension of the lever
arm, the force necessary for operation is reduced to less than average strength.
For the other applications, the models are scaleable with anthropometric data and can
represent any individual or a percentile of a population as shown in Figure 15.7.

Figure 15.6

Lawn mower example.
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Figure 15.7 Musculoskeletal models of 5th percentile female, 50th percentile male, and 95th
percentile male.

15.1.8 Future directions
When performing a computer simulation of something as complex as the human musculoskeletal system, the reliability of the results is always in question. In fact, the inherent
mathematical and numerical challenges involved in musculoskeletal simulation have been
major obstacles to the development of reliable methods. Computer simulation of the
human musculoskeletal system is affected mainly by two different sources of inaccuracy:
1. Inaccuracies in the model parameters such as muscle properties, joint centers, mass
properties of body segments, etc. Much of the necessary data can be obtained only
from detailed cadaver studies, and the collection represents several practical and
statistical challenges (Itoi et al. 1996).
2. Lack of knowledge of the function of the central nervous system. The problem here is
that due to redundancy in the musculoskeletal system, there are many mechanically
valid solutions to the problem of muscle recruitment. Inﬁnitely many different sets of
muscle forces can carry the same exterior load to the body. The question is, whether
the computer model chooses the correct muscle activation pattern.
It turns out that redundancy is signiﬁcantly reduced at maximum voluntary contraction
because most of the different criteria for muscle recruitment converge to the same muscleactivation pattern when the body is required to carry the maximum possible load (Rasmussen
et al. 2001).
The other source of inaccuracy—the anthropometrical properties—is problematic in
terms of quantitative ergonomic evaluations. The anthropometrical properties of the model
may not correspond to any average body percentile. This means that we shall use the
computer model merely to demonstrate how the joints that are normally considered separate
mechanical entities, in fact, are tightly connected by the complexity of the mechanics of
the human body.
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Simulation is viable in the context of musculoskeletal biomechanics. We are constantly
trying to improve the way we present the nature of musculoskeletal problems. Through
the use of simulation techniques, we would like to encourage and empower ergonomists to
be creative in resolving the biomechanical side of the problem, to be open to a systems
view on musculoskeletal research, and to give in to curiosity to ﬁnd the harmonizing
transitions between the components of the musculoskeletal system.
Musculoskeletal modeling in ergonomics should synthesize approaches in the movement sciences and orthopedics, in which we apply anatomy, biomechanics, and simulation
(Gielo-Perczak 2005). The animation of a complex anatomy will help in understanding the
complex mechanisms of injuries.
Ergonomics science prides itself on the ability to calculate. However, ergonomics science
needs to escape its own limitations (Gielo-Perczak et al. 2006). Thus, ergonomists need
simulation tools that will both nurture and develop strong imagination by advanced
calculation ability. The implementation of professional simulation software in ergonomics
should be strongly encouraged.
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Högfors, C., Sigholm, G., and Herberts, P. 1987, Biomechanical model of the human shoulder joint-I.
Elements, Journal of Biomechanics, 20, 157–166.
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16.1 Introduction
To understand the biomechanics of trauma, in vivo, in vitro, physical, and computational
models are used. In vivo models include experimental animals and human volunteers.
In vitro models primarily consist of postmortem human subject (PMHS) investigations.
405
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Physical models include anthropomorphic test devices, widely known as crash dummies.
Computational models include occupant kinematics and stress analysis-based ﬁnite element
analysis research. Human volunteer studies allow monitoring of physiological responses to
the external insult at subinjury thresholds. In contrast, in vitro studies are suitable to
understand the biomechanics from subinjury to injury-producing load or acceleration
levels although physiological evaluations are not incorporated into the experimental
design. In vitro studies provide data for the design, development, and validation of
bioﬁdelic physical models. In addition, results from carefully designed in vitro experiments
serve as validation and veriﬁcation data for computational models so that parametric
simulations can be conducted to better understand the intrinsic biomechanics of structural
components potentially involved in injury and pain producing processes. Consequently,
with a primary focus on in vitro biomechanical studies, this chapter presents kinetic and
anatomical responses of the head and cervical spine, with a focus on applications in
clinical, epidemiological, and safety engineering aspects of whiplash injuries. Computational outcomes are also presented. Because it is widely acknowledged that whiplash
injury is predominantly rear impact motor vehicle-related [1], the chapter focuses on this
loading mode, i.e., posteroanterior acceleration loading.

16.2 Intact PMHS studies
Prior to 1967–1971, studies were conducted using two embalmed intact PMHS [2,3]. One
PMHS was previously used in windshield, shoulder harness, and steering wheel evaluation programs, and the other was used to determine the force-deﬂection characteristics of
the chest [4]. Because x-rays from previous tests revealed head=facial fractures with no
evidence of neck damage, the two PMHS were determined to be suitable to investigate
rear impact biomechanics. Using a horizontal accelerator, tests were conducted at 14.4 and
24 km=h change in velocity (DV, a commonly used measure of impact severity in crashworthiness research). The simulation sequence consisted of two series, with and without
head support. The ﬁrst test was with a rigid seatback at 14.4 km=h, and remaining tests
were conducted at 24 km=h. The degree of seatback rigidity was incrementally increased,
and the seatback was fully rigid for the ﬁnal run. The researchers stated: ‘‘x-rays
were taken after any simulation in which damage to the cervical spine was suspected to
have occurred.’’ X-rays showed minor damage between C3 and C4 vertebrae in one and
no damage in the other PMHS. Acknowledging that soft tissue trauma identiﬁcation is
only inferential from x-rays, these studies did not identify and document the speciﬁc
component(s) sustaining trauma. It should, however, be noted that imaging technologies
such as cryomicrotomy were not available at the time of this research. These studies have
formed a basis for specifying human tolerance to injury in rear impact [5].
Prior to 1972, sled tests were conducted using 21 unembalmed PMHS torsos [6]. The
specimens were isolated at T10 and mounted on a ﬂat rigid plate. In all but one, the head
was transected at the base of the skull and a spherical wooden surrogate was inserted. The
preparations were divided into no head restraint and simulated head restraint groups.
Tests were conducted from 19.1 to 25.6 km=h DV with head restraint and between 25 and
25.6 km=h DV without head restraint. In all tests, a steel backrest with foam upholstery
supported the torso, and the backrest was level with the shoulder. In tests with head
restraint, increased translation of the thorax, initiating relative motion between the
head and thorax resulted in slight forward neck ﬂexion. No injuries occurred in this
group. In tests without head restraint, torso acceleration lasting 30–40 ms led to rotation
of the head while the neck was in extension. Timing of peak head rotation and deceleration
were coincident. Autopsy procedures identiﬁed disc injuries followed by ruptures of
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anterior and posterior longitudinal ligaments, joint capsules, ligamentum ﬂavum, and
posterior vertebral body and spinous process fractures.
In a later study, 49 sled tests were conducted from 6 to 15 km=h DV using two female and
four male PMHS [7]. Initial head angles ranged from 458 to þ458. The horizontal distance
between the head and the head restraint (backset) ranged from 0 to 16 cm. A high-speed video
camera was used to obtain sagittal plane motions of landmarks attached to two cervical
vertebral bodies. Rearward head rotation initiated 60–100 ms after impact. After 100–160 ms,
the head began to rotate forward, after the shoulders had translated forward. Rearward head
rotation was minimized with zero backset, and was maximized with 16 cm backset; other
studies using computational modeling and dummy tests have shown similar results [8,9].
Head to mid-cervical spine motion initiating between 50 and 80 ms following impact resulted
in upper neck ﬂexion. Peak upper neck ﬂexion up to 458 occurred between 100 and 130 ms.
Although no injury information was provided, the importance of avoiding extreme relative
motion between head, neck, and torso to minimize neck trauma was emphasized.
Several studies were reported in 2000. One study subjected 4 PMHS to 19 rear impacts to
investigate effects of DV and head restraint on head and neck kinetics at 11 and 16 km=h DV
[10]. The study identiﬁed ramping up and rearward T1 rotation. According to the
researchers, the ﬁrst phase of kinematics included lower and upper spine (C5–T1, OC–C2)
initial ﬂexion, and middle spine (C2–C3) extension with the head remaining horizontal=stationary. This phase was termed as the ‘‘retraction’’ phase. The second phase was characterized by extension of the entire spine (C2–T1) as the head began to rotate rearward. The spinal
column continued to extend during the third phase. In head restraint tests, the head
contacted the restraint toward the end of the ﬁrst phase. Neck kinetics increased with DV.
Injuries were not reported in the original article.
Another study subjected 6 PMHS to 26 rear impacts, measured intervertebral kinematics, and reported similar upper (C1–C3) and lower (C5–C6) spine curvatures during initial
stages [11,12], although a later study by the same group of researches reported the absence
of S-curvature [13]. Peak facet capsule strains occurred prior to maximum head extension
and prior to head restraint contact [11,12]. Injuries were discovered during autopsy in four
specimens: C4–C5 to C7–T1 facet capsules, discs, muscles, and thyroid cartilage. A fracture
to the lower part of C6 occurred in one specimen.
A signiﬁcant majority of injuries occur in low-speed motor vehicle crashes and the most
common impacting vector is from the rear, inducing single cycle posteroanterior acceleration
to the occupant through the seat [14–24]. Injury identiﬁcations are not reliable from models
using repeated applications of external loading to the same specimen. This is because
repeated acceleration input alters the initial preloaded status of the specimen, and previously
applied loading may have induced unknown injury or altered spinal strength as components
of the complex cervical spine are not perfectly elastic. Above all, repeated loading does not
occur in real-world motor vehicle-induced trauma. By deﬁnition, posteroanterior acceleration-induced injury is soft tissue-related; fractures are uncommon. To document injuries
from this type of loading, in vitro studies cannot rely on traditional imaging techniques such
as x-ray and computed tomography (CT) as these references are only inferential. Because of
the in vitro nature of the experimental model coupled with tissue types involved in injury
(e.g., facet joint distraction without lateral mass fracture), resolution, and other factors,
magnetic resonance imaging is not the most appropriate modality to identify trauma.
Autopsy is also not the most efﬁcacious tool because techniques for soft tissue injury
identiﬁcations are imprecise. These reasons may have precluded earlier researchers from
identifying soft tissue trauma to speciﬁc components of the head–neck complex.
In 2000, using unembalmed intact PMHS and cryomicrotomy, soft tissue injuries were
identiﬁed and documented due to single application of rear impact posteroanterior
acceleration [25,26]. Using a whole-body deceleration sled adopted in frontal and side
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impact PMHS and dummy research [27–29], male and female PMHS were screened for the
absence of spinal trauma, seated in the normal driving posture with the Frankfort plane
horizontal, and subjected to 15 or 25 km=h DV rear impacts. Kinematic data were recorded
to determine head–neck forces and moments in the three-dimensional (3-D) anatomical
plane, posttest x-rays, and CT images were obtained, and cervical spines were subjected
to cryomicrotomy. The rigid seat had a cushion and typical automotive seat geometry.
A worst-case scenario was simulated by allowing unconstrained motion of the head–neck.
Structural abnormalities included stretch=tear of the ligamentum ﬂavum, annulus disruption, anterior longitudinal ligament rupture, and facet joint compromise with capsular
ligament tear (Figure 16.1). These results indicated that single application of posteroanterior
acceleration loading can induce soft tissue-related alterations not identiﬁable using routine
clinical imaging modalities. Identiﬁed and documented abnormalities supported clinical
postulates regarding the location of soft tissue injuries and offered an explanation for
headache and neck pain, the two most common complaints in whiplash patients
[16–19,22,24,30–34].

OC

OC
C1

C1

C2
C2
C3
C3
C4

C4

C5

Specimen Symbol
A1
B3
C4
D5

C5

C6

C6

C7
C7
T1
T1

Midsagittal

Parasagittal

Figure 16.1 Schematic representation of midsagittal and parasagittal views of the human cervical
spine illustrating injuries identiﬁed using fullbody intact PMHS subjected to single cycle rear impact
acceleration using sled equipment. (Adapted from Yoganandan, N., Cusick, J.F., Pintar, F.A., and
Rao, R.D., Spine, 26, 2443, 2001.)
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To the best knowledge of the researchers, this continues to be the only study documenting trauma using realistic real-world posteroanterior acceleration loading environment,
and recognizing that variables such as seat and head restraint, occupant anthropometry,
demographics, and positioning may play a role in injury outcome. Identiﬁcation and
documentation of kinetics (kinematics) and injuries have formed a basis along with clinical
ﬁndings regarding potential involvement of spinal components to pursue focused investigations using other in vitro models. Because of the 3-D nature of the head–neck complex,
and because injuries can occur due to excessive motions, other in vitro models have been
used to determine segmental and local component kinematics.

16.3 Isolated head–neck complex studies
Using T1 acceleration output from intact PMHS sled experiments as a basis for driving the
PMHS intact head–neck complex model [35–40], the overall head–neck, level-by-level
intersegmental, and local component motions; forces and bending moments; and acceleration metrics were determined to offer additional insights into the biomechanics of load
transfer and explain mechanisms of injury. Results from these studies have also served as
validation and veriﬁcation data for computational models to better understand the intrinsic biomechanics of structural components due to posteroanterior acceleration loading.

16.3.1 Specimen preparation, mounting, instrumentation, and loading
Isolated PMHS intact head–neck complexes from both genders, and those free from
Hepatitis A, B, and C, and HIV, were screened for musculoskeletal and head trauma.
Specimen preparation included isolation at T2 and removal of the esophagus and trachea,
leaving intact the head and ligamentous spine with skin and musculature. Retroreﬂective
targets were inserted into the lateral region of each lateral mass, anterior regions of each
vertebral body (C2–C7), and mastoid process. Smaller targets were placed at the four
sagittal plane corners of each facet joint (Figure 16.2). Posteroanterior acceleration loading
was delivered using a calibrated mini-sled pendulum [41]. The specimen, ﬁxed at the
thoracic end with the head unconstrained, was mounted on the mini-sled and oriented
similar to fullbody PMHS tests by maintaining the Frankfort plane horizontal and

Segmental
angle

Facet joint
motion
Pendulum impact

Figure 16.2 Experimental test setup used in intact head–neck complex PMHS testing. Preparations
were placed on the platform of a custom-designed mini-sled used to apply rear impact acceleration to
the base. Retroreﬂective targets were placed to track spinal kinematics.
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orienting occipital condyles superior to the T1 body (Figure 16.2). T1 was anteriorly oriented
at 258. A six-axis load cell was placed at the distal end to determine 3-D forces and moments.
Accelerometers on the mini-sled and head were used to determine input DV and head
kinematics. Load cell and accelerometer data were acquired at 12,500 Hz, and ﬁltered
and processed according to the Society of Automotive Engineers (SAE) J211 speciﬁcations.
Two tests were initially conducted at 2.1 km=h DV to determine baseline kinematics. The
acceleration matrix (Figure 16.3) was such that each higher DV test (4.6, 6.6, 9.3, and 12.4
km=h) was preceded by the lowest DV test and radiography. Testing terminated upon the
detection of trauma, deﬁned as joint instability on gross inspection or palpation by clinical
personnel, x-rays, or drastic=unexpected biomechanical signal changes. Sequential images
from 1000 frames=s high-speed digital video cameras were used to statistically analyze
kinematics and correlate with accelerations and 3-D forces and moments.

16.3.2 Data analysis
High-speed digital images were temporally analyzed to determine the overall spinal
responses. Kinematics were processed using the principles of continuous motion analysis
in the sagittal plane [42,43]. Intervertebral (segmental) rotations (Figure 16.2) at various
spinal levels of the head–neck complex were determined using retroreﬂective target data.
The overall angular motion was deﬁned as the motion of the head with respect to the base.
Segmental rotations of one spinal vertebra with respect to its adjacent vertebra
were computed. Facet joint motions were deﬁned as anterior and posterior translations
along (shear, tangential motion) and perpendicular to (distraction or compression,
normal motion) the joint line in ventral and dorsal joint regions (Figure 16.4). Analysis
of temporal force and moment metrics revealed patterns of load transmission in the
head–neck complex.

16.3.3 Overall head–neck kinematics
Because the cervical spine has a natural lordotic curvature and supports the eccentrically
located head at its upper regions, it is important to describe curvatures of the column in
relation to the cranium. Regional or overall changes in the signature(s) of the head–neck
complex from the initial lordotic or unloaded curvature can explain the mechanism of load
transfer and perhaps offer explanations to the mechanism of injury. For example, ﬂexion
predisposes posterior head–neck structures to distraction-mediated mechanism of load
transfer, and dorsal structure stretch may explain injury or pain attributed to the local
region.

Figure 16.3

2.1 km/h

2.1 km/h

4.6 km/h

2.1 km/h

6.6 km/h

2.1 km/h

9.3 km/h

2.1 km/h

12.4 km/h

2.1 km/h

Test matrix indicating the sequence of loading to the intact head–neck complex.
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Figure 16.4 Procedure used to deﬁne and determine the sagittal plane translations along and
perpendicular to the facet joint line using temporal retroreﬂective target data.

Overall head–neck kinematics was analyzed using the above described intact head–neck
complex tests. During the initial stages of acceleration input, a transient decoupling of the
head occurred with respect to the neck exhibiting a lag of the cranium. During the loading
phase, the head and upper cervical spine responded with local ﬂexion concomitant with
head lag while the lower column was under local extension. This established a reverse or
S-curvature of the head–neck complex (Figure 16.5) [38]. Although transient, the biphasic

Segmental angle (deg)

15

C2–C3
C3–C4
C4–C5
C5–C6
C6–C7

0.1

−10

Time (s)

Figure 16.5 Segmental angulations as a function of spinal level. Negative angulations indicate
ﬂexion, positive indicate extension. (Adapted from Stemper, B.D., Yoganandan, N., and Pintar, F.A.,
J. Biomech., 36, 1281, 2003.)
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S-curvature is nonphysiologic [35]. Dynamic alterations of the occiput to C2 complex may
impart potentially adverse forces to related neural structures, with subsequent development of a neuropathic pain process. Excessive ﬂexion of the posterior upper cervical
regions can be correlated to headaches [35]. With continuing application of the acceleration, inertia of the head caught up with intervertebral deformations. The entire head–neck
complex was subsequently under a mono-phase extension mode with C-curvature [44–46].
Formation of the transient nonphysiologic curvature represented translation of the neck
with respect to the head before the cervical column attained a stable extension signature.
The observed S- and C-curvatures and phase differences between the spine and head in the
intact head–neck complex model have also been reported in studies using isolated ligamentous columns supporting an artiﬁcial head [47,48].
The initial transient S- and ultimate C-curvatures of the head–neck complex were
independent of gender and DV, although the transient curvature shifted inferiorly with
increasing DV [38]. These evaluations indicate that the human head–neck structure
behaves similarly without external insult level or gender bias. The former identiﬁcation
is helpful in the design of safety engineering systems. For example, female and male
dummy designs can be based on similar overall kinematic responses. However, the
latter identiﬁcation fails to explain female gender bias to injury, reported in clinical and
epidemiological literature [16–19,22,23,30–34,49–58].

16.3.4 Segmental kinematics
It is well known that motion and injury are interrelated. Segmental kinematics refers to the
motion of one vertebra with respect to the adjacent vertebra. Acknowledging that motions
have been a hallmark for diagnosing spinal instability for over six decades [59], determinations of segmental motions due to posteroanterior acceleration loading may assist in
treatment.
Temporal sagittal plane segmental angulations were determined using the above
described intact head–neck complex tests. Flexion and extension rotations were computed
during maximum S-curvature, deﬁned as the time of peak C2–C3 ﬂexion (Figure 16.5). The
mean time of attainment of peak S-curvature decreased with increasing DV. The earliest
time of occurrence was 68 ms for 12.4 km=h DV, and the latest was 100 ms for 2.1 km=h DV
(Table 16.1). The mean time of attainment of maximum S-curvature for the lowest DV
coincided with the end of loading phase. Segmental angulations increased caudally, and
this phenomenon was true at all DV and for both genders. At all DV, the C2–C3 segment
responded with greatest ﬂexion, and the C6–C7 segment responded with greatest extension.
Extension and ﬂexion angles for both genders increased with increasing DV (Figure 16.6).
While no discernable pattern for the effect of DV on angulations was apparent at the C2–C3
segment, the C3–C4 segment transitioned from extension to ﬂexion with increasing DV.
Table 16.1 Time of Maximum S-Curve as a
Function of Impact Velocity
Input Velocity (km=h)
2.1
4.6
6.6
9.3
12.4

Time of Maximum
S-Curvature (ms)
100
80
77
76
68

Source: Adapted from Stemper, B.D., Yoganandan, N., and
Pintar, F.A., J. Biomech., 36, 1281, 2003.
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Figure 16.6 Segmental angulations as a function of spinal level and DV. Clockwise from top-left
ﬁgures represent 2.1, 4.6, 9.3, and 6.6 km=h, respectively. (Adapted from Stemper, B.D., Yoganandan, N.,
and Pintar, F.A., J. Biomech., 36, 1281, 2003.)

Female head–neck complexes responded with signiﬁcantly greater (p < .05) angulations at
C2–C3 and C4–C7 levels than male specimens (Figure 16.6) [38].
Acknowledging similar anatomical and structural developments in the human cervical
spine for both genders, these kinematics-based results partly explain gender bias in rear
impact-induced injury. Increased female segmental motions offer a biomechanical explanation for higher incidence of whiplash-related complaints to this population [38]. An
implication of this ﬁnding is that females cannot be viewed as scaled-down males for
injury tolerance and crashworthiness evaluations. Thus, while female and male dummies
may be based on similar overall kinematic responses, from a segmental perspective,
differing designs or use of different evaluation criteria may need to be explored to
accommodate the gender bias.

16.3.5 Local component kinematics
Local component motions focus on speciﬁc soft tissues such as intervertebral discs, facet
joints, and ligaments. Tension=compression and shear motions of joint structures can be
associated with stretch of the connective soft tissue components. Excessive stretch may
result in sub- or catastrophic tissue failure. While the latter may result in acute instability,
the former may lead to chronic pathology, an important outcome in whiplash patients [60].
Consequently, determinations of local component motions are valuable for a better understanding of the biomechanics and mechanisms of injury. Localized sagittal plane facet joint
kinematics was analyzed using the above described intact head–neck complex tests. Lower
cervical facet joints demonstrated varying magnitudes of localized compression and shear.
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Figure 16.7 Facet joint shear motions as a function of spinal level and DV. Mean motions were
directed dorsally. Clockwise from top-left ﬁgures represent 2.1, 4.6, 9.3, and 6.6 km=h, respectively.
(Adapted from Stemper, B.D., Yoganandan, N., and Pintar, F.A., Spine, 29, 1764, 2004.)

While the anterior- and posterior-most regions of the joint responded with similar anteroposterior shear motions along the joint (Figure 16.7), the posterior-most joint region
responded with compression and the anterior-most region responded with distraction
(Figure 16.8). This may account for region-dependent injury mechanisms, i.e., distraction
in the anterior and pinching in the posterior regions. The combination of shear=tangential
and axial=normal motions, i.e., shear plus distraction mechanism in the ventral and shear
plus compression mechanism in the dorsal region results in joint capsule stretch.
During the time of S-curvature, facet joints demonstrated statistically different (p < .05)
region-dependent behavior, with compression in the dorsal and distraction in the ventral
regions. Shear motion across the joint was not different between regions, although shear
magnitudes were signiﬁcantly (p < .05) greater than distraction magnitudes. In addition,
shear motion was greater from C4 to C6 levels in females [37]. Nonphysiologic kinematic
responses may induce stresses in lower facet joints, resulting in possible compromise
sufﬁcient to elicit neuropathic or nociceptive pain. Injury to the ventral region stems
from tensile failure of the joint capsule. Injury to the dorsal region stems from pinching
of the capsule or synovial fold and contact between subchondral bone of superior and
inferior processes. While cartilage surrounding the articular process of the lateral mass is
devoid of nerve endings, the subchondral bone underlying the cartilage is innervated. The
relatively softer cartilage may expose adjacent subchondral bones in dorsal regions of the
lateral mass to impinge, eliciting pain.
This analysis offers an explanation for facet joint-induced neck pain, reported in rear
impact motor vehicle epidemiology literature [17,19,33,55,58]. Because excess spinal
motion is biomechanically related to abnormalities, and because lower cervical facet joints
sustain greater motion in female specimens, this population is susceptible to trauma.
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Figure 16.8 Facet joint axial motions for both genders as a function of spinal level and DV. Positive
motions indicate distraction and negative motions indicate compression. Clockwise from top-left
ﬁgures represent 2.1, 4.6, 9.3, and 6.6 km=h, respectively. (Adapted from Stemper, B.D., Yoganandan, N.,
and Pintar, F.A., Spine, 29, 1764, 2004.)

Other studies have reported similar kinematics. Using intact PMHS, maximum facet joint
capsule strains occurred prior to maximum head extension and head restraint contact [11].
This ﬁnding may partly explain the lack of effectiveness of head restraints in reducing
rear impact-induced injuries [61,62]. Another study using OC–T1 columns supporting an
artiﬁcial head reinforced the compression=pinching injury theory discussed above by
demonstrating that facet joint compression exceeded physiologic limits under 3.5–8.0 g
posteroanterior acceleration [63]. Using C1–T1 columns ﬁxed at the two ends and subjected
to quasi-static loading, another study showed that shear stiffness decreases in the presence
of axial compression [64]. This ﬁnding may imply a role for thoracic ramping and uncoiling
of the dorsal spine in the mechanism of load transfer and injury. Quasi-static isolated
motion segment tests have shown that pretorque increases facet capsule strains [65]. Initially
rotated head position before the application of rear impact-induced posteroanterior acceleration loading has been associated with greater injury susceptibility in clinical and
epidemiological literature [22,24,66,67]. These metrics have been used to explain whiplash
injury biomechanics.

16.4 Anatomic studies of cervical facet joint
To determine level and gender dependency on facet joint morphology in the cervical spine,
an in vitro anatomic study subjected unembalmed intact PMHS cervical spinal columns to
cryomicrotomy. Following x-ray and CT, specimens were sectioned in the sagittal plane at
20–40 mm. Facet joint width, and cartilage thickness and gap were extracted from sequential sections. Width was deﬁned as the maximum distance along the joint at its midlevel.
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Figure 16.9 Human cervical spine facet joint at the midsagittal level of the joint. The schematic
shows the deﬁnitions used in the anatomical study. (Adapted from Yoganandan, N., Knowles, S.A.,
Maiman, D.J., and Pintar, F.A., Spine, 28, 2318, 2003.)

The cartilage on the superior and inferior facet surfaces was divided into ﬁve equal
segments, and the thickness was measured at 0%, 25%, 50%, 75%, and 100% of the length
of the cartilage (Figure 16.9). The cartilage gap was deﬁned as the distance from the
ventral- or dorsal-most region of the joint to the location where the cartilage began to
appear. These measurements were obtained on the superior and inferior surfaces for each
joint (Table 16.2). Data were grouped into upper cervical spine region (C1–C2, UCS) and
lower cervical spine region (C3–C7, LCS) based on the interaction outcome from factorial
analysis of variance. Interactions were detected between gender and location of the facet
joint gap, i.e., dorsal versus ventral and between upper versus lower spinal regions. The
gap was signiﬁcantly lower (p < .05) in UCS than LCS (Figure 16.10). In addition, the gap at
the ventral and dorsal regions was signiﬁcantly (p < .05) lower in UCS than in LCS (Figure
16.11). The gap in the dorsal region was lower in males than females. Facet cartilage was
thickest in the middle region (Figure 16.12) and UCS (Figure 16.13). The overall mean
thickness was signiﬁcantly lower (p < .05) in females than males in UCS (Figure 16.11). In
contrast, for the facet joint width that decreased from the rostral to caudal direction (Figure
16.14), signiﬁcant differences (p < .05) were apparent only between UCS and LCS.
Since bilateral facet joints contribute to intervertebral rotations, variations in geometry
affect spinal kinematics. Signiﬁcantly greater facet joint width in the upper than the lower
spine may have implications in the mechanics of the human neck due to posteroanterior
acceleration loading. Increased facet joint geometry results in increased translations [68].
The initial position of the head affects segmental motions of the cervical spinal column;
lower cervical joint motions were smaller in human volunteers oriented in an initial chinin=out position than in the normal position [69]. Since the soft cartilage is devoid of nerve
endings, its direct role is likely to be minimal in the pain process. However, the gap, or the
lack of cartilage cover at the ends of the joint, accentuates the role of this component on
subchondral bone mechanics in trauma. If the facet joint opposition is decreased leading to
contact with adjacent processes, due to the pinching mechanism reported from intact
human head–neck complex studies, lack of cartilage cover at the ends reduces the cushion
normally provided to the bone. This phenomenon occurs at the ends due to gap.

Inferior
—
0.49 + 0.03
16.00 + 1.12
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—
0.45 + 0.02
16.84 + 0.98

Male Plus Female
11.31 + 0.27
0.47 + 0.02
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Female
11.09 + 0.32
0.42 + 0.02
17.20 + 1.34

11.54 + 0.43
0.52 + 0.03
16.05 + 0.90

Adapted from Yoganandan N., Knowles, S.A., Maiman, D.J., and Pintar, F.A., Spine, 28, 2321, 2003.
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Figure 16.10 Facet gap as a function of cervical spinal level. (Adapted from Yoganandan, N.,
Knowles, S.A., Maiman, D.J., and Pintar, F.A., Spine, 28, 2319, 2003.)
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Figure 16.11 Facet joint geometry as a function of gender (top) and spinal region (bottom). P values
indicate the statistical signiﬁcance of parameters. (Adapted from Yoganandan N., Knowles, S.A.,
Maiman, D.J., and Pintar, F.A., Spine, 28, 2321, 2003.)
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Figure 16.12 Facet cartilage thickness as function of anatomic level based on locations deﬁned in
Figure 16.9. X-axis refers to the thickness measured from the beginning to the end of the cartilage at
the midsagittal level. Light circles, upper cervical spine; dark circles, lower cervical spine. (Adapted
from Yoganandan N., Knowles, S.A., Maiman, D.J., and Pintar, F.A., Spine, 28, 2319, 2003.)
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Figure 16.13 Facet cartilage thickness as a function of spinal level. (Adapted from Yoganandan N.,
Knowles, S.A., Maiman, D.J., and Pintar, F.A., Spine, 28, 2320, 2003.)
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Figure 16.14 Facet joint width as a function of level. (Adapted from Yoganandan N., Knowles, S.A.,
Maiman, D.J., and Pintar, F.A., Spine, 28, 2320, 2003.)
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Human volunteer and clinical investigations have implicated the facet joint as a source
of pain [70,71]. As indicated, epidemiological studies have reported that females are
more vulnerable to whiplash-associated disorders such as chronic neck pain; complaints
before and after changes in the legal system were higher in females than males [17]. The
ﬁndings that the cartilage covers are less extensive in females may predispose the female
subchondral bone to more direct forces than the male bone, particularly at lower cervical
levels. Human volunteer rear impact studies have reported impingement of facet joints in
rear impact [72]. Posterior compression of the facet joint exposes the dorsal region of the
apophyseal anatomy to additional compressive forces. Because dorsal impingement occurs
during lower cervical extension in rear impact-induced posteroanterior acceleration loading, and because the dorsal cartilage gap is larger in females, bone-to-bone contact is more
likely in this population. The bony contact between the two adjacent facet surfaces may be
a source of abnormality that leads to dysfunction in females.
These anatomic ﬁndings together with kinematic results from head–neck complex tests
have been successful in supporting theories and clinical and epidemiological observations,
i.e., headache and neck pain due to single rear impact-induced posteroanterior acceleration
loading. Other in vitro studies examining facet joint anatomy have focused on nerve ﬁbers
in the facet joint capsule and synovial fold. Supporting the facet joint impingement theory,
nociceptors have been identiﬁed in synovial folds, and nerve ﬁbers immunoreactive for
substance P have been identiﬁed in lumbar facet joints [73,74]. Nerve ﬁbers in lumbar
synovial folds are primarily involved in vasoregulation and are of minimal importance
in nociception due to limited immunoreactivity for substance P [75]. However, recent
literature has identiﬁed nervous tissue immunoreactive for substance P and calcitonin
gene-related peptide (CGRP) in cervical facet joint synovial folds and capsules [76,77].
This ﬁnding suggests that cervical synovial folds may play a role in the initiation and
modulation of facet joint-mediated pain. Speciﬁcally, neuropeptides may have long-lasting
hyperalgesic effects [78], wherein substance P is involved in pain initiation, and CGRP is
involved in the persistence of pain [79].

16.5 Differences in kinematics between physiologic
and posteroanterior acceleration loadings
Localized spinal component kinematics during the acceleration phase has offered explanations for facet joint-mediated neck injuries in whiplash patients [35,37,63,80]. However,
the magnitude of deformation to induce injury is yet to be quantiﬁed. A complicating
factor for the facet joint injury theory is that segmental angulations due to rear impactinduced posteroanterior acceleration loading do not exceed normal physiological ranges of
motion [38,81,82]. A study tested the hypothesis that lower cervical facet joints sustain
greater motions due to posteroanterior acceleration loading than due to physiologic loading. Unembalmed human cadaver osteoligamentous cervical columns were subjected to
physiological loading [36]. In general, specimen preparation, data acquisition, and analysis
followed similar procedures described for the intact head–neck complex studies. For
applying physiologic loading, the inferior end of the specimen was attached to the load
frame through a six-axis load cell, and an arch was attached to the superior edge of the top
ﬁxative to transform superior–inferior loads applied using an electrohydraulic piston into
physiological extension plus compression. Because of the eccentric placement of the head
with respect to the spinal axis, compression combined with moment always acts on the
human neck. Kinematics due to posteroanterior acceleration loading obtained from
intact head–neck complex tests, described in Section 16.3, were compared to physiological
kinematics. Shear and distraction motions were computed in the posterior and anterior
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facet joint regions. Results from physiological and posteroanterior acceleration loading
were limited to the loading phase with the latter conﬁned to the period from the initiation
of impact to peak S-curvature. Facet joint shear and distraction in the anterior and posterior
regions were plotted as a function of segmental extension. The slope represented the rate of
shear motion (RSM) and the rate of distraction motion (RDM).
Strong linear correlations existed for RSM under physiological and posteroanterior
acceleration (R2 ¼ 0.82 and 0.80) loading, although differences in linearity were not statistically signiﬁcant. Linear correlations for RDM in the anterior region for physiological and
posteroanterior acceleration loading (R2 ¼ 0.40 and 0.49) were weaker than RSM correlations and with no statistical difference. Linear correlation for RDM in the posterior region
demonstrated statistical differences (p < .05) with very low correlation for posteroanterior
acceleration loading. Segmental and facet joint motion patterns were different between
loading modes (Figure 16.15). For identical magnitudes of segmental extension, compared
to physiological loading, posteroanterior acceleration loading resulted in markedly
increased facet joint motion. Under segmental extension, C4–C5 anterior and posterior
facet joint regions sustained approximately uniform posteriorly directed shear motion.
RSM magnitudes were signiﬁcantly greater (p < .05) during posteroanterior acceleration
than physiological loading in the anterior and posterior joint regions (Figure 16.16, top).
Facet joints exhibited distraction in the anterior and compression in the posterior joint
regions during segmental extension. RDM was signiﬁcantly greater (p < .05) due to
posteroanterior acceleration than physiological loading in the anterior region. In the
posterior joint region, RDM was not signiﬁcantly different although physiological joint
motions were generally greater (Figure 16.16, bottom). The ﬁnding that the kinematics of
lower facet joints are fundamentally different between posteroanterior acceleration loading
and normal physiological extension may explain the increased vulnerability of facet joints
to injury.

16.6 Application of in vitro studies to computational modeling
Computational models developed in conjunction with experiments permit parametric studies and the determination of intrinsic tissue-level responses such as stresses. In addition,
computational models have the unique feature of absolute reproducibility and repeatability.
Analysis of intrinsic biomechanics enhances the understanding of the behavior of structural
components potentially involved in injury or pain producing processes. The following
sections describe certain advances made in the area.

16.6.1 Development of kinematic corridors based on in vitro studies
Using results from the described in vitro intact head–neck complex tests and adopting
standard normalization procedures, mean plus=minus one standard deviation kinematic
corridors were developed [39]. Responses included head translation with respect to neck
base, overall head–neck rotation (Figure 16.17), segmental rotation (Figure 16.18), and local
facet joint component motion (Figure 16.19) as a function of spinal level and DV. Fiftieth
percentile male head mass was used to scale individual head–neck complex specimen data.
Corridors forming a dataset of motion responses serve as important data for validation and
veriﬁcation of computational models.

16.6.2 Validation of a computational model
Using the described experimental results as a primary basis, a recently developed computational model was used for the analysis of intrinsic biomechanics. The head–neck model
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Figure 16.15 Facet joint motions in physiologic and whiplash loading compared to the neutral
anatomy in the human cervical spine. (Adapted from Stemper, B.D., Yoganandan, N., Gennarelli,
T.A., and Pintar, F.A., J. Neurosurg. Spine, 3, 471, 2005.)

included rigid body representations for the head and seven cervical and T1 vertebrae [83].
Mass and inertial properties of vertebrae and soft tissues were lumped into each body. To
approximate the head and vertebral geometry, surfaces were created using three- and fournode ﬁnite elements. The rigid bodies were interconnected using discrete nonlinear viscoelastic elements to represent discs, facet joints, ligaments, and muscles. Nonlinear elastic
contact interaction was deﬁned between adjacent vertebrae. The normal lordotic curvature
was incorporated using x-ray data from 48 human volunteers [84]. Anterior and posterior
longitudinal ligaments, ligamentum ﬂavum, interspinous ligament, facet joint capsular
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Figure 16.16 Rate of shear motion (RSM) and rate of distraction motion (RDM) in anterior and
posterior facet joint regions between the two loading modes. Solid bars, whiplash loading; striped
bars, physiologic loading. For RSM, positive values indicate posteriorly directed shear motion. For
RDM, positive values indicate distraction, negative values indicate compression. (Adapted from
Stemper, B.D., Yoganandan, N., Gennarelli, T.A., and Pintar, F.A., J. Neurosurg. Spine, 3, 471, 2005.)

ligaments, ligamentum nuchae, alar ligament, transverse ligament, and tectorial membrane
were simulated using Kelvin restraints. Level-dependent, nonlinear and viscoelastic ligament and disc material properties were based on literature and facet joints were simulated
with high compressive stiffness [83]. Musculature was simulated using 136 Hill muscle
elements, accounting for 16 ﬂexor and extensor muscle groups, and incorporating active

Head-T1 angle (deg)

75

−15

Time (ms)

150

Figure 16.17 Corridors (shown shaded) of overall head–neck angulations, developed from in vitro
biomechanical studies using intact head–neck complex specimens from PMHS. The single curve
represents the response from the computational model, indicating the validation of the model with in
vitro experiments. (Adapted from Stemper, B.D., Yoganandan, N., and Pintar, F.A., Med. Biol. Eng.
Comput., 42, 333, 2004.)

Kumar/Biomechanics in ergonomics, second edition

7908_C016 Final Proof page 424

Biomechanics in ergonomics, second edition

25 C2–C3

25

25

C3–C4

150 −5

−5

150

Time (ms)

25 C5–C6

−5

C4–C5

150 −5

Time (ms)
Segmental angle (deg)

Segmental angle (deg)

424

29.10.2007 11:09pm Compositor Name: JGanesan

Time (ms)

25 C6–C7

Time (ms)

150 −5

Time (ms)

150

Figure 16.18 Corridors (shown shaded) of segmental angulations as a function of spinal level,
developed from in vitro biomechanical studies using intact head–neck complex specimens from
PMHS. The single curve represents the response from the computational model, indicating the
validation of the model with in vitro experiments. (Adapted from Stemper, B.D., Yoganandan, N.,
and Pintar, F.A., Med. Biol. Eng. Comput., 42, 333, 2004.)

and passive properties [85]. The model was exercised under the same loading and boundary
conditions used in intact head–neck complex tests. Parameters used in the validation process
included overall head–neck motions, level-dependent segmental angulations, and local
facet joint kinematics.
Responses of the computational model were within in vitro experimental corridors
(Figures 16.17 through 16.19) for the ﬁrst 100 ms for the overall head–neck extension,
segmental angulation, and facet joint motion. Model responses also agreed with human
volunteer vertebral and head–T1 angulations, and isolated cervical spine anterior longitudinal ligament elongations [60]. The muscle contraction scheme was validated using rear
impact tests on human volunteers with precontracted neck muscles [86]. Although other
models have included full-body [87] or head–neck complex geometries [88], validation has
been typically limited to head and thorax kinematics. To the best knowledge of the
researchers, this is the most comprehensively validated and veriﬁed computational model
for investigating the intrinsic biomechanics due to posteroanterior acceleration loading.
Because of the high degree of conﬁdence, the model was used in parametric studies to
study effects of posture, thoracic ramping, anterior ligament distortion, and awareness.

16.6.3 Effects of initial spinal posture
The computational model was used to quantify local facet joint kinematics in terms of
capsular ligament distractions for normal lordotic, kyphotic, and straightened spinal postures. The three curvatures were simulated using human volunteer x-rays [84]. Boundary
conditions in the three models were identical with the exception of T1 orientation, altered to
accommodate each posture. Facet joint capsular ligament elongations were determined as a
function of posture, level, and anatomic region. C2–C7 elongations in the ventral, lateral,
dorsal, and medial joint regions were determined (Figure 16.20). Elongations were investigated at the time of peak S-curvature. The transient nonphysiologic S-curvature lasted for
113, 110, and 119 ms for the normal, straight, and kyphotic postures. The normal posture
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Figure 16.19 Corridors (shown shaded) of local lower fact joint kinematics, developed from in vitro
biomechanical studies using intact head–neck complex specimens from PMHS. The single curve
represents the response from the computational model, indicating the validation of the model with in
vitro experiments. (Adapted from Stemper, B.D., Yoganandan, N., and Pintar, F.A., Med. Biol. Eng.
Comput., 42, 333, 2004.)

responded with greatest elongations in the dorsal region at the C2–C3 level. However, from
C3 to C7 levels, greatest elongations occurred in the lateral region. This ﬁnding is consistent
with segmental angulations, wherein the C2–C3 segment demonstrated ﬂexion, and C3–C7
levels responded with extension. Segmental extension stretches ventral structures, while
segmental ﬂexion stretches dorsal structures.
In general, the kyphotic and straight postures responded with the same regional
dependence as the normal posture (Figure 16.20). Abnormal postures increased C2–C3
capsular ligament dorsal elongations. The kyphotic posture responded with the largest
increase in dorsal ligament elongation magnitude. Abnormal postures also increased
ligament elongations in the lateral anatomic region, speciﬁcally at lower cervical levels
(Figure 16.21). The straight posture resulted in increased elongations in the lateral region at
C5–C6 and C6–C7 levels. In contrast, the kyphotic posture responded with increased
elongations from C4 to C7 levels with the largest increase at the C5–C6 level.
Clinical ﬁndings support these results, i.e., abnormal spinal curvature negatively inﬂuences spinal kinematics and injury. In a follow-up study investigating 146 patients 5 years
after sustaining soft tissue injuries in automotive collisions, patients with kyphosis and no
other degenerative changes at the time of injury had a signiﬁcantly higher incidence of disc
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Figure 16.20 Facet joint capsular ligament elongations as a function of spinal level and anatomic region
(V, ventral; L, lateral; D, dorsal; M, medial). Left: lordosis, center: straight, and right: kyphosis. (Adapted
from Stemper, B.D., Yoganandan, N., Pintar, F.A., J. Biomech., 38, 1319, 2005.)
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Figure 16.21 Ratio of facet joint capsular ligament distractions of kyphotic and straight postures
compared to the normal posture in the lateral region of lower cervical spine joints. (Adapted from
Stemper, B.D., Yoganandan, N., Pintar, F.A., J. Biomech., 38, 1320, 2005.)
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degeneration in the lower cervical spine than patients with normal curvature at the time of
trauma [30]. In most cases, disc degeneration developed only at one level. While degeneration at a speciﬁc level may not always lead to noxious response, it alters loading
patterns in the cervical column, may inﬂuence degeneration at adjacent levels, results in
osteophyte formation, accelerates progressive changes in curvature, or leads to spinal
instability [89–92]. Studies have shown that spondylosis at one level predisposes rostral
levels to early instability [93].

16.6.4 Effects of thoracic ramping
Upward sliding of the occupant in the seat and=or straightening of dorsal spine results in
thoracic ramping. The base of the neck responds to the ramping action by displacing
superiorly and rotating into extension. This added input at the base of the neck has been
theorized to affect kinematics and the mechanism of injury [10,64]. Magnitudes of thoracic
motions are inﬂuenced by factors such as seatback angle, occupant anthropometry, spinal
curvature, seatback properties, and DV. Effects of ramping on injury kinematics were
studied using the described computational model. Ramping was applied as vertical displacement and extension of T1. Motion magnitudes were controlled by modulating T1
vertical acceleration and angular stiffness. The baseline vertical acceleration pulse was
40 ms in duration and 1.8 g peak. It was developed based on the acceleration required to
induce the average magnitude of vertical T1 displacement [94]. Vertical and horizontal T1
accelerations were initiated simultaneously. Baseline T1 extension angular stiffness was
similar to C6–C7 sagittal plane bending stiffness. The T1 vertebra was unconstrained in the
sagittal plane at the initiation of horizontal acceleration and began extension immediately.
Peak T1 vertical displacement and extension rotation times were based on literature
[11,95].
Parameterization was used to investigate ramping effects by independently varying T1
vertical displacement, group A; and T1 extension, group B. In group A, T1 angular stiffness
remained constant, resulting in uniform maximum extension of approximately 168, occurring approximately at 220 ms. Meanwhile, T1 vertical acceleration was altered to increase
and decrease vertical displacements (Figure 16.22). In group B, T1 vertical acceleration was
held constant, resulting in consistent temporal vertical displacements, with peak values of

Vertical displacement (mm)

60

0
0

Time (ms)

200

Figure 16.22 Thoracic ramping motions for group A simulations, variation of T1 vertical displacement. Times of kinematic measurement are indicated: circles correlate to the time of maximum
S-curvature, triangles correlate to the end of the retraction phase. Baseline traces are indicated in
bold. (Adapted from Stemper, B.D., Yoganandan, N., Rao, R.D., and Pintar, F.A., Clin. Biomech., 20,
1019, 2005.)
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Figure 16.23 Thoracic ramping motions for group B simulations, variation of T1 extension angulation. Times of kinematic measurement are indicated: circles correlate to the time of maximum
S-curvature, triangles correlate to the end of the retraction phase. Baseline traces are indicated in
bold. (Adapted from Stemper, B.D., Yoganandan, N., Rao, R.D., and Pintar, F.A., Clin. Biomech., 20,
1019, 2005.)

approximately 32 mm, occurring approximately at 210 ms. Meanwhile, T1 angular stiffness
was altered to increase and decrease extension (Figure 16.23). Ranges of T1 vertical
displacement and extension rotation encompassed the range of values reported in intact
PMHS and human volunteer tests [94]. C2–T1 segmental angulations were analyzed
during maximum S-curvature and at the end of the retraction phase.
In group A, extension and vertical displacement of T1 began immediately following
initiation of posteroanterior acceleration loading and reached peak values at approximately 200 ms. Increasing vertical T1 displacement had minimal effects on segmental
angulations during maximum S-curvature and at the end of the retraction phase. In all
cases, segmental angulations decreased by less than 18 between all T1 vertical displacements. In general, increasing T1 vertical displacement had greater effects on segmental
angulations during maximum S-curvature than at the end of the retraction phase. However, the magnitude of this effect was minimal. Although vertical T1 displacement magnitudes increased by a factor of 13 during maximum S-curvature and 70 at the end of the
retraction phase between the lowest and highest accelerations, C4–T1 segmental angulations were altered by an average of only 0.68 during maximum S-curvature and 0.18 at the
end of the retraction phase. Increasing T1 vertical displacement generally decreased lower
cervical segmental angulations.
In group B, maximum extensions ranged from 98 to 528. Maximum T1 extension (528)
occurred at 300 ms. Increasing T1 extension had a greater effect on kinematics during
maximum S-curvature than at the end of the retraction phase. Segmental angulations were
altered by 1.18 (mean) during maximum S-curvature and 0.88 (mean) at the end of the
retraction phase. In general, increasing T1 extension decreased segmental angulations
during maximum S-curvature and at the end of the retraction phase.
Although thoracic ramping may not signiﬁcantly inﬂuence kinematics due to posteroanterior acceleration loading, coupled motions may play a role in the biomechanics of
load transfer and mechanism of injury [96]. Clinical and experimental studies have identiﬁed cervical facet joints as a source of pain [11,35–37,97]. Sagittal plane orientation of facet
joints is such that compressive forces from vertical thoracic displacement result in posterior
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joint shear. This motion, in addition to the shearing motion resulting from retraction [37]
may increase the likelihood of capsular ligament failure by decreasing joint stiffness; a
similar hypothesis was advanced using in vitro quasi-static testing of C1–T1 columns [64].
It should be noted that effects of thoracic ramping are modulated by variables including
gender, posture, occupant awareness, DV, and anthropometry and demographics.

16.6.5 Anterior longitudinal ligament kinematics
The computational model was used to determine anterior longitudinal ligament stretch
during the retraction phase. This was based on the clinical observation that the ligament
sustains injuries in motor vehicle crashes [98–101]. As indicated before, anterior longitudinal ligament injuries occurred in PMHS subjected to single rear impact acceleration [25].
The computational model was subjected to 8.6, 10.8, and 13 km=h DV. Ligament distraction
was measured between anterior extents of opposing body surfaces and compared between
the three DV and quasi-static catastrophic failure magnitudes. Distractions at all levels
increased with increasing DV. Maximum distractions occurred during the retraction phase
in the lower spine, particularly at C5–C7 levels (Figure 16.24). Distractions at these levels
were 52% and 28% of the anterior longitudinal ligament failure distractions [102]. Peak
distractions at C2–C4 levels occurred after the spine had transitioned into extension. The
greatest distraction occurred at the C2–C3 level for 2.4 m=s DV and at the C3–C4 level for
3.0 and 3.6 m=s DV (Figure 16.25). Although peak distractions were approximately uniform
across all levels, C3–C6 distractions approached failure values. In particular, maximum
C3–C4 distraction at higher DV was within one standard deviation limits, implying
susceptibility. However, this occurred during the extension phase, which may be limited
depending on occupant anthropometry, seating, backset, and head restraint design and
effectiveness.

5.0

All distraction (mm)

C2–C3
C3–C4
C4–C5
C5–C6
C6–C7

−1.0

0

250
Time (ms)

Figure 16.24 Anterior longitudinal ligament distraction histories as function of spinal level at 12.5
km=h. (Adapted from Stemper, B.D., Yoganandan, N., Pintar, F.A., and Rao, R.D., Med. Eng. Phys., 28,
515, 2006.)
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Figure 16.25 Anterior ligament distractions as a function of spinal level. (Adapted from Stemper,
B.D., Yoganandan, N., Pintar, F.A., and Rao, R.D., Med. Eng. Phys., 28, 515, 2006.)

Although C4–C6 distractions were below ultimate failure, these distractions may exceed
subcatastrophic thresholds. The hypothesis that a nociceptive response may be induced by
excess distraction of facet joint capsular ligaments, although catastrophic ligament failure
may not occur, is also applicable to the anterior ligament due to the presence of nociceptors
[103–105]. Distraction magnitudes (Figure 16.25) exceeding subcatastrophic injury thresholds may result in hyperalgesia, and these ﬁndings demonstrate that the anterior ligament
may be susceptible to trauma due to posteroanterior acceleration loading.
Anterior ligament trauma has implications in spinal instability. Catastrophic injury can
result in acute dysfunction while subcatastrophic injury may be chronic. Anterior ligament
injuries correlate with extension instability [106]. Injuries sustained due to posteroanterior
acceleration loading typically show no neurological abnormalities [107]. Due to laxity or
local tear of the anterior longitudinal ligament, outer layers of the annular ﬁbers may have
decreased stiffness at the segmental level under subsequent physiological loads. Because
the ligament is intimate to annular ﬁbers, presuming all components of the segment are
normal prior to injury, subcatastrophic ligament failure may lead to chronic changes
within the disc. The added hypermobility may lead to early spine degeneration and
long-term segmental instability stemming from the anterior column [108].

16.6.6 Reﬂex muscle contraction in unaware occupants
Due to posteroanterior acceleration loading, reﬂex muscle contraction in unaware occupants occurs through a centrally generated response or a localized muscle stretch reﬂex
[109–111]. Muscle contraction stiffens the head–neck complex, and may decrease spinal
motions and injury likelihood [72,109,110]. Although not conclusive, some studies have
theorized that injurious motions occur during the retraction phase before attaining considerable muscle contraction [7,12,35,38,48,112].
The three stages of reﬂex muscle contraction are as follows [113]. Reﬂex delay is the
time between a speciﬁc kinematic measure and initiation of electromyographic activity
[72,109–115]. Sternocleidomastoid reﬂex delay occurs between 36 and 61 ms. Electromechanical delay is the second stage, during which electrical activity converts into mechanical
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force, and lasts between 13 and 121 ms [116–124]. Muscle force rise time, the third stage, is
the period between the onset of force and its peak value. The time is dependent on the
muscle involved and velocity of contraction, and the most frequently used 81 ms time is
based on canine cervical muscles [125]. Because parametric analysis from the computational model was focused on effects of reﬂex delay, minimum times of 13 and 81 ms were
selected for the electromechanical delay and peak force development.
The model was exercised at 3.6, 7.2, and 10.8 km=h DV. Simulations at each DV incorporated seven reﬂex delays (35–65 ms), and one simulation was conducted with only passive
muscle resistance. C2–C7 segmental angulations were determined at the time of maximum
S-curvature and at the end of the retraction phase. Increasing DV and shorter reﬂex delays
resulted in an earlier transition into the nonphysiologic S-curvature and more transient
retraction phase. Reﬂex contraction demonstrated a varying effect on segmental kinematics,
with dependence on spinal level, reﬂex delay, and DV. During the time of maximum
S-curvature, 64–85 ms, contraction had a negligible effect on segmental kinematics for delays
greater than 45 ms, altering magnitudes less than 1% from the baseline simulation. For
shorter delays, the contraction decreased C2–C3 ﬂexion and C3–C7 extension in all cases,
with a more pronounced effect for shorter delays. The greatest effect of contraction during
maximum S-curvature occurred at the C6–C7 level.
The effect of reﬂex contraction on segmental angulations at the end of the retraction
phase, 87–112 ms, varied with spinal level. Reﬂex delays greater than 50 ms had a minimal
effect. For shorter delays, the contraction decreased C4–C7 extensions by 24% (mean) and
increased C3–C4 extension by 20%. C2–C3 ﬂexion was below 0.28. Lower DV and longer
reﬂex delays had an increasing effect on segmental kinematics. Reﬂex contraction began to
appreciably alter segmental kinematics at the C6–C7 level for 45, 60, and 65 ms delays for
10.8, 7.2, and 3.6 km=h DV (Figure 16.26).
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Figure 16.26 Segmental angulations at the C6–C7 level as a function increasing reﬂex delay.
Angulations measured at the time of maximum S-curvature. Results from three impact severities
are displayed. (Adapted from Stemper, B.D., Yoganandan, N., Rao, R.D., and Pintar, F.A., Spine, 30,
2794, 2005.)
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Figure 16.27 Segmental angulations at the end of the retraction phase for different muscle contraction schemes: a, minimum contraction; b, maximum extension; c, baseline model; d, maximum
contraction; e, maximum ﬂexion. (Adapted from Stemper, B.D., Yoganandan, N., Rao, R.D., and
Pintar, F.A., Spine, 30, 2794, 2005.)

Another simulation was performed to investigate effects of muscle contraction scheme.
The baseline scheme consisted of a sagittally balanced contraction, with ﬂexors and extensors exerting equal moments. Because equal moment sharing between ﬂexors and extensors
may not be the most efﬁcient to maximize contraction and resist posteroanterior acceleration
loading [109], a separate simulation was done. The simulation compared the sagittally
balanced contraction scheme with another scheme that maximized contraction levels in
ﬂexors, while minimizing levels in extensors. With the exception of C2–C3 level, variation of
maximum muscle contraction magnitudes for ﬂexors and extensors altered angulations
by less than 16% at the end of the retraction phase from those obtained with the sagittally
balanced contraction scheme (Figure 16.27). The greatest cumulative effect at the end of
the retraction phase occurred during maximum ﬂexion. Results indicating that muscle
contraction had a greater effect on kinematics later in the event, at lower DV, and with
decreased delays, suggest that reﬂex muscle contraction occurs too late to alter kinematics
and mitigate injuries to the unaware occupant during the retraction phase due to posteroanterior acceleration loading.

16.6.7 Muscle contraction in aware occupants
Muscle contraction may occur reﬂexively after the initiation of posteroanterior acceleration
in unaware occupants or before the onset of acceleration in aware occupants. Clinical studies
have identiﬁed that awareness may play a role in injury [24,126]. Studies have highlighted
the ability of the aware occupant to reduce injury likelihood by taking preventive action
such as bracing before impact. The computational model was used to quantify changes in
facet joint capsular ligament distractions between aware occupants with precontracted
neck muscles and unaware occupants with reﬂex muscle contraction initiating after impact.
Reﬂex contraction initiating after accelerating T1 consisted of 50 ms reﬂex delay, 13 ms
electromechanical delay, and 81 ms for peak force development. Simulations were conducted at 10.5 km=h DV. Sagittal plane angle of the head with respect to T1 and C4–C7 peak
capsular ligament distractions obtained in the ventral, dorsal, medial, and lateral joint
regions were compared between aware and unaware simulations.
Maximum head extension reduced from 838 in the unaware occupant with reﬂex
contraction to 318 in the aware occupant with precontracted muscles. Peak C4–C7 capsular
ligament distractions were greatest in the lateral region for both simulations. Precontraction considerably and consistently decreased maximum C4–C7 distractions by a mean of

Kumar/Biomechanics in ergonomics, second edition

7908_C016 Final Proof page 433

29.10.2007 11:09pm Compositor Name: JGanesan

Whiplash injuries: in vitro studies

433

C4–C5

C5–C6

C6–C7

0.0

5.0
Ligament distraction (mm)

Figure 16.28 Peak lower cervical facet joint capsular ligament distractions in aware and unaware
occupants. Solid bars, aware occupants; striped bars, unaware occupants. (Adapted from Stemper, B.D.,
Yoganandan, N., Casick, J.F., Pintar, F.A., Spine, 31, E736, 2006.)

63% (Figure 16.28). The greatest decrease occurred at the C6–C7 level. Maximum distractions occurred 22–41 ms earlier in the aware occupant. These results show the ability of
precontracted musculature to stabilize the head–neck complex and reduce motions. The
hypothesis of decreased tissue stretch correlates with a decreased injury likelihood, nociception, and allodynia. Because nociceptors and pain-facilitating neuropeptides exist in
facet joints, increased distractions may result in the perception of pain [73,77,127,128].
Although the computational model cannot identify joint capsule failure or reproduce pain
perception, increased rates of allodynia are shown in rats subjected to mechanical facet
joint distraction [129]. Compared with unaware occupants, the ability of aware occupants
to decrease facet joint distractions by up to 75% reduces the possibility of injury under
identical DV.

16.7 Mechanisms of injury
In vitro studies have improved our understanding of the biomechanics of rear impact-induced
neck injury due to posteroanterior acceleration loading. From structural, mechanical, and
clinical perspectives, hypotheses on mechanisms of injury are based on head and spinal
motions. Cervical ﬂexion followed by extension was an early mechanism of injury [130].
This was disproved by laboratory studies that suggested extension followed by ﬂexion as
a plausible mechanism [131]. Hyper-translation of the head was later postulated [132]. The
hyperextension mechanism was based on disc-related injuries from primate tests [133,134].
However, the incorporation of head restraints in motor vehicles to eliminate=minimize head–
neck hyperextension had minimal effects on injury rates. Discussion of modern head restraints
intended to limit head–neck kinematics is beyond the scope of this chapter. Anterior muscle
injuries due to eccentric contraction can occur during the initial stages of acceleration, and
posterior muscle injuries may occur during rebound; however, such injuries typically heal.
Chronic pain would not be explained by this mechanism. The hypothesis of muscle injury in
rebound phase ‘‘ﬂies in the face of many more frontal impacts in which there is hyperﬂexion
due to severe crashes and there are not a large number of complaints of neck ache from these
victims’’ [11].

Kumar/Biomechanics in ergonomics, second edition

434

7908_C016 Final Proof page 434

29.10.2007 11:09pm Compositor Name: JGanesan

Biomechanics in ergonomics, second edition

Another hypothesis and a neck injury criterion are based on the hydrodynamic
theory [135]. Pressure changes inside the spinal canal were recorded from tests on
two anesthetized pigs; the heads were pulled from the ventral to the dorsal direction,
and cell membrane dysfunctions in dorsal root ganglion were demonstrated [136].
However, soft tissue injuries resulting from pressure changes in the canal have not
been identiﬁed in studies using more realistic rear impact acceleration [137]. ‘‘Stimulation or pressure on the nerve roots and the dorsal root ganglion produces radicular pain
and not neck pain. Furthermore, a generalized increase in the spinal canal pressure
cannot selectively affect the lower cervical spine where most of the problems appear to
reside’’ [11].
A hypothesis for the mechanism of headache due to posteroanterior acceleration loading
is based on the transient, nonphysiological reverse curve [44,80]. Discussed intact head–
neck complex tests have shown that posterior stretch in the upper head–neck complex
occurs during the early phase of posteroanterior acceleration loading, and this may alter
the mechanics and electrical activity of suboccipital muscles, leading to suboccipital headaches. Facet joint compromise at OC–C2 levels in the form of capsule distraction may also
lead to headache [35].
Mechanics resulting in neck pain may be explained through the shear or pinching of
lower cervical facet joints; i.e., compression in the dorsal region, stretch in the ventral
region, and a simultaneous sliding of the joint during the early phase of posteroanterior
acceleration loading when the lower spine is in extension. The discussed intact head–neck
complex tests have shown that dorsal regions of the facet joint may come in contact with
the subchondral bone via cartilage compression (pinching) [46,138]. Human volunteer tests
have referred to this as ‘‘facet impingement’’ or ‘‘collision’’ mechanism [72]. Mere compression of cartilage is inadequate to induce pain because it is deprived of nerve endings.
However, cartilage degradation in the form of surface microﬁssures has been shown to
accentuate osteoarthrosis, leading to long-term changes in the mechanics of the innervated
subchondral bone [139]. The pinching action does not refer only to the axial normal
component of the facet joint motion.
The initial kinematics is such that the superior articular process translates posteriorly
with respect to the inferior process, i.e., shear or tangential motion. The resultant facet joint
motion leads to capsule stretch. Discussed intact head–neck complex tests have shown
greater shear and joint capsule motion during posteroanterior acceleration loading than
during normal physiologic head–neck extension. In addition, the distractive normal component of facet joint motion in the ventral aspect of the joint provides additional stretch to
the capsule. Any combination of these motions (stretch) may elicit pain. This has a basis in
the shear theory [140].
The tangential and normal motion hypothesis attributes neck pain secondary to the
stretch of the facet capsule [64]. Since forward torso motion occurs before neck motion,
shear forces are generated in the cervical spine. The shearing action induces relative
motions between adjacent vertebrae, and this motion is the greatest in lower cervical levels
as the facet angle is large [11]. In addition, compressive forces are developed early in the
acceleration phase due to uncoiling of the dorsal spine. Due to posteroanterior acceleration
loading from rear impacts, the lower vertebra shears anteriorly, and its facet joint offers
little direct protection. This is in contrast to anterior–posterior acceleration loading from
frontal impacts wherein the upper vertebra shears anteriorly, and its contact with the facet
joints offers resistance. Axial compressive force does not exist in this mode as the dorsal
spine does not uncoil. Thus, mechanisms of load transfer differ between the two impacts,
possibly leading to differences in injury and treatment options. This is particularly noteworthy considering the development of dummies for the rear impact mode; example,
BIORID and RID dummies are developed for posteroanterior acceleration loading and
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crashworthiness research in the rear impact mode [141–143]. The topic of dummy tests,
injury criteria, and crashworthiness research is beyond the scope of this chapter.

16.8 Summary
In vitro tests using PMHS specimens have enriched our understanding of head–neck
biomechanics in the dynamic domain, particularly due to posteroanterior acceleration
input, simulating motor vehicle rear impacts. Using accepted tools of engineering mechanics and clinical techniques, it has been possible to describe the temporal overall, segmental, and local component biomechanics of the head–neck complex. Results have shown
that kinematic responses are greater in the impact domain than during normal physiologic
loading. Kinematic corridors have been established to develop, validate, and verify computational models. Using data from in vitro studies, physiological effects such as initial
cervical posture and occupant awareness on the head–neck behavior have been delineated.
Most importantly, in vitro studies have been successful in explaining certain epidemiological and clinical observations of rear impact-induced whiplash trauma. Despite these
advancements, injury documentations and associated biomechanical parameters have
primarily focused on the midsagittal plane, i.e., initial out-of-plane alignment has not
been considered. Because the human spinal column is a complex 3-D structure, and
asymmetric loading involves coupled responses, future research should be directed toward
this modality. Using recently developed and validated techniques for in vitro PMHS tests
to gather load, acceleration, and other kinematic data in the temporal domain at 1000 Hz
[144,145], it should be possible to pursue this line of research.
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17.1 Introduction
The whole man—is a novel phenomenon; and all phenomena, however magniﬁcent, are
surely fair subjects for experiment [1].
In the workplace, neck and back pain may occur in relation to ergonomic and postural
factors, but increasingly it is recognized that for occupations that involve driving, spinal
pain may occur in the setting of motor vehicle collisions. Motor vehicle collisions are a
common cause of musculoskeletal trauma, with soft-tissue injury of the spine, namely
whiplash injury, accounting for as many as 90% of all collision-related injuries [2,3].
Whiplash injury, excluding neurological injury and fractures, is a diagnosis made on the
order of 100,000 times per year in Canada, and results in over a billion dollar per year in
treatment and disability costs [3]. The ergonomist and occupational health professional
must therefore become increasingly familiar with the research concerning whiplash injury
mechanisms.
It is a truth that, as much as whiplash has been debated in medical, scientiﬁc, and legal
circles, for decades, there is no objective knowledge of the injury that underpins the
symptoms of most acute whiplash victims. As most motor vehicle collisions that result in
symptoms tend to produce soft-tissue injuries only, most of these collisions producing
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symptoms are associated with what have come to be known as whiplash-associated
disorders: a constellation of symptoms which may include headache, neck pain, back
pain, jaw pain, and dizziness [4]. Whiplash experiments were and continue to be designed
to simulate an aspect of the perturbations experienced by occupants in motor vehicle
collisions. The purpose in doing so is manifold, including determining how the human
body—most particularly the spine—responds to the perturbation, how injury may occur,
and thus how injury may be prevented. The need for this understanding has also been
driven, in part, by the medicolegal context: data from whiplash experiments have been
used to deﬁne, on average, an injury threshold for humans, and thus a basis on which to
support or refute a claim of whiplash injury. Whatever the research purpose, whiplash
experiments with volunteers are not expected to be designed to produce injuries, as ethical
boundaries prevent supporting research protocols that are likely to cause injury to subjects.
In some cases, however, symptoms may be reported by the experiment subjects, and injury
is presumed, though there is no method by which to identify whether those symptoms are
the result of tissue damage when such damage does not include fracture or neurological
injury (which invariably is the case in volunteer experiments).
Thus, volunteer whiplash experiments have the objective mainly of either deﬁning a
threshold of when impact severity is such that symptoms are likely to become associated
with the impact, or to describe in detail the pattern of response, whether of the whole
subject externo, the spinal column itself (i.e., as viewed on x-ray videography), or individual spinal muscle responses (as measured by electromyography); this task must typically
take place without injury or with minimal injury.
Given the limits of volunteer whiplash impact studies, it is not surprising that considerable effort has been directed at computer modeling of impact responses, the use of
simulation dummies, animals, and human cadavers. This nonvolunteer body of impact
research, especially the in vitro work with cadavers, is reviewed in another chapter in this
book, and has also been reviewed elsewhere [5]. Human-cadaver experiments are useful
because they provide an opportunity for neck dissection to look for even the most minor of
damage from perturbation. Cadaver experiments thus allow researchers to approximate
what type of damage may occur in whiplash patients given similar collision parameters;
although they underestimate the tolerance of the living human for perturbation for a
variety of reasons, including the capacity of living tissue to resist injury and the capacity
of the living human to engage reﬂex protective mechanisms.
Therefore, the experiments with volunteers remain, despite limitations, highly relevant
to the problem of whiplash because they represent the closest approximation to the
collisions whiplash victims experience. This chapter thus concerns itself with what information volunteer experiments can and have provided us with, and where questions
remain. To understand the literature concerning volunteer whiplash impact studies one
must appreciate ﬁrst how the head and cervical spine respond to a perturbation, and also
appreciate how one may measure impact severity (i.e., acceleration and velocity of collision). Then one can understand the different approaches to unraveling the human response
to whiplash loading.

17.2 The whip’s lash
Volunteer impact studies have allowed us to understand how the neck actually moves
after, for example, a rear impact. The term whiplash was ﬁrst proposed as a mechanism by
Crowe in 1928 [6], with some patients reporting then that their head had moved backward
and then forward, violently, such as a whip’s lash may do. Although early volunteer
whiplash experiments focused mainly on head acceleration and tolerance (in terms of
symptoms) [7–22], more recent studies have utilized various combinations of high-speed
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photography, cineradiography, and EMG to pay closer attention to muscle activity and
head and neck movements [23–32]. From this latter body of literature we learn that the
observable head movements in low-velocity collisions begin as early as 60 ms after impact
and end within about 400 ms of impact. Muscle contraction begins at about 120 ms after
impact, or about 60 ms after head movement begins. The reaction times of the cervical
muscles are fast enough for the muscles to be active even before peak head acceleration
is reached.
Furthermore, from the above cited studies, we see there is still a whip’s lash, perhaps in
an even more exact sense than Crowe ﬁrst postulated. The ﬁrst movement of the body
following collision is forward movement of the torso, which places the lower cervical
segments in extension and the upper cervical segments in ﬂexion due to the inertia. As
viewed from the lateral aspect, this produces an elongated S-shaped curve to the cervical
spine rather than simply the lordotic C-curve that one would expect with neck extension
alone. While the upper cervical spine is reaching peak ﬂexion at 81 ms, the lower cervical
spine continues to extend. At the end of the S-shape phase, the upper cervical spine will
then transition from ﬂexion back to neutral and then may begin extension while the lower
cervical spine continues to extend. The peak upper cervical extension generally occurs
simultaneously with the peak lower cervical extension. Thus, the entire cervical spine does
not go into immediate extension, but rather an S-shape pattern ﬁrst. During the initial
translation of the head backward to form this S-shaped curve, the muscles of the neck are
being stretched and a reﬂex contraction occurs during this stretch, again beginning at
around 180 ms after impact. This is an eccentric contraction (i.e., occurring during
stretching), and is a possible injury mechanism. Alternatively, one may argue that the
S-shaped curve itself or the speed of these movements produces an injury to ligaments
and joints, or even that both may occur. Though this may be the mechanism of injury, this
data does not tell us the threshold for injury. Although early experiments and mainly
animal experiments were the basis for the introduction of the head restraint in 1969 [33], it
is because of this large body of work discussed above, mainly in the last decade, that
proposals have now been made to test novel head restraints that meet the occiput on rear
impact to restrict what is thought to be the injurious event in the rear impact—the S-shape
response [34]. More studies are needed to see if this device does reduce injury risk and
injuries themselves, but without the detailed understanding of the cervical response,
this novel head restraint would not have been considered. Thus, our understanding
of the cervical response has direct effects on our research efforts to reduce injuries.
Injury prevention is thus a key goal of volunteer whiplash experiments. Another goal,
however, is adjudication of medicolegal claims. Researchers and others have looked to
volunteer whiplash experiments to provide measures of impact severity to assess probable
thresholds for injury.

17.3 Measures of impact severity
17.3.1 Head acceleration
From 1955 to 1987, researchers have reported on experiments using chieﬂy military
personnel (or the researchers themselves) as subjects, and the focus was on head acceleration experienced by the subjects [7–22]. They used a variety of vehicles, a variety of impact
speeds and directions (frontal, rear, lateral, or combinations), and a variety of restraint
systems (with or without head restraints). The subjects wore devices (accelerometers) on
their heads to ascertain the head acceleration in response to the impact. Many of these
impact studies were associated with acute symptoms such as headache, neck pain, and
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back pain. A review of these studies indicates that when the head acceleration was 10g or
more, volunteers experienced headache and neck pain [35]. At 16g accelerations, they
experienced low back pain as well, and symptoms lasted for days.
From this data, one can begin to postulate an injury threshold, that is a level of head
acceleration, which, when produced by impact in a vehicle of some type, is likely to cause
the subject to report acute pain. In 1991, Kallieris et al. described this neck injury criterion
for impacts [36]. They used cadavers (so that they could dissect the subject to look for
even minor damage) and found no damage occurred until at least 13g head accelerations
were reached. At this acceleration the damage in the cadaver appears as a muscle sprain.
More signiﬁcant damage will occur in cadavers above 21g acceleration. Early cadaver
studies showed that the damage in a rear-end impact corresponds to a sprain at a head
acceleration of 10.5g [37]. This seems to be in keeping with the prior observations that a
10g head acceleration in volunteers subjected to impact results in acute, minor symptoms.
We therein have a rough idea of what physical damage occurs in a cadaver at the head
accelerations that cause volunteers to report symptoms—a sprain of ligaments or
muscles.
The medicolegal context, however, has encouraged research to deﬁne collision severity
in terms that can be measured both in the laboratory and in road collisions. That is, road
collisions result in damaged vehicles. Collision victims do not wear the accelerometers
necessary to record their perturbation experience. Experimenters have thus turned to
examining how the velocities of vehicle impact correspond to the head acceleration experienced by volunteer subjects.

17.3.2 Delta V (change in velocity)
A vehicle, either stationary or traveling, has a velocity, either zero or V, respectively. After
an impact, that target vehicle has a new velocity (either increased or decreased from
preimpact). The difference between the postimpact and preimpact velocity is the change
in velocity, otherwise commonly termed delta V.
Researchers have conducted many laboratory collisions with road vehicles in order to
relate speciﬁc vehicle damage to impact velocities (i.e., by having these indices, an engineer
can examine a vehicle and provide a reasonable estimate of the collision speed involved in
producing the vehicle damage). In practice, therefore, forensic engineers assess vehicle
damage, take into consideration various collision events and parameters, and estimate
collision velocity. From this they estimate the change in velocity experienced by the target
vehicle. This, in turn, corresponds to a certain level of head acceleration that the occupants
of the vehicle would be expected to experience. Impact velocity is thus being used as a
surrogate measure for the likely head acceleration an occupant would experience. Clearly,
many confounding factors exist, including variations in the occupant anthropometrics,
occupant positioning, multiple impact, impacts of the occupant with the interior of the
vehicle, etc., but for medicolegal purposes, this approach does provide general guides to
understanding what types of road collisions are likely to be injurious and what are not.

17.4 Low-velocity impacts (low delta V impacts)
In 1993, West et al. were among the ﬁrst to describe impact severity in terms of delta V for the
target vehicle, using striking velocities up to 20 km=h (12 mi=h) for some of the experiments
[38]. One vehicle (bullet vehicle) either struck the target vehicle from behind, or the driver of
a vehicle reversed into a wall. Removing rear-view mirrors to help keep the drivers unaware
of the exact moment of an impending impact, their ﬁndings included the following:
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A striking velocity of 12 km=h (7.2 mi=h) caused head acceleration of 8g maximum
with no symptoms produced in any of the volunteers.
In tests where a chain reaction collision took place (one car struck the vehicle ahead,
which then struck the car in front), striking velocities of up to 20 km=h (12 mi=h)
resulted in no symptoms. This is despite head accelerations of over 14g.
In tests in which the moving vehicle was reversed into a rigid barrier, there was
reported neck pain lasting 1–2 days with no chronic symptoms. This is again despite
head accelerations over 17g in some cases, and multiple exposures.

As summarized by West et al.
The forces experienced by vehicle occupants for impacts with
[speeds] of less than 5 km=h (3 mph) are generally not sufﬁcient to
cause the heads of the vehicle occupants to be displaced rearward far
enough to contact the head support. The maximum recorded levels
of head acceleration for impacts of this magnitude were less than 3g.
Since no head contact to the head support is expected as a result of
impacts of this magnitude, the presence or absence of adequate head
support is of no signiﬁcance. . . . A recent study by Allen et al.
[showed that] to ‘‘plop’’ into a chair . . . recorded levels . . . in excess
of those which were measured with a 5 km=h impact.
Similar studies of low-velocity collisions conducted by McConnell et al. [27,30] found
that test subject’s cervical extension and ﬂexion angles were always found to fall within the
subject’s voluntary physiological limits. Hyperextension did not occur during any of the
test runs, the maximum extension being about 408–458, even for test runs using no
headrests. One of the subjects had mild neck pain that lasted 3 days, and none had chronic
neck pain when followed for 18 months. This work is in accord with the aforementioned
observations that the way in which the neck moves in low-velocity experiments is not a
case of simple extension. Exaggerated neck motion beyond tolerable human limits had
been frequently observed in dummies and cadavers during high-speed testing prior to this,
and thus it was commonly assumed that cervical hyperextension and hyperﬂexion would
also occur during low and very-low-velocity collisions. Clearly, this is not the case.
Although it still may be that a different pattern of neck movements occurs with highervelocity impacts, 65% of whiplash injuries are estimated to involve low-velocity impacts
[39], and thus these observations remain relevant.
Equally, Castro et al. [39] conﬁrmed the lack of signiﬁcant neck extension in lowvelocity impacts. They subjected 14 men and 5 women to rear-end collisions in automobiles and bumper cars. The delta V was from 8 to 14 km=h (4.8–8.4 mi=h) in the
automobiles. They found ﬁve subjects reported symptoms when the delta V exceeded
11.4 km=h (6.8 mi=h). Even then, symptoms lasted a maximum of a few days. MRI scans
taken before and after the collision found no abnormalities. Interestingly, none of the
volunteers in bumper cars experienced symptoms even though they had more neck
extension.
Finally, volunteer impact experiments have had on occasion been almost purely motivated by a need to address medicolegal concerns. There appear to be a large number of
claims of whiplash injury by bus occupants, even when a vehicle of much lower mass
strikes the bus. DuBois et al. [40] have shown that such claims of injury may often be
untenable. They found that when a vehicle strikes a bus in a rear-end collision, in order for
the threshold for injury to be reached, the bus must undergo a delta V of at least 8 km=h
(5 mi=h). For a car with one-eighth the mass of the bus, the car must be traveling at more
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than 100 km=h (60 mi=h) to accomplish this. Such a collision may often be fatal for
the driver of the car. When the car was moving at much lower speeds, such as 10–20 km=h
(6–12 mi=h), the volunteers in the bus could not even tell a collision had taken place. It may
be that witnessing the collision and hearing a loud noise causes some fright in bus occupants,
but claims of physical injury in bus occupants when a car strikes are contrary to known laws
of physics.
It is not surprising that the threshold for injury in rear-end collision is about a peak head
acceleration of around 10g, or a delta V for the struck vehicle of 8 km=h (4.8 mi=h). We
know that head accelerations of less than 10g occur in everyday life and do not produce
symptoms. Allen et al. [41] gave us an indication of this when they measured head
accelerations in everyday life events. As will be shown later, they found that sneezing
may cause accelerations of around 3g. It is not very common for people to develop an
injury with sneezing. ‘‘Plopping’’ back into a chair will cause the head to accelerate, much
like it does in a rear-end collision, and this acceleration is about 8g. In a collision, if the head
and neck undergo an acceleration of 5g, this does not appear to be much more than
sneezing and around the same as plopping into a chair. Rosenbluth and Hicks [42] have
shown that one can repeatedly experience head accelerations of 2.0–3.0g while skipping
rope without experiencing any symptoms or injury.

17.4.1 Low-velocity impacts and whiplash symptoms
The observations from low-velocity impact studies beg the question of why some individuals report symptoms after a collision whose impact severity is too low to be expected to be
injurious. It may be that there was some unusual parameter about the occupant or collision
which allowed for injury despite an apparent low impact severity. Or, it may be that
symptoms and injuries are not necessarily one and the same. As some have shown, one
does not need to be injured to be a whiplash victim. The mere thought of having been in a
collision will do. In 2001, Castro et al. [43] created what they called a ‘‘placebo collision’’,
that is, an experience for volunteer subjects in which they perceived, via sounds, sights,
and reverberation in the test vehicle, that they had indeed experienced a rear-end collision.
Fifty-one volunteers were recruited to be involved in a rear-end collision between two
vehicles in a laboratory. The protocol involved ﬁrst showing the subjects the vehicle they
would occupy and then another situated on a ramp, in position to be the striking vehicle.
While the subjects were in the driver’s seat of the target vehicle, a curtain blocked off their
view to the rear. As they sat in the driver’s seat, stationary, the vehicle on the ramp was
propelled toward them, followed by audible braking, then audible glass breaking, and a
sound reverberating through the target vehicle. The struck vehicle was then gently rolled
forward. Of the 51 subjects 10 developed the acute whiplash syndrome: none of them
experienced an impact. What the researchers did in reality was have the striking vehicle’s
brakes wired to a device that emitted a signal when they were applied. That signal
triggered the release of a cable in the trunk of the target vehicle. This cable was holding
up a steel plate above bottles. When the cable was released, the steel plate crushed the
bottles and created the noise the subjects heard and that reverberated through the vehicle.
Then their vehicle was allowed to roll forward slightly to add to the experiential sensation.
Afterward, the subjects were taken behind the curtain to look at the rear bumper of the
vehicle they were in, and were shown the damage to the bumper and the broken tail lights.
What the experimenters did not reveal was that this damage had been created previous to
the experiment.
Thus, Castro et al. had used innuendo and rumor together with the implications of
certain sensations to recreate the feeling of a rear-end impact. The subjects heard, felt, and
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then saw that they had experienced an impact, when in reality they had not. This experiment
needed to be done. As explained by Kwan and Friel [44,45].
It is a basic tenet in science that when attempting to link a symptom
to a noxious stimulus or other exposure (such as a drug, virus,
traumatic event, et cetera), one must examine the incidence and
prevalence of the symptom(s) in question after exposure to a placebo
event as well. Until now, no human volunteer collision study has
ever been conducted in such a fashion as to determine whether the
symptoms reported after the biomechanical exposure to a lowvelocity collision can be reasonably attributed to the physical effect
of that exposure.
The criteria for being a whiplash patient after a low-velocity
collisions have long been assumed to include being injured. This is
clearly false, Castro et al. having shattered this illusion by demonstrating the only criteria needed to be a whiplash patient after a low
velocity collision are a) the believe that one has been in a collision,
b) the perception of some bodily sensation as abnormal (i.e., a
symptom) and c) a choice to attribute symptoms to a speciﬁc event.
The study by Castro et al. is also signiﬁcant because it demonstrates
how narrow-minded others have been when reporting on lowvelocity collision studies. Brault et al. (1998), for example, reported
that they had produced the acute whiplash syndrome after a collision
with a delta V of 4 km=h! Yet, they showed no insight into the possibility that their observations of the human volunteers did not necessarily stem from injury, and that there were indeed other
explanations. . . . Clearly, because Castro et al. were able to produce
the same outcomes as Brault et al. did, but without a true collision, the
results of Brault et al. cannot be validly interpreted. Indeed, from now
on, no researchers conducting low-velocity collisions study can ever
report that they reproduced injury or symptoms via subjecting volunteers to the biomechanical effects of that low-velocity collision. The fact
is that the same outcomes can be produced even without a collision.
Freeman et al. (1999) were critical of a previous study by Castro
et al. (1997). It is now clear that these armchair criticisms lack
scientiﬁc validity and underscore the lack of insight of the biopsychosocial phenomena of collisions. . . . Of course, some may argue
that perhaps the trivial biomechanical movements in Castro et al.’s
placebo set up could have caused injury.
Indeed, some researchers have suggested that fright is producing physical injury in this
scenario of nonimpact. Blouin et al. invoked a theory of the startle response to the loud
sounds of a collision, after showing that the physiological response to unexpected impact
was greater than the physiological response and should be viewed as an injury mechanism;
that is, a tissue strain due to biomechanical forces arising from the startle response [46].
As startling as it may seem, physicians do not appear to encounter patients reporting acute
neck pain or subsequent chronic neck pain following the many frights in daily experience.
Symptoms may not always equate to injury, and pain following very-low-velocity
collisions may, as Castro et al. suggest [43] very well merely be an expression of fear,
innuendo, and rumor rather than tissue pathology. The safety of very-low-velocity impacts
is, in fact, one of the reasons researchers have been increasingly making use of them to
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gather detailed data concerning the muscular response to neck perturbation, as described
in the section that follows.

17.5 Very-low-velocity impacts
Brault et al. [47] published one of the ﬁrst, very-low-velocity studies, that is, a whiplash
experiment where the accelerations and forces due to impacts are so low they are not much
different than sneezing. They subjected 42 volunteers to low-velocity rear-end collision.
About 30% of the subjects reported minor symptoms, even with a delta V of as little as
4 km=h. This is contrary to all pre-1998 experiments, and in fact, no other study since has
suggested that whiplash injury should occur in this scenario. One therefore wonders if the
collisions caused the symptoms by way of injury. For the reasons expounded upon by
Castro et al.’s placebo collision study [43], it is probably the case that the impacts had no
injurious effect. None is required to produce symptoms in some occupants.
It is because very-low-velocity studies do not cause injury that they are useful for some
types of research. Subjects can be told at the start that these are ‘‘safe’’ and research ethics
boards give approval to such studies. A major limitation to whiplash experiments has been
that it may be unethical to subject humans to conditions that are likely to cause neck injury.
With volunteers, the collision velocities have necessarily been kept lower than necessary to
cause even minor symptoms, let alone injury. Researchers have circumvented the ethical
problem by using other specialized techniques to understand the response of individual
neck muscles to being loaded with the forces of sudden accelerations. These techniques
include electromyography, accelerometry, special sleds, tracks, impacting mechanisms,
incremental impacts in the safe limits, and predictive techniques to discern responses at
higher impact velocities. By using this approach, Kumar et al. [48–73] have been able to
involve volunteers in a systemic series of impacts without subjecting them to injury, yet at
the same time providing enough speciﬁc information about muscle activity to allow the
results to be extrapolated with mathematical techniques to what would happen at lowvelocity impacts [48–73].
The experimental approach is as follows. An acceleration device is used, the set-up
consisting of an acceleration platform and a sled. The full details of the device are given
elsewhere [48–50]. The acceleration platform has parallel tracks that permit smooth gliding
of the sled on the rails. At one end of the platform, a pneumatic cylinder is connected to an
air supply and mounted rigidly on the acceleration platform. The device is calibrated for
the delivery of known forces causing speciﬁc sled accelerations, usually on the order of 1.5g
or less. The sled consists of a molded plastic seat with a backrest and four legs mounted to
a rectangular sliding board coupled with the tracks for friction-reduced travel on impact.
The advantage of this design is that in future projects different automobile seat designs can
be inserted into the experimental set-up and can be compared to other scenarios. The sled is
equipped with a four-point seat restraint system, but again this can be changed to other
types of seat belts.
Volunteers are subjected to sudden accelerations in a manner that mimics vehicle
collisions in terms of the suddenness and duration of movement. A sled device is used
for this purpose (see Figure 17.1). While seated, the subjects are stabilized with restraints
and then exposed to sled accelerations in a random order of magnitude. The random order
of impact is very important. Some researchers have claimed, for example, that if you
repeatedly subject volunteers to impacts, they become essentially accustomed to them
and that this means their muscles react differently [74]. This too, however, has been
shown by Kumar et al. [48–73] to be very incorrect. Kumar et al. [48–73] by using random
severities of impacts have been able to clearly show that as the accelerations get higher, so
too do the magnitude of the muscle responses and the degree of head movements.
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Figure 17.1 A schematic representation of the sled device used by Kumar et al. [48–73].

The pattern in which these muscles responses and head movements change is essentially
along a predictable, straight line—which would not occur if subjects became accustomed
or habituated to the impacts.
The sled device of Kumar et al. [48–73] is such that volunteers can face the direction of
travel, or be turned 1808 around to travel backward, and further can be seated at angles
varying from 458 to 1358 from the direction of travel. This way, the conditions can mimic motor
vehicle collisions where the impacts are not ‘‘straight-on’’ rear or side or frontal impacts, but
rather where it is like the car that is hit along one corner of the bumper (see Figure 17.2 for
directions of impact). Moreover, the experimental design here allows the subjects to be placed
in different positions. They may, for example, have their head turned to the left or right, just
like some whiplash victims do at the time of the collision because they are talking to someone
or looking for trafﬁc. Moreover, subjects can mimic picking something up off the ﬂoor in this
experiment and then have the impact occur, again just like what happens to some whiplash
victims. There is almost no limit to the types of collision scenarios that can be mimicked.
The accelerations used are high enough to generate muscle responses from impact, but
not high enough to cause injury. From the data collected, however, there is enough
information to allow us to use statistical techniques to extrapolate what types of neck
muscle forces, head accelerations, etc., will occur in low-velocity impacts. Comparison of
data from military volunteers and the other few available volunteer studies that were done
at higher velocities conﬁrms that the extrapolations are valid, because they match well with
data where volunteers have in the past been subjected to potentially injurious accelerations. Thus, this newer approach of subjecting volunteers to incremental very-lowvelocity collisions, collecting extensive data regarding acceleration and muscle responses,
and then using regression techniques to extrapolate further allows Kumar et al. [48–73] to
describe the human response to collisions without causing injury.
Of course, extrapolations are usually only valid over a relatively small range, probably
in the range of what are known as low-velocity motor vehicle collisions. These collisions
usually involve vehicles traveling at 22 mi=h (36 km=h) or less. Yet, these collisions are
among the most common cause of acute whiplash syndrome. Thus, studying the neck
muscle response to low-velocity impacts is highly relevant. The above-described approach
is ideally suited to this area of research, and as one is able to show a lack of injury in the
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Figure 17.2

The eight directions of impact studied by Kumar et al. [48–73].

volunteers with very-low impact velocities, it may then be possible to increase the velocity
of impacts somewhat to gain more information and still avoid injury.

17.5.1 Whiplash loading
Using the Kumar et al. [48–73] approach, one can map out the way in which several factors,
including expectation of impending impact, occupant head position, level of accelerative
perturbation, and direction of impact change how a given muscle responds to the impact
(see references by Kumar et al. [48–73]). In brief, several patterns are delineated. First, the time
to onset of the EMG activity of any of the sternocleidomastoid, trapezius, or splenius capitis
muscles is dependent on the magnitude of acceleration produced by the impact. As the
acceleration level increases, the time to onset of EMG activity shortens. By delivering
the accelerative impacts in random order of severity, again Kumar et al. [48–73] have shown
that the shortening of the EMG response time is not due to habituation to the impacts. If an
accelerative impact of lower magnitude follows one of greater magnitude, the impact of lower
magnitude will always be associated with the longer time to onset of EMG activity. This
relationship would be lost if there was a habituation to impacts, wherein the time to onset of
EMG would shorten with each subsequent impact independent of the acceleration magnitude.
It is also revealed by these experiments that the time to onset of peak EMG activity for a given
muscle is shortened as the acceleration level for the impact increases.
The magnitude of the peak EMG activity is of interest in response to accelerative
impacts. As stated previously, it is assumed, because the neck does not ﬂex or extend
beyond physiological limits in low-velocity collisions, that the injury mechanisms is one in

Kumar/Biomechanics in ergonomics, second edition 7908_C017 Final Proof page 453 26.10.2007 7:48am Compositor Name: VAmoudavally

Whiplash injuries: in vivo studies

453

which muscles respond, by contraction, to inertial head displacement (relative to the torso).
This response may occur at a time when the muscles are being stretched by the head
displacement because of their attachments to the skull. This contraction at a time when the
muscle is being stretched and with a sudden load is an eccentric contraction. Although
protecting perhaps from nonphysiological neck extension or ﬂexion, this is potentially the
injury mechanism. The greater the degree of EMG contraction, the greater the potential
for injury. Kumar et al. [48–73] have shown that with increasing acceleration levels from
impact, the peak EMG activity also increases. The muscles which will show this relationship, however, largely depend on the direction of impact and the head position at the time
of impact. Table 17.1 indicates how three primary muscles of interest (sternocleidomastoid,

Table 17.1 Muscle Response Pattern according to Direction of Impact
and Head Position at Time of Impact

Impact Direction
Rear (straight-on)
Right posterolateral
(rear impact offset
458 to subject’s right)

Left posterolateral
(rear impact offset
458 to subject’s left)

Muscle with the Highest Peak EMG Response to Impacta,b
Head Rotated
Head Rotated
Head in Neutral
458 to Right
458 to Left
Both
sternocleidomastoids
Left splenius capitis

Left
sternocleidomastoid
Left
sternocleidomastoid

Right
sternocleidomastoid
Right
sternocleidomastoid

Both
sternocleidomastoids

Left splenius capitis

Left splenius
capitis
Left trapezius
Right
sternocleidomastoid

Right splenius capitis

Both
sternocleidomastoids

Right trapezius
Left
sternocleidomastoid

Left trapezius
Right trapezius
Left
sternocleidomastoid

Right splenius
capitis
Right trapezius
Left trapezius
Right
sternocleidomastoid

Left splenius capitis
Both trapezii

Right trapezius
Left
sternocleidomoastoid

Left trapezius
Right
sternocleidomastoid

Right lateral

Right splenius capitis
Left splenius capitis

Right trapezius
Left splenius capitis

Left lateral

Right splenius capitis

Right splenius capitis

Left trapezius
Left splenius
capitis
Right splenius
capitis

Front (straight-on)
Right anterolateral
(front impact offset
458 to subject’s right)
Left anterolateral
(Front impact offset
458 to subject’s left)

a

b

Both trapezii
Both trapezii

Right splenius capitis

Each muscle’s peak EMG response is normalized to the subject’s maximum voluntary contraction to control for
intersubject and intermuscle variations in strength.
Where more than one muscle is listed, the muscles show a relatively equal EMG response to the impact, and
thus share the burden of impact.
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splenius capitis, and trapezius) are found to respond according to the direction of impact
and in relation to the head position at time of impact. When the head is in neutral position
(looking straight ahead), the rear impacts (straight-on rear impact, and right and left
posterolateral impacts) create the greatest EMG response in the sternocleidomastoid
muscles, the splenius capitis becoming more active as the impact is offset. Head rotation
at the time of impact, however, mainly causes the sternocleidomastoid responsible for the
head rotation to be most active, with the splenius capitis and trapezii increasingly coming
into play as the rear impact becomes offset to the right or left. The sternocleidomastoid
response is above and beyond that which occurs to place the head in the rotated position. It
appears that perhaps in this position, it is most likely to experience the stretch that occurs
by head displacement from impact.

RSCM
Expected

Norm EMG (%)

200
150
100
50
0
13

12

11

Ac

ce

10

l (m

Po

9

/s 2
)

R.

8
R.

7
6

R.

5 An

ola

ior

ro

r

ola

t.

al

lat

.

ro

al

ter

ter

Po

ter

An

Po

rio

An

ter

La

ter

ste

ste

ste

La

L.

L.

L.

lat

.

ition

Pos

t.

Unexpected

Norm EMG (%)

200
150
100
50
0
13

12
Ac

11

ce

10

l (m

9

/s 2
)

8
7
6

R.

5 An
te

rio

r

R.

R.
ter

An

al

ter

ola

t.

Po

Po

Po

al

ro

rio

r

An

ter

La

ter

ste

ste

ste

La

L.

L.

L.

ola

t.

lat

.

ro

lat

.

ition

Pos

Figure 17.3 Muscle activity of the right sternocleidomastoid muscle (RSCM) for eight directions of
impact, subject seated in neutral posture, facing forward. Impact condition is either expected or
unexpected.
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Frontal impacts (straight-on frontal impact, and right and left anterolateral impacts)
mainly generate the greatest EMG response in the trapezii, but again when the head is
rotated at the time of any type of frontal impact, the sternocleidomastoid muscle involved
in the head rotation is increasingly active. For lateral impacts, interestingly, regardless of
head position, the contralateral (to the direction of impact) splenius capitus is most active
in response to the perturbation.
Another observation made from these studies is that when the volunteer is able to
receive auditory and visual cues of the impending impact (expected impact condition),
this has the effect of reducing the EMG response. This may be a protective factor. Figure
17.3 and 17.4 show, for example, how the right and left sternocleidomastoid muscles
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Figure 17.4 Muscle activity of the left sternocleidomastoid muscle (LSCM) for eight directions of
impact, subject seated in neutral posture, facing forward. Impact condition is either expected or
unexpected.
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Figure 17.5 Muscle activity of the right and left sternocleidomastoid muscles (RSCM; LSCM) for
eight directions of impact. Subject seated with head rotated to left.

respond differently as one changes the direction of impact from a straight-on rear impact
to seven other directions to complete a 3608 circle. Here, the volunteers experience the
impacts with their head in the neutral position (facing forward). In this set of ﬁgures it is
also shown that when the volunteers were expecting the impact (received visual
and auditory cues) they had lower muscle responses than when the impact occurred
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Figure 17.6 Plot of muscle activity of the right splenius capitis muscle (RSPL) and left splenius
capitis muscle (LSPL) for eight directions of impact. Subject seated with head rotated to left.

without these cues (unexpected impact). A ﬁnal observation made from these studies by
Kumar et al. [48–73] is that when the head is rotated, compared to the condition of head
in neutral position, the effect of head rotation is to overall reduce the EMG magnitude.
Figures 17.5 through 17.7 show how the sternocleidomastoid, splenius capitis, and
trapezius muscles respond if the subject’s head happens to be rotated to the left
under otherwise the same impact conditions. Notice that the magnitude of muscle
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Figure 17.7 Muscle activity of the right trapezius muscle (RTRP) and left trapezius muscle (LSPL)
for eight directions of impact. Subject seated with head rotated to left.

response is actually lower than when the subject is looking forward. The same is shown
in Figures 17.8 through 17.10 for these muscles when the head is rotated to the right at
the time of impact. It is thus unlikely that having one’s head turned at the time of impact
increases the risk of muscle injury, at least for low-velocity collisions. One can thus
imagine repeating these experiments and thus producing the necessary tables and ﬁgures
for the various neck muscles, and repeating all these runs with different postures and
different seats or seat belts, etc.—valuable data gathered without injury.
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Figure 17.8 Muscle activity of the right sternocleidomastoid muscle (RSCM) and left sternocleidomastoid muscle (LSCM) for eight directions of impact. Subject seated with Head Rotated to Right.

17.6 Conclusions
There are many reasons to conduct whiplash impact experiments. Historically, the main
basis was chieﬂy to understand the human tolerances and develop a rough approximation
of how the whiplash injury may occur, so that it may perhaps be prevented. Over time,
the need to address medicolegal questions of likelihood of injury has led to studies of
how to relate impact severity, and thus risk of injury, to velocity of impact. More recently,

Kumar/Biomechanics in ergonomics, second edition 7908_C017 Final Proof page 460 26.10.2007 7:48am Compositor Name: VAmoudavally

460

Biomechanics in ergonomics, second edition
LSPL

Norm EMG (%)

24

16

8

13

12

11

Ac

ce

10

l (m

9

/s 2
)

8
7
6
5

R.

An

R.

R.

ola

ior

r

An

ter

La

ola

t.

al

ro

rio

Po

al

ter

ter

Po

ste

ste

L.
ter

lat

.

ro

ter

An

Po
ste

La

L.

L.

lat

.

ition

Pos

t.

RSPL

Norm EMG (%)

24

16

8

13

12

11

Ac

ce

10

l (m

L.

9

/s 2
)

8
7
6
5

R.

An

ter

ior

R.

R.
al

ter

ola

t.

Po

rio

Po

r

ola

t.

lat

.

ro

lat

.

al

ro

An

ter

La

ter

ste

ste

ste

La

ter

An

Po

L.

L.

ition

Pos

Figure 17.9 Muscle activity of the right splenius capitis muscle (RSPL) and left splenius capitis
muscle (LSPL) for eight directions of impact. Subject seated with head rotated to right.

the focus has again shifted to a systematic evaluation of the muscular response to the
whiplash impact. For ethical reasons, researchers will always be constrained from producing injury in subjects, and the exact pathological basis for the whiplash injury remains
elusive. Still, it is understood that low-velocity collisions are an important cause of motor
vehicle injury claims. These collisions, if they cause injury, do not do so by exceeding
physiological limits of neck extension or ﬂexion, but rather apparently the reﬂex muscle
response to the inertial head movements limits neck extension or ﬂexion. This reﬂex may
be the basis for muscle injury in low-velocity impacts. Automobile design is directly
inﬂuenced by these observations, so that the possibility of, for example, improving seat
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Figure 17.10 Muscle activity of the right trapezius muscle (RTRP) and left trapezius muscle (LTRP)
for eight directions of impact. Subject seated with head rotated to right.

and head restraint design has arisen. There remain, however, a number of unresolved
questions. What effect do body habitus, positioning at time of impact, different seat
designs, and head restraint position have on the head and neck response to whiplash
type impact? What role does bracing one’s arms against the interior of a vehicle have on the
spinal response? Is it better to approximate injury (symptom) thresholds for any given
impact scenario by citing that level of impact severity in which a cohort of subjects reports
a greater proportion of symptoms compared to a placebo impact control cohort? These
questions, among others, will be the challenge for researchers who will continue to explore
the human response to whiplash.
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18.1 Chapter overview
Low back disorders are the most common and costly work-related musculoskeletal disorder. They are an economic and social problem worldwide. Understanding the issues
involved in the precipitation of these disorders is required for effective control. This
chapter reviews and presents concise information on low back disorders and it is divided
into the following sections: denomination, epidemiology, and costs of low back disorders,
low back anatomy, causes and risk factors for work-related low back disorders (WLBD),
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assessment of risk factors for WLBD, strategies used for control and prevention, major
challenges in the low back disorders ﬁeld, and conclusions. This chapter reviews how
biomechanical factors are related to low back disorders and how ergonomic principles can
be used to improve the control of WLBD.

18.2 Denomination
Over 80% of the low back disorders are classiﬁed as ‘‘sprain and strain’’ and ‘‘idiopathic’’;
these diagnostic terms are frequently used to classify cases that have no pathoanatomical
conﬁrmation (Deyo and Weinstein, 2001). On the other hand, studies show a surprisingly
high prevalence of different anatomical ﬁndings on magnetic resonance imaging in asymptomatic working-age adults (<60 years old). In these studies, 40% prevalence of herniated
intervertebral discs (Weishaupt et al., 1998), 54% prevalence of intervertebral disc bulging
(Boden et al., 1990), and 72% prevalence of degenerative changes of intervertebral discs
(Stadnik et al., 1998) have been reported. Current diagnostic tools are not perfect for
identifying meaningful anatomical alterations and injuries (Wiker, 2003; Vieira and
Kumar, 2006a). We need new diagnostic tools or we need to adapt the existing ones so
that we can assess injured tissues such as ligaments and muscles or detect biochemical
changes. Alternatively, standardized physical assessments should be used to diagnose and,
ideally it should be performed by an interdisciplinary team including physicians and
physical therapists (Jones and Kumar, 2001).
Given the current disagreement on low back disorders' diagnostic classiﬁcation, it is
pertinent to discuss the issue of reported low back pain vs. low back injury. Pain in the low
back region may originate from injured tissues (Deyo and Weinstein, 2001). It is also hypothesized that low back pain may occur due to biochemical alterations in the concentrations of
lactic acid or due to pH alterations (Simmonds and Kumar, 1992). Injury causes pain, but
injury may not be the only reason for reporting pain. Some investigators claim that low back
pain is not caused by injury because, by deﬁnition, an injury precipitates at a speciﬁc time to a
speciﬁc tissue, and low back pain has many times a gradual onset (Hall et al., 1998). However,
considering the Cumulative Load Theory of musculoskeletal injury precipitation, an injury
may occur gradually, even without an accident or unusual activity (Kumar, 2001).
The tendons stretch from 1% to 2% when load is applied (muscle contraction) (Abrahams,
1967). After the contraction, the tendons usually return to their initial length. However, if
the contraction is repeated without sufﬁcient recovery time, or if the contraction is
sustained for prolonged time, the tendons stay elongated by about 1% (residual strain)
(Abrahams, 1967). This alters the mechanical efﬁciency of the muscles that are required to
increase contraction to generate the same amount of force. The tendon will have reduced
stress tolerance capacity due to the residual strain (decreased cross-sectional area). Similar
changes may be observed on other musculoskeletal tissues due to their viscoelastic characteristics. Thus, injury may occur without apparent changes in external workload due to the
cumulative effect of physical exertion.
For the reasons presented, and until a standardized consensus-based diagnostic classiﬁcation system is available, the general denomination ‘‘low back disorder’’ is suggested.
This chapter focuses mainly on WLBD, but the information is applicable to nonworkrelated cases as well. WLBD' precipitation is related to work demands and they are
associated with a physical problem causing dysfunction due to tissue damage (identiﬁable
or not), affecting the lumbar region of the spine. WLBD are generally classiﬁed as ligament
sprain, muscle strain, facet joint, and sacroiliac joint injury.
Work-related low back disorders occur due to cumulative or overexertion in lifting,
pushing, pulling, carrying, bending, and twisting during work. Thus, WLBD precipitates
through the steps of activity, biomechanical stress, temporal loading, tissue strain, and injury
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(McGill, 1997; Marras, 2000; Kumar, 2001). Cumulative load and overexertion can result
in injury by disruption of tissue causing work-related low back injury and pain
(Kumar, 1990, 1994; McGill, 1997). Overexertion is ‘‘a physical activity in which the
level of effort exceeds normal physiological and mechanical (physical) tolerance limits’’
(Kumar, 1994).

18.3 Epidemiology and costs of low back disorders
Work-related low back disorders are the most prevalent and most costly musculoskeletal
disorder (e.g., Woolf and Pﬂeger, 2003). The lifetime incidence of low back pain on the
population of developed countries is estimated to be almost 75% (Videman and Battie,
1996). Low back pain is the second most frequent complaint heard by physicians after only
the common cold=ﬂu (Katz, 2006). Reoccurrences are frequent varying from 40% to 80% of
the cases (Von Korff and Saunders, 1996). There are several problems with the epidemiology of low back disorders such as nonstandardized diagnostic classiﬁcation, inadequate
surveillance, and legal, social, ﬁnancial, and psychological issues=confounders. Data are
always approximate (Andersson, 1991).
The overall point prevalence of back pain was 17.6% in the US workers who responded
to the 1988 National Health Interview Survey (Guo et al., 1999). Approximately 2% of the
American workers have compensated WLBD each year, and 5% of American workers miss
at least 1 day of work due to low back disorders each year. The estimates of the cost of
WLBD in the United States in 1990 ranged between $50 billion and $100 billion (Frymoyer
and Cats-Baril, 1991). According to the National Council on Compensation Insurance
(1993), the average cost of each work-related low back disorder in the United States in
1990 was $24,080.
Considering the people who had worked in the previous year, 22.4 million had back
pain in 2000 (National Academy of Sciences, 2001). In 2000, based on the National Health
Interview Survey, about $100 billion ($20 billion for direct cost such as medical management; $80 billion for indirect costs such as lost productivity and time of work) were spent
on this problem just in the United States alone (Katz, 2006). Based on this data, it was
estimated that between $100 and $200 billion were spent in 2005 on low back problems in
the United States (Katz, 2006).
In Europe, WLBD are also a major socioeconomic problem. For example, the total cost of
back pain was more than EUR 4 billion in 1991 in the Netherlands, EUR 2.7 billion in 1992
in the United Kingdom, and EUR 2 billion in 1995 in Sweden. Approximately 90% of the
costs were related to time off work and disability management affecting the workers (van
Tulder, 2006). Similarly, WLBD accounts for 20% to 30% of all work-related compensation
claims in Canada (AHRE, 2006). About 27% of all lost time claims accepted by the Workers'
Compensation Board of Alberta (Canada) between 2001 and 2005 were WLBD (AHRE,
2006). The back was the most commonly injured body part accounting for over one-third of
all claims, and 75% of the WLBD were classiﬁed as sprains, strains, and tears. Approximately 70% of these resulted from overexertion due to lifting, pulling, pushing, carrying,
twisting, climbing, tripping, or reaching (AHRE, 2006).
In the Unite States, WLBD represented 24.2% of all lost time claims in 2001; 83% of the
WLBD (N ¼ 183,424) were classiﬁed as sprains and strains (N ¼ 152,505; BLS, 2001).
Approximately 65% of all WLBD were caused by overexertion, 60% in lifting (BLS,
2001). The occupational groups reporting most WLBD (40% of all cases) were industry
laborers, operators, and fabricators for male workers, and nurses among female workers
(BLS, 2001; National Academy of Sciences, 2001). Because the steel workers and nurses
have higher rates of WLBD, the following paragraphs present some speciﬁc information
for these occupational groups (i.e., steel workers and nurses).
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18.3.1 Work-related low back disorders in steel workers
The physical demands of the steel workers' job are high and they have a high incidence of
WLBD (e.g., Daniel et al., 1980; Suadicani et al., 1994; van Vuuren et al., 2005). In a study of
WLBD in two steel companies (n ¼ 618 workers) a lifetime incidence rate of lumbar
symptoms per hundred workers was 66%, and the incidence rate of lumbar symptoms
during the previous year and during the previous week were 53% and 25%, respectively
(Masset and Malchaire, 1994). Similarly, approximately 70% of the workers of the maintenance division of a steel mill had WLBD (Udo and Yoshinaga, 2001).
A retrospective epidemiological study (5 year injury records review) and a questionnaire survey were performed to assess perceived workload and identify issues and possible improvements to reduce WLBD in 108 steel workers (Vieira and Kumar, 2007).
Welding in tight=conﬁned spaces and punching steel blades were considered the most
stressful and risky tasks of the welding and computer numeric control jobs, respectively
(Vieira and Kumar, 2007). Table 18.1 presents some of the integrated research ﬁndings for
the groups of steel workers.
The annual incidence of WLBD for the welders was similar to, and the rate for the
computer numeric control steel workers was higher than the annual incidences reported
previously for other occupational groups in heavy jobs involving manual material handling such as nurses (3.3%), lumbermen (3.3%), and construction workers (2.8%) (Klein et al.,
1984). Similarly, Myers et al. (1999) found the following annual rates of WLBD: 3.6% for
public workers, 3.1% for recreation and parks' workers, and 2.4 for transportation workers,
as opposed to the 0.5% found for education workers—a lighter job.
The computer numeric control workers had lower working-life incidence of reported
WLBD and point prevalence of low back pain than the welders. On the other hand, the
computer numeric control workers had higher annual incidence of WLBD. A possible
explanation for these ﬁndings is that the computer numeric control workers were younger
and it may also be due to high turnover in that steel company.
The weights lifted represented increased risk for the welders and especially for the
computer numeric control workers. It may also partially explain the higher annual incidence of WLBD claims in computer numeric control workers and the trends observed in
the discomfort scores where the low back received the highest scores by both groups. The
low back discomfort rates by the end of the shift and the weights handled followed a
similar trend to the annual incidence rates of WLBD. Lumbar ﬂexion during the job and the
job-simulated force for the computer numeric control workers were identiﬁed as critical
biomechanical risk factors for WLBD (Vieira and Kumar, 2006b).

18.3.2 Work-related low back disorders in nurses
The prevalence of low back pain is higher among nurses than in the general population
(Josephson et al., 1997; Lagerstrom et al., 1998). Nurses are among the professionals with the
highest rates of WLBD (Buckle, 1987; Bejia et al., 2005). Nurses have a prevalence ratio higher
than two in the United States (National Academy of Sciences, 2001). Similarly, nurses were
shown to have odds-ratios for WLBD between 1.8 and 4.3 (Venning et al., 1987; Knibbe and
Friele, 1996; Lagerstrom et al., 1998). Hofmann et al. (2002), in a large cross-sectional
questionnaire study, found a relative risk (RR) for WLBD between 1.35 and 1.47 for nurses
(n ¼ 2207) in relation to administrative clerks (n ¼ 1177). The rates of WLBD in nurses are
high in Australia, Brazil, Canada, China, England, France, Iran, Italy, Japan, Korea, Sweden,
the United States, and other countries (Jensen, 1987; Larese and Fiorito, 1994; Niedhammer
et al., 1994; Lagerstrom et al., 1995; Ando et al., 2000; Gurgueira et al., 2003; Smith et al., 2004,
2005; Mohseni-Bandpei et al., 2006; Vieira et al., 2006). In Sweden, it was found that female
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nursing aides had WLBD resulting in at least 1 day off work six times more often than all
other female workers; lifting was a major risk factor and was related to 84% of the WLBD
(Engkvist et al., 1992). Based on a prospective cohort study of 5649 nurses, job-related factors
are the major predictors of WLBD in nurses (Venning et al., 1987).
A retrospective epidemiological study (5 year injury records review) was performed,
and 47 nurses completed a questionnaire survey (Vieira et al., 2006). WLBD represented
23% of all injuries, 16% of all ﬁrst aid, 17% of all medical aid, and 62% of all lost time claim
injuries. Almost 74% of the WLBD were classiﬁed as overexertion injuries (n ¼ 117).
Registered and licensed practical nurses, represented 78% (n ¼ 123) of all cases of WLBD
recorded in the hospital during the period analyzed and 83% of the lost time claim WLBD.
Approximately 70% of the WLBD in the registered and licensed practical nurses happened
while transferring or moving patients. Orthopedic and intensive care unit (ICU) nurses had
the highest annual incidences of WLBD per hundred workers. Patient transfers and turning
and repositioning patients in bed were considered the critical tasks of the job by the
orthopedic and intensive care nurses, respectively (Vieira et al., 2006). Table 18.2 presents
some of the integrated research ﬁndings for the groups of nurses.
Most variables presented followed similar trends for the groups of nurses studied. That
is, the orthopedic nurses had higher rates of low back disorders and the job physical=biomechanical demands were higher than for the intensive care nurses. This fact
shows that it is the job demands and not the occupational title (nurses) that can explain
the rates of WLBD. However, both rates and demands for the intensive care nurses
were also signiﬁcant. Patient handling and transferring tasks impose signiﬁcant loads
on the musculoskeletal system of nurses and are established risk factors for WLBD
(Vieira, 2007a). Control efforts are needed and efﬁcient primary preventative measures
are important. Essential secondary prevention measures include proper assessment and
rehabilitation. Finally, important tertiary initiatives include chronic disability prevention.
All parts of the process need to be considered for a holistic and adequate approach of
this problem. Section 18.4 presents an overview of the low back anatomy as it relates
to WLBD.

18.4 Low back anatomy
The anatomy of the low back is well documented (e.g., Ebraheim et al., 2004). Knowledge
of low back anatomy is important to understand the causes of low back disorders, affected
tissues, their treatment and prevention. Low back disorders include dysfunctions affecting
the lumbar spine, low back, and pelvis region, thus, a brief review of the low back and
pelvis anatomy is presented. Low back is composed by ﬁve lumbar vertebras (L1–L5), the
sacrum (ﬁve fused sacral vertebrae, S1–S5), and the coccyx (3–5 fused segments), their
articulations, intervertebral discs, muscles, tendons, ligaments, fascia, blood supply, and
neural structures.

18.4.1 Vertebrae and joints
Each vertebra is composed of an anterior vertebral body and a posterior neural arch
including the vertebral foramen=spinal canal, transverse, and spinous processes. The
vertebral foramen is formed by the posterior part of the vertebral body and by the neural
arch pedicles and laminae. The superior and inferior facet joints (or zygapophyseal joints)
are located in the laminae. The superior facet joints are concave and postero-medially
oriented; they are articulated with the inferior facet joints of the suprajacent vertebrae that
are convex and antero-laterally oriented. Thus, the vertebrae are articulated by the facet
joints and by their vertebral bodies, which are separated by an intervertebral disc.
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Table 18.2 Integrated Results Demonstrating the Association between High Work Demands, Mismatch between Workers Capacity and Demands, and
Rates of Work-Related Low Back Disorders (WLBD) in Orthopedic (Ortho) and Intensive Care Unit (ICU) Nurses: Mean (Standard Deviation)
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The surface of the facet joints are enclosed in a hyaline cartilage that facilitates sliding of
the joint, and the facet joints are covered by an articular synovial capsule. The superior and
inferior surfaces of the vertebral bodies are covered by cartilaginous endplates. The sacrum
and the coccyx are articulated by a ﬁbrocartilaginous joint permitting limited amount of
movement between them. The coccyx is also known as the tailbone and it is an evolutionary vestige of a tail. Figure 18.1 illustrates the lower lumbar spine including lumbar
vertebrae, sacrum, and coccyx.

18.4.2 Blood supply and intervertebral discs
The intercostal and lumbar arteries with their segmental arteries supply blood to the
lumbar spine and to the spinal cord along with the spinal arteries. However, the intervertebral discs have very limited blood supply and depend on pressure changes for the
diffusion of water, nutrients, and oxygen. The vertebral endplates mediates the transfusion
of water and nutrients from the vertebral bodies into the disks. There is an intervertebral
disk between adjacent vertebrae, and between L5 vertebral body and the sacrum (S1).
The intervertebral disks consist of an annulus ﬁbrosus and a centrally located nucleus
pulposus. The annulus ﬁbrosus is mainly composed of oblique layers of collagen ﬁbers
perpendicularly oriented. The inner ring contains the nucleus pulposus and the outer ring
attaches itself to the cartilaginous endplates and longitudinal ligaments. The annulus
ﬁbrosus is thinner and more vertically oriented on the posterolateral sides that are more
susceptible to herniation. The percentage of water in the nucleus pulposus (70%–90%)
decreases with age (Ebraheim et al., 2004). This age-related dehydration becomes
more evident after the ﬁfth decade of life when the properties of the nucleus pulposus
change signiﬁcantly. This chronic degeneration results in a reduced disc height and shock
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Figure 18.1 Illustration of the lower lumbar spine, vertebrae, and some alterations. (Modiﬁed from
Deyo, R.A. and Weinstein, J.N., N. Engl. J. Med., 344, 363, 2001. With permission.)
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absorption capacity. Loads on the lumbar spine increase in the caudal direction in an upright
posture. Not surprisingly, herniated discs are more frequently at lower levels (L4–L5
and L5–S1 intervertebral discs).

18.4.3 Spinal cord and nerve roots
The spinal cord is located posteriorly to the vertebral body passing through the vertebral
foramen (#2, Figure 18.1). It ends between T12 and L3; after that, the lower limbs' nerve
roots are grouped forming the cauda equina ending as the ﬁlum terminale. The spinal
nerve roots (ventral nerve roots: efferent motor ﬁbers, and dorsal nerve roots: afferent
sensory ﬁbers) enter the spinal canal posterolaterally through the intervertebral foramen
(#14, Figure 18.1). In total, eleven pairs of spinal nerves exist that enter the spinal canal
one below each of the ﬁve lumbar, ﬁve sacral vertebrae, and one coccyx. The efferent
nerves are divided into two: the dorsal rami innervate the posterior spine muscles,
ligaments, and skin, while the ventral rami merge to form the lumbar plexus (L1–L4)
and the sacral plexus (L4–S4), which innervate the muscles, joints, and skin of the
abdomen, buttocks, lower limbs, and feet through different nerves, such as the femoral
and sciatic nerves, respectively.

18.4.4 Low back stability
The stability of the low back is sustained by passive (e.g., ligaments, capsules) and active
(muscles) structures. Several ligaments help in stabilization of the lumbar spine. In a
sagittal section of the lumbar spine, the lumbar ligaments are located in the following
order: the anterior and posterior longitudinal ligaments are located on the anterior and
posterior aspects of the vertebral bodies. The ligamentum ﬂavum is located laterally in the
neural canal and is attached to the facet joint's capsule. The transverse ligaments attach to
the respective structures on the posterolateral aspect of the vertebrae. The interspinous and
supraspinous ligaments are attached and join the adjacent spinous processes on the
posterior region of the vertebrae. The supraspinous ligaments extends from the occipital
cranial bone all the way down to the sacrum linking the posterior apices of the spinous
processes. Figure 18.2 illustrates two vertebrae of the lumbar spine in a sagittal section.
In addition to the passive stability, the low back muscles are responsible for the active
(dynamic) stability of the spine. The thoracolumbar fascia help stabilizing the low back and
act as trunk rotator along with the serratus muscles. The activation of the erector spinae or
rectus abdominis muscles, and especially the co-activation (co-contraction) of these
muscles, increase stability and the compressive load on the spine (Schultz et al., 1982;
Nachemson et al., 1986; Wells et al., 1997). The erector spinae is the main trunk extensor
muscle group (Macintosh and Bogduk, 1991). The erector spinae muscle group includes the
spinalis, longissimus, and iliocostalis lumborum muscles.
Forward ﬂexion (as observed during the initial posture for lifting and manual handling
activities) creates large moments on the low back. Seroussi and Pope (1987) found that 96%
of the variability in the sagittal plane lifting moment could be explained by the sum of
erector spinae electromyographic (EMG) activity. The lumbar extensor muscles (e.g.,
erector spinae) contract to oppose the ﬂexion moments. The force they need to exert is
high because their moment arm length is small (5–7 cm) requiring high levels of erector
spinae activity (Kumar, 1988; McGill et al., 1988). In addition, deep muscles interconnect
spinous and transverse processes (i.e., semispinalis, multiﬁdus, and rotators) helping on
intersegmental movements in the sagittal, frontal, and transversal planes. The main ﬂexors
and rotator muscles of the low back are the rectus and oblique abdominis, iliopsoas major,
and the quadratus lumborum, respectively.

Kumar/Biomechanics in ergonomics, second edition 7908_C018 Final Proof page 478 30.10.2007 10:22am Compositor Name: JGanesan

478

Biomechanics in ergonomics, second edition
Stretching of the
nerve roots

Increased
intervertebral
disc anterior
pressure

2
1
Posterior displacement of
the nucleus pulposus

Figure 18.2

3

Ligament strain
1—Ligamentum flavum
2—Interspinous ligament
3—Supraspinous ligament

Two lumbar vertebrae showing the ligaments and changes with ﬂexion movement.

18.5 Causes and risk factors for work-related low back disorders
Pain in the low back region may originate from injured ligaments, facet joints, vertebral
periosteum, paravertebral muscles and their fascia, blood vessels, intervertebral disc
annulus ﬁbrosus, or spinal nerve roots (Deyo and Weinstein, 2001). Work-related musculoskeletal injuries are multifactorial in nature (Kumar, 2001). Environmental, biomechanical, organizational, personal, genetical, psychosocial, psychological, and ﬁnancial factors
all interact and contribute to different extent in causation of low back injuries, disorders,
pain, disability, or to the reporting WLBD.
The origin of these disorders may be explained by biomechanical models assuming
mechanical disruption of musculoskeletal tissues in the lumbar spine region, by biochemical disturbances assuming changes on the biochemical characteristics and balance, or by
psychological means assuming predisposition due to personality and job dissatisfaction.
Ideally, all contributing factors should be considered.
The recognized biomechanical risk factors for WLBD' precipitation are heavy physical
work, manual materials handling including lifting, carrying, pushing, and pulling, static
and awkward work postures, prolonged standing and sitting, frequent trunk ﬂexion,
lateral ﬂexion and rotation, repetitive work, and vibration (e.g., Bernard, 1997). The
psychological and psychosocial risk factors for disability due to WLBD include work
dissatisfaction and support (e.g., Simmonds et al., 1996; Davis and Heaney, 2000). However there is no evidence that psychosocial issues cause WLBD (Davis and Heaney, 2000;
Bogduk, 2006). Finally, individual risk factors include age and gender, socioeconomic
status, genetic proﬁle, previous low back disorders, posture, anthropometry, strength,
ﬁtness, spinal mobility, smoking, and body weight (Katz, 2006; Schneider et al., 2006;
Vieira et al., 2007). In addition, having previous WLBD predisposes an individual to new
episodes. Hestbaek et al. (2006) found that people from 12 to 22 years old who had low
back pain for more than 30 days in 1994 had an odds ratio (OR) of 3.5 (2.8–4.5) for having
low back pain for more than 30 days in 2002.
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The maintenance of static postures and force exertion for prolonged periods of time
compresses the veins and capillaries inside the muscles, causing micro-injuries due to the
decreased tissue oxygenation and nutrition (Kumar, 1990, 1994). The causal relationship
between work biomechanical demands and WLBD' precipitation has been established by
many studies for many years (Frymoyer et al., 1980; Rohrer et al., 1994; Bernard, 1997;
Hoogendoorn et al., 2000; Punnett and Wegman, 2004). According to the National
Research Council and the Institute of Medicine (2001), there is enough evidence demonstrating a clear relationship between back disorders and physical load. The following
sections discuss this relationship between speciﬁc risk factors. However, as can be inferred
from the following discussion, the risk factors are most often present concurrently and are
related to each other.

18.5.1 Movement and posture
Punnett et al. (1991) found in a case control study (95 cases and 124 controls) that the risk of
WLBD increased signiﬁcantly due to prolonged trunk ﬂexion and rotation (OR ¼ 4.9, mild
trunk ﬂexion; 5.7, severe trunk ﬂexion, and 5.9, trunk rotation or lateral bending), and lifting
(OR ¼ 2.2 for more that 1 lift=min of loads 4.5 kg during the entire work day). Myers et al.
(1999) found in an other case control study (200 cases and 400 controls) of WLBD in municipal
workers that high job strain (OR ¼ 2.12, 95% conﬁdence interval (CI) ¼ 1.28–3.52), body
mass index (OR ¼ 1.54, 95% CI ¼ 1.08–2.18) and twisting, extended reaching, and stooping
(OR ¼ 1.42, 95% CI ¼ 0.97–2.08) were signiﬁcant risk factors for WLBD.
Picavet and Schouten (2000) evaluated the associations between physical load and
WLBD. Their questionnaire survey and physical examination was completed by 22,415
subjects in the Netherlands. The annual incidence rate of WLBD in the sample was 50.3%.
They found ORs between 1.6 and 2.0 for frequent awkward postures, 1.1 and 1.3 for
prolonged postures, 1.2 and 1.5 for frequent bending and twisting the trunk, and between
1.2 and 1.5 for frequent lifting, carrying, pushing, and pulling. In another study, trunk
ﬂexion (RR ¼ 1.72 for ﬂexion 608 for more than 5% of working time=day), trunk rotation
(RR ¼ 1.57 for rotation 308 for more than 10% of working time=day), and weight lifting
(RR ¼ 1.79 for weight 25 kg for more than 15 times=day) were found to be risk factors for
WLBD (Hoogendoorn et al., 2000). Similarly, WLBD were found to be associated with
maximum ﬂexion angle (OR ¼ 2.2), peak spinal loads (OR ¼ 2.0), average spinal loading
(OR ¼ 1.7), percentage of time with loads in the hands (OR ¼ 1.5), and percentage of time
spent working in ﬂexion >458 (OR ¼ 1.3) (Neumann et al., 2001).
During ﬂexion, the moments acting anteriorly (external load, weight of the body segments
above the center of rotation—e.g., center of the L5=S1 intervertebral disc, and abdominal
muscles contraction), and posteriorly to the center of rotation (lumbar extensor muscles
contraction) cause large compression and shear forces on the spine (Nachemson and Elfstrom,
1970). There is an increased risk of lumbar intervertebral disk injury (posterior prolapse)
due to ﬂexion in the morning (early after waking up) due to increased hydration of the
discs (Adams et al., 1990). A recent study (Sbriccoli et al., 2007) using a feline model has
demonstrated signs of acute low back neuromuscular disorder due to continuous ﬂexion
for 1 h, even when a 10 min break was provided after every 30 min of loading. However, no
signs of disorders were found when providing a 30 min break after 30 min of loading.
Researchers suggested 1:1 work–rest (300 –300 ) ratio to prevent WLBD (Sbriccoli et al., 2007).

18.5.2 Force exertion—lifting, pushing, and pulling
Heavy physical work increases the risk of WLBD signiﬁcantly. One-third of the American
workers exert signiﬁcant amount of force in their jobs (National Institute for Occupational
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Safety and Health [NIOSH], 1981). Similar ﬁgures can be expected for other industrialized
countries and even higher ﬁgures may be expected in developing countries. This ﬁnding is
relevant because it has long been established that workers exposed to excessive manual
material handling tasks are three times more susceptible to WLBD (Snook et al., 1978).
A 3 year study involving 5 industrial plants, 55 jobs, 2934 manual materials handling tasks,
and 6912 workers has demonstrated that biomechanical (actual exertion) and psychophysical (perceived exertion) workload can be used to predict the incidence and severity of low
back disorders (Herrin et al., 1986).
Chafﬁn and Park (1973) reported that high values for the ratio between the force exerted
during work and the maximum isometric force of the worker are related to higher
incidence of WLBD. Bending, twisting, lifting heavy weights, and making forceful movements are related to increased risk of WLBD (Punnett et al., 1991; Smedley et al., 1995;
Lagerstrom et al., 1998). Lifting an external load signiﬁcantly increases the spinal load due
to ﬂexion alone. Pulling represents increased load on the low back in relation to pushing
(Lee et al., 1991). However, high levels of erector spinae co-contraction were observed
during pushing when the rectus abdominis is the main trunk agonist (Vieira and Kumar,
2006b).
Decreased height of lumbar intervertebral discs was found in workers who lifted heavy
loads in conﬁned spaces or on uneven ground and in workers exposed to vibration and
shock loading while seated on unsprung seats and machines (Brinckmann et al., 1998).
It has been demonstrated that the incidence rate of WLBD increase with higher lifting
strength requirements (e.g., Chafﬁn and Park, 1973).
In nursing, lifting, transferring and moving of patients in bed are frequent tasks. Manual
patient transfers were reported by nurses as the most stressful transfer method (Garg and
Owen, 1994); these tasks were previously reported as the main cause of WLBD among
nurses (Yassi et al., 1995). Hignett (1996) reported that the greater the manual handling of
patients, the higher is the incidence rate of WLBD among nurses.
Stobbe et al. (1988) compared the incidence of WLBD in two groups of nurses. One
group was classiﬁed as having high frequency of manual patient transfers (more than ﬁve
manual transfers per shift, n ¼ 317) and the other group was classiﬁed as having low
frequency of manual patient transfers (less than two manual transfers per shift, n ¼ 98).
Their study showed that lifting patients (manual transfers) was directly associated with the
probability of nurses experiencing WLBD. The low-transfer frequency group survived
longer without WLBD than the high-frequency group (10% difference after 1215 days,
p < .01). The licensed practical nurses in the high manual transfer frequency group were
7.54 times more likely to have WLBD than those in the low-frequency group (Stobbe et al.,
1988). Another study found that working in higher lifting frequency areas (OR ¼ 4.26),
working as nursing aide as opposed to registered nurse or supervisor (OR ¼ 1.77), and
having previous injuries (OR ¼ 1.73) were signiﬁcant predictors (p < .01) of future low back
disorders (Venning et al., 1987).

18.5.3 Compression and shear
Spinal compression has long been studied as a risk factor for WLBD and forms the basis of
the NIOSH lifting recommendations (Waters et al., 1993). Compression and shear forces
are both affected by trunk motion, muscle contraction, and external loads. Norman et al.
(1998) found a strong correlation (r ¼ 0.83) between compression and shear forces. McGill
(1997) stated that ‘‘combining biomechanical modeling techniques to obtain tissue loads
with studies of tissue mechanics and structural architecture is a powerful approach for
analyzing injury mechanisms, assessing the injury risk and preparing injury avoidance
strategies.’’
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Jager and Luttmann (1989) reported the ultimate axial compression strength of 307
lumbar segments to be 4400 N (SD ¼ 1900). In vitro studies have found lumbar vertebral
fractures when loads between 50% and 60% of the ultimate compressive strength
were applied 5000 times over a period of approximately 6 h; 91% of the lumbar vertebrae
fractured when loads of approximately 70% of the ultimate compressive strength were
applied 500 times over half an hour, and when loads of 75% of the ultimate compressive strength were applied 10 times over 40 s there were lumbar vertebrae fractures
already (Brinckmann et al., 1987, 1989; Biggemann et al., 1988).
Axial compression at L5=S1 intervertebral disk increases progressively from laying
down (minimum), to standing upright, to sitting upright, to standing with the trunk bent
forward, and to sitting with the trunk bent forward (maximum) (Nachemson and Elfstrom,
1970; Nachemson, 1981). The ultimate compressive axial strength of intervertebral discs (in
vitro study) of males between 22 and 46 years old was found to be 10,249 N, and more than
40% of the intervertebral disks prolapsed when 5,400 N of compression was applied to
ﬂexed spines (Hutton and Adams, 1982). Trabecular fractures in the intervertebral discs
occurred when applying repetitive compression of 3800 N to hyper-ﬂexed spines (Adams
and Hutton, 1985).
Biomechanical risk factors for WLBD include peak shear force on L4=L5 (OR ¼ 2.3), peak
trunk ﬂexion (OR ¼ 2.4), peak trunk velocity (OR ¼ 1.9), peak compression force on L4=L5
(OR ¼ 1.9), usual force on the hands (OR ¼ 1.9), and workers' perception of work biomechanical demands (OR not reported) (Norman et al., 1998). An earlier study found WLBD'
incidence rates of 5% and 10% in 411 workers when the estimated compressive force at
L5=S1 were higher than 2500 and 4500 N, respectively (Chafﬁn and Park, 1973). Another
study found that compressive forces at L5=S1 were a good predictor of overexertion WLBD
(Herrin et al., 1986). For jobs with compressive forces at L5=S1 between 4500 and 6800 N,
the rate of WLBD was more than 1.5 times higher than for jobs with compressive forces
lower than 4500 N (Herrin et al., 1986).
The mean peak compression load of auto-assembly workers who reported WLBD was
3423 N. The compression was signiﬁcantly different (p < .001) form the mean value found
for the group who did not report WLBD (2733 N) (Norman et al., 1998). The shear force in
the WLBD' group was 462 N (SD ¼ 178) and resulted in a probability of being in the WLBD'
group of between 50% and 60%. Granata and Marras (1999) found that tasks with compression forces higher than 3400 N were associated with a probability of high-risk classiﬁcation higher or equal to 50%.
According to Shirazi-Adl (1989) the combination of high bending moments and
shear and compression forces increases the risk of injury to the lumbar intervertebral
disks. Morlock et al. (2000) found that compression forces during nursing were above
3400 N for approximately 5% of the working time. The highest forces and moments
were recorded during patient transfers and the researchers stated that ‘‘such tasks
should consequently be omitted since they place the nurses at high risk for injury’’
(p. 556). Skotte et al. (2002) evaluated the load on the low back during nine different
patient-handling tasks performed by ten female nurses. The loading information included
net moments, compression, and shear forces at L4=L5, EMG activity of the back extensors, and perceived exertion. For the pulling phase of the task ‘‘repositioning the
patient from the lying in the middle of the bed to the bed side,’’ the mean (SD)
compression and shear forces were 3179 (631) and 425 (106) N, respectively. Silvia
et al. (2002) estimated compression forces during patient transfers. In manual bed-to-bed
transfers, they found compressive forces of 2955 N (range from 1938 to 4563 N).
The researchers attributed the high compressive forces to the highly ﬂexed trunk postures
and increased reach distances. All these information corroborates our ﬁndings presented
in Table 18.2.
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18.6 Assessment of risk factors for work-related low back disorders
Based on epidemiological studies, it has been proposed that the motion during the job
should be within 20% of the maximum range of motion and not exceed 50% of the range
of motion (Kumar, 1994; Vieira and Kumar, 2004a,b). NIOSH had previously suggested
even more stringent guidelines, with an action limit (AL) for joint motion of 10% of the range
of motion and a maximal permissible limit of 30% of the range of motion (NIOSH, 1981).
An OR of 4.28 for shoulder and back injuries was found for workers using more than 34% of
the range of motion during work (Punnett et al., 1987). For an extended review of working
postures as a risk factor for musculoskeletal disorders refer to Vieira and Kumar (2004b).
In order to use some of the guidelines, the variables of interest need to be measured. The
biomechanical approach permits the assessment of the effects of external loads, forces,
movements, and postures on the lumbar spine. Measurement tools include electrogoniometers, inclinometers, and other motion analysis systems such as photogrammetry,
video-analysis, optoelectronic, sonic and magnetic systems; accelerometers, force platforms, load cells, dynamometers, and electromyography. For an extended review of the
different tools used to measure body kinematics refer to Vieira and Kumar (2004b). When
photographs or video-recording is used, reﬂective markers representing the joints should
be used to facilitate linking the segments and measuring joint angles for a kinematic
analysis. For review of the methods used to assess mechanical exposure in ergonomic
studies see van der Beek and Frings-Dresen (1998).
In addition to these measurement tools, observational (or video-based observation) tools
are frequently used to assess the risk of low back disorders in occupational activities. These
tools include the Ovaco Working Postures Assessment System (OWAS; Karhu et al., 1977),
the Rapid Upper Limb Assessment (RULA; McAtamney and Corlett, 1993), and the Rapid
Entire Body Assessment (REBA; Hignett and McAtamney, 2000) among many others. One
of the limitations of the observational assessments of fast movements is that observation
can focus only on few aspects of the task. Video-recording is recommended to categorize
postures=movements. Another limitation of these tools is that they are based on estimation
of joint angles. Thus, they are inﬂuenced by subjectivity, bias, low precision, long periods
of analysis, and require highly trained observers (Yen and Radwin, 2002). The internal and
external validity of these tools are questionable. A study conducted by Brodie and Wells
(1997) showed that the results of observational tools are unreliable and inaccurate. For a
broader review of the different observational tools the reviews conducted by Rohmert and
Mainzer (1986), and Li and Buckle (1999) are recommended.
With respect to the forces on the spine, the NIOSH suggested a maximum permissible
limit (MPL) for compression at L5=S1 intervertebral disk of 6700 N, and an AL value of
3400 N (NIOSH, 1981). It was suggested that tasks at the AL level require 3.5 kcal=min
energy expenditure, and can be handled by 99% males and 75% females safely, but
increases the risk of WLBD moderately. While, tasks at the MPL level require 5.2 kcal=min
energy expenditure, it is hazardous for 75% males and 99% females, and the risk of WLBD
is eight times higher than at the AL level (Waters et al., 1993). The MPL is based on in vitro
studies that found micro-fractures on the vertebral cartilage endplates of subjects under
40 years old when applying 6700 N of axial load, and the AL is based on the fact that microfractures on the vertebral cartilage endplates of subjects 60 years or older started to happen
when applying 3400 N of axial load (Evans and Lisner, 1959; Sonoda, 1962).
Some ﬁndings support NIOSH compression guidelines. For example, the mean peak
compression load of auto-assembly workers who reported WLBD was 3423 N, which was
signiﬁcantly different (p < .001) form the mean value found for the group who did not
report WLBD (2733 N) (Norman et al., 1998). The shear force in the WLBD' group was 462
(178) N and resulted in a probability of being in the WLBD' group of between 50% and
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60%. The AL and MPL proposed by NIOSH for compression forces are useful to evaluate
risk of WLBD; however they may expose the workforce to high demands (Vieira and
Kumar, 2006a). According to Waters et al. (1993), the AL value may not protect the entire
workforce. Tasks with compression forces higher than 3400 N were associated with a
probability of high-risk classiﬁcation 50% (Granata and Marras, 1999). In addition, the
NIOSH cut-points for compression do not take into account the cumulative effect of the
exertions on the viscoelastic tissues of the body (Kumar, 1990; van Dieen and Oude
Vrielink, 1994). Peak and cumulative loads are both important, independent risk factors
for WLBD (Kumar, 1990; Norman et al., 1998). Cumulative compression and shear forces
were shown to be higher in institutional aids with low back pain than in those without pain
(Kumar, 1990).
Despite not being the only guidelines available, the NIOSH limits are frequently used in
occupational assessments (Freivalds, 1987). The weight limit for lifting according to the
NIOSH lifting equation, a compound index based on the 1981 guidelines and including the
effects of asymmetrical lifting and hand coupling, is 220 N (Waters et al., 1993). Push and
pull limits were also proposed and are around 200 N (Chafﬁn and Andersson, 1991). The
limiting factors for push and pull forces include the body posture, the height of the
handles, and the friction between the shoe sole and the ﬂoor. For a more extensive review
of the cut-points for force exertion at work (see Vieira and Kumar 2006a).
Biomechanical models are used to estimate the forces acting on the spine. They use
information on the subjects' anthropometry (body segments weight, length, and mass
center locations) and external loads (weight and mass center location) to calculate the
external and internal moments (weight or force times perpendicular distance or moment=
lever arm), and joint forces (compression and shear). The loads on the L5=S1 intervertebral
disc are most frequently calculated because this is the lowest intervertebral disk been
exposed to the highest forces. Computerized biomechanical models have been used to
calculate the loads on the lumbar spine due to occupational activities since the 1960s
(Chafﬁn, 1969). Direct measurement of intervertebral disc pressure has been used to
validate biomechanical models (Schultz et al., 1982). High correlation was found between
measured and predicted intervertebral disc pressures (r ¼ 0.94) (Schultz et al., 1982).
One of the most commonly used computerized linked segments biomechanical model to
assess the low back load in occupational activities is included in the 2D and 3D Static
Strength Prediction Program from the University of Michigan (Garg and Chafﬁn, 1984).
This model predicts moments, compressive and shear forces at different joints and the
percentage of the male and female population capable of performing that task based on
strength modeling. In addition to estimating compression and shear forces, moments and
ligament strain, this model estimates the percentage of the population capable of performing the task based on data bases containing information on the maximum strength of
different age groups for both males and females. An extensive data base for the US adult
population was published and is used to estimate the percentage of the population capable
of performing different tasks (Chafﬁn and Andersson, 1991).
One of the limitations of static biomechanical models is that they do not take into
account the inertial properties of the body segments and external load. Thus, the forces
resulting from accelerations and decelerations are ignored. The inertial forces can be
calculated using Newton's second law (F ¼ ma). These forces can be substantial in highly
dynamic situations (high accelerations) causing signiﬁcant underestimation (up to 52%
difference) of the loads when using static models (McGill and Norman, 1985). The dynamic
models are complex and their use in occupational setting is limited because they require
the measurement of the external load and body segments' velocity and acceleration vectors
(e.g., McGill and Norman, 1986). Quasi-dynamic models take into account the external
load inertial forces but neglect the body segments inertial forces. They are more practical
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than dynamic models and minimize the underestimation due to the effects of inertial forces
(Vieira and Kumar, 2006a).
In addition to the biomechanical approaches used for evaluating the work physical
demands and associated risk of WLBD, psychophysical assessments are also frequently
used. These assessments are based on levels of exertion considered acceptable by the
workers. To determine this limit, the workers are instructed to ‘‘work as hard as you can
without straining yourself, or without becoming unusually tired, weakened, overheated,
or out of breath’’ (Snook and Ciriello, 1991). This procedure is used to deﬁne physical
exertion levels that are acceptable to different percentages of the population (i.e., 10%, 25%,
50%, 75%, and 90% of the female and male population). Several tables presenting the
maximum acceptable weights and forces for lifting, lowering, pushing, pulling, and carrying tasks were published (Snook and Ciriello, 1991). The tasks varied in frequency,
distance, height, and duration; the objects varied in size and design (boxes with and
without handles). The incidence of WLBD in workers who performed jobs with demands
acceptable by less than 75% of the population was three times higher than the incidence in
workers with job demands accepted by more than 75% of the working population (Snook,
1978).
The assessment of risk factors is important to determine the measures required to reduce
the risk of WLBD. An evaluation including different approaches, looking at as many risk
factors as possible and considering the workers' opinion is required for evidence-based
recommendations. Once the factors contributing to the precipitation of low back disorders
are determined and quantiﬁed, they can be addressed and the effects of the interventions
can be evaluated.

18.7 Strategies used for control and prevention
18.7.1 Using ergonomics to control work-related low back disorders
Given the multifactorial nature of these disorders it is not feasible to completely eliminate=
prevent them (Kumar, 2001). However, it is possible to improve the control of WLBD, and to
do so, it is necessary to assess and modify those risk factors that allow for intervention. Section
18.7 identiﬁes the different preventative measures in use (current injury risk reduction strategies), and to assesses the level of success achieved by the strategies on reducing the incidence
of WLBD.
A common strategy to control low back disorders is to identify the risk factors and
intervene to reduce them or alleviate their effects reducing the risk of WLBD (Hignett,
2001). Effective low back disorders' control measures depend on adequate surveillance
systems, risk assessments, and intervention measures (Troup et al., 1988). Long recognized
WLBD' control measures include designing the job for all workers, selecting workers with
low risk of developing low back disorders as consequence of speciﬁc work demands, and
training the workers to perform the tasks as safely as possible (Snook, 1988). However,
workers selection and training alone are not enough to reduce low back disorders in the
workplace (Snook et al., 1978).
Despite the long recognition of the need of adjusting the job to reduce the physical
demands, a more recent review of 25,291 manual material handling tasks identiﬁed that
there is still a lot to be done on this (Ciriello et al., 1999). Lifting and lowering comprised
approximately 70% of the tasks. According to the researchers, control efforts should be
made to decrease the number and magnitude of loads of lifts and lowers minimizing hand
distances, increasing heights of start of lifts, and decreasing distances of carries, pushes,
and pulls (Ciriello et al., 1999).
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18.7.2 Training
The myth that one should always lift with knees bent and straight back has been perpetuated for many years. Thus, it is relevant to emphasize that when lifting a small object that
can be placed between the knees, squat lifting (knees bent, trunk as strait as possible) may
indeed reduce the compressive forces on the spine. On the other hand, when the object
cannot be placed between the knees, a stoop lift (knees relatively straight and back bent)
may result in lower compressive forces. In other words, the lifting strategy that results in
the lowest moment results in lower compressive forces. However, the stoop posture results
in increased anterior shear forces, thus the trunk should be kept as straight as possible to
reduce the shear forces on the lumbar spine and the lumbar lordosis should be preserved
(Potvin et al., 1991). In addition, increased speed (fast movements) and acceleration such as
in jerk motions result in higher loads on the low back due to increased inertial forces, thus
slow and continuous lifting should be used (Bush-Joseph et al., 1988).
Previous studies have shown that training in patient transfers and manual handling
techniques is helpful, but in isolation, training is not enough to reduce the number of cases
of WLBD in health care workers (e.g., Hignett, 1996). Training is fundamental for appropriate, efﬁcient, and safe task performance. However, adequate equipment needs to be
available. According to Marras et al. (1999) ‘‘to have an impact on low back disorders, it is
necessary to provide mechanical lift assist devices’’ (Marras et al., 1999, p. 904). The
researchers studied manual patient transfers and repositioning using different techniques;
they reported that manual patient handling is an extremely risky task for WLBD. The
introduction of new assistance devices results in higher compliance to prevention programs than training alone (Daynard et al., 2001). However, the effects of interventions need
to be carefully evaluated as it will be discussed further. Some times the introduction of an
equipment or even semiautomation can elicit new risk factors and challenges successful
intervention (Coury et al., 2000).

18.7.3 Equipment
Several studies have demonstrated that the use of assistive devices, such as mechanical
patient lifts, reduces peak spinal loading (e.g., Marras et al., 1999; Silvia et al., 2002). Silvia
et al. (2002) measured and compared the low back loads when performing patient-handling
tasks with and without mechanical assistive devices. The researchers found that the use
of the Barton Patient Transfer System signiﬁcantly reduced the compression forces
during bed-to-bed patient transfers. The mean peak compression force changed from
2955 to 1189 N. However, mechanically assisted transfers tend to take signiﬁcantly longer
resulting in higher cumulative loads in some cases (Daynard et al., 2001).
Daynard et al. (2001) studied peak and cumulative compression and shear forces at
L4=L5 during patient-handling tasks with different techniques (manual vs. assistive device)
using the quasi-dynamic, WATBACK 5.2 (peak load) and 4D WATBACK (cumulative
load) biomechanical model (Norman et al., 1998). The tasks were recorded in the sagittal
plane; the body joints coordinates were determined and entered into the biomechanical
model. Additional input data included subjects' weight, height, and gender, external
load and force direction (hand dynamometer). The researchers found that assistive devices
represented longer periods for the transfers resulting in lower peak loads but higher
cumulative loads in same cases. Peak and cumulative loads are both important, independent
risk factors for WLBD (Kumar, 1990; Norman et al., 1998). Cumulative compression and
shear forces were shown to be higher in institutional aids with low back pain than in those
without pain (Kumar, 1990). Thus, the effects of intervention measures need to be assessed
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and compared to the previous situation. The new issues that arise need also to be addressed.
The ergonomic process of low back disorders control is a continuum.

18.7.4 Evidence of the success of ergonomic interventions to control
work-related low back disorders
Halpern (1992) stated ‘‘the effectiveness of these interventions (modify the loads, the
design of objects handled, lifting techniques, workplace layout and task design) in controlling medical costs or morbidity (related to work-related back disorders) has not been
clearly demonstrated.’’ Later, in 1998, Lagerstrom et al. (1998) stated ‘‘there is a great need
to carry out prospective studies with preventive programs’’ to decrease the incidence of
work-related back disorders. These statements are still valid. However, despite the fact that
additional research on the predictive validity of preventative measures to reduce the
incidence of work-related back disorders is required, there is evidence that workplace
interventions contribute to the control of WLBD.
The redesign of highly demanding jobs is fundamental for a successful ergonomic
intervention. It was reported that designing the jobs' physical demands to ﬁt the workers'
functional capacity can potentially reduce up to one-third of work-related back disorders
(Snook, 1978). More recent studies show even more promising results. A functional capacity
evaluation based on the comparison of the lifting capabilities of prospective workers before
placement with the lifting demands of the job was shown to be an effective WLBD' control
measure (Harbin and Olson, 2005). Researchers found a 3% incidence of WLBD (sprains
and strains in this study) in workers that demonstrated adequate functional capacity to
accomplish the job lifting demands, while the incidence among the workers that did not
demonstrate adequate lifting capacity was 33%. Thus, the workers with sufﬁcient
lifting capacity had an incidence of WLBD 11 times smaller than the workers that did not
demonstrate enough strength (p < .001). The researchers reported a WLBD' OR of 16 for the
mismatched group. It is important to highlight that strength and physical capacity
alone (without consideration of job physical demands) was not a signiﬁcant predictor of
injury. Matching the functional capacity of the workers to the work physical demands
also resulted on a reduction of medical costs of more than 86% (from over $70,000 to
under $10,000 in a 4 year period), and resulted on a 99% reduction in days lost (from 700
to 7 days lost) even with increased number of workers (from 170 to over 200 workers)
(Harbin and Olson, 2005).
Picavet and Schouten (2000) found that removing physical load risk factors could
potentially reduce the incidence of WLBD between 13% and 18%. More optimistic results
have been obtained through different studies. Shinozaki et al. (2001) reported a reduction
of work-related disorders in forklift operators from 63% to 33% 1 year and 9 months after
education, recommendation of exercising, providing warm jackets, and vibration reduction
modiﬁcations were implemented. Ergonomic interventions have also been shown to
improve the control of WLBD among nurses (e.g., Garg and Owen, 1994). Hignett (2001)
reported a successful intervention. The 5 year program resulted in 33% reduction in
manual handling incidents, and 36% reduction in days lost due to musculoskeletal disorders. Similarly, ergonomic interventions showed signiﬁcant reduction on WLBD in autoassembly workers. The implementation of lift tables resulted in a 7.42% reduction in the
mean incidence rate, and the implementation of lift aids resulted in over 6.18% reduction in
the mean incidence rate. Work area redesign and newly installed equipment had no
signiﬁcant effect in WLBD' incidence rates (Marras et al., 2000).
Exercise is another preventative measure used. Geriatric hospital staff were divided into
two groups, one group was allowed time to exercise during work while the other group
did not exercise (Gundewall et al., 1993). Approximately 1 year later, the exercise group
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had signiﬁcant fewer work days lost due to low back disorders (28 days) than the
nonexercise group (155 days, p < .004). Researchers stated ‘‘Every hour spent by the
physiotherapist on the training group reduced the work absence among the participants
by 1.3 days, resulting in a cost=beneﬁt ratio greater than 10’’ (Gundewall et al., 1993).
Exercise was also an effective control measure in another study; a lumbar extensors
strengthening program (once-a-week exercise regime for 20 weeks in total) in a strip
mining company was shown to reduce the incidence of WLBD (Mooney et al., 1995).
In this study, researchers reported a 9 year average incidence of WLBD at the strip mining
company of 2.9 injuries per 200,000 employee hours. After the back strengthening program
was followed, the incidence per 200,000 employee hours in the exercise group was 0.5.
On the other hand, the incidence in the nonexercise group was 2.6 per 200,000 employee
hours. These results show that the exercise group had an incidence of WLBD approximately ﬁve times smaller than the nonexercise group (OR ¼ 4.9).

18.8 Major challenges in the low back disorders ﬁeld
and conclusions
The major challenges are to
.
.
.
.
.
.

Clarify the misconceptions and artiﬁcial constructs regarding low back pain=low back
injuries=reporting pain
Establish a valid and standardized diagnostic criteria and classiﬁcation system for
low back disorders
Establish adequate surveillance systems to track incidences and identify risk factors
Determine valid cut-points for the loading variables
Determine adequate multipliers for combining the loading variables for predicting
risk of injury
Design proper studies to evaluate and identify effective control measures controlling
for confounders

There is some confusion in relation to the role of psychosocial issues in low back
disorders causation. The psychosocial issues play a more evident role in the level of
disability and return to work after injury (Frymoyer and Cats-Baril, 1991; Feldman, 2004)
than in the initial injury precipitation itself (McGill, 1997). According to Adams and Dolan
(2005) ‘‘studies show that psychosocial factors inﬂuence back pain behaviour but are not
important causes of pain itself.’’ One should not assume that the factors that inﬂuence
disability and return to work are the same as the factors that causes injuries to occur in the
ﬁrst place. To advance in this ﬁeld these misconceptions and bias need to be clariﬁed.
Neglecting a problem will not result in alleviation of its consequences. Artiﬁcial changes in
belief and compensation policies mitigate real improvements.
Feldstein et al. (1998) stated in the paper ‘‘Prevention of work-related disability’’ that
‘‘the most effective strategy for preventing work-related disability is a primary prevention
approach, that is, preventing the work-related injury or illness entirely’’ (p. 33). Primary
prevention is the only way to control the initial precipitation and to avoid potential
disability due to WLBD at the source of the problem. Primary prevention is also important
because the probability of having low back disorders after a ﬁrst episode is signiﬁcantly
higher than having it the ﬁrst time. A reduction of only 1% in the incidence of WLBD
would save millions and avoid suffering for thousands of workers (Guo et al., 1999).
Research demonstrates that it is the load as opposed to general occupation title (e.g.,
nurses, steel workers) that is related to injury rates (Vieira, 2007b). This information
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indicates that the studies should focus on the loads as opposed to general occupational
titles. It helps to explain why some previous epidemiological studies were not successful in
predicting injuries based on occupational titles alone. Future studies need to take this fact
into consideration to advance our understanding of the relationship between loading and
injury precipitation. Future studies are necessary to establish valid exposure–response
relationships to determine deﬁnite safe, adequate, and hazardous levels of load exposure.
One of the major challenges to this approach is the fact that multiple factors such as
movements, postures, forces, repetitions, and durations interact to determine the load.
To arrive at a load index it will be necessary to establish adequate multipliers for the load
variables. These cut-points need to be developed to establish exposure–response models to
estimate how many people are at the risk of being affected at different levels of exposure.
Only then we will be able to create valid public policies to prevent low back and other
musculoskeletal disorders.
Low back disorders are multifactorial in nature. The risk factors need to be assessed
and quantiﬁed whenever possible. For successful control measures, this multifactorial
characteristic needs to be taken into consideration, and as many risk factors as possible
need to be addressed. Simplistic, unidimensional control measures tend to fail or have
limited effect, but multilevel interventions have shown higher, more signiﬁcant, levels of
effectiveness in controlling WLBD. Biomechanical ergonomic principles help signiﬁcantly
in understanding WLBD' precipitation mechanisms and risk factors, and are fundamental
for WLBD' control. Future studies are necessary to establish deﬁnite loading cut-points
considering the viscoelastic characteristics of the human body tissues to further increase
the level of success of interventions to reduce the incidence of WLBD.
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19.1 Introduction
Manual materials handling (MMH) involves the lifting, lowering, pushing, pulling, holding, or carrying of heavy loads. Because of the large number of workers required to do
MMH as part of their job and the large stresses these tasks place upon the human body,
injuries that are associated with this type of work are both common and expensive
(Leamon and Murphy, 1994; Dempsey and Hashemi, 1999). A generally accepted ergonomic
means of minimizing MMH-related injuries is to design work tasks so that the demands of
the tasks are less than the capacities of the individuals performing these tasks. This process
is dependent on the availability of comparable measures of task demands and worker
capacities.
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Quantitative models have been developed over the past 100 years to summarize and
explain the large number of investigations documenting human capacity and task
demands. The objective of this chapter is to introduce the reader to many of these models
so that they might be more diligently used in designing safer MMH tasks. In this chapter,
we focus on the three most common approaches used to characterize worker capability: the
biomechanical approach, the physiological approach, and the psychophysical approach.
While each section provides some basic information on the available models, there is not
sufﬁcient room in this chapter to present all models in detail. Those who need to use
models of the type presented in this chapter should consult the original sources from which
these models were summarized to ensure they are applied properly.

19.2 The biomechanical approach
Using the biomechanical approach, researchers attempt to directly model the mechanical
stresses placed upon the internal structures of body during lifting. The goal of this
approach is to accurately estimate how work activities stress the bones, muscles, and
connective tissues of the body and to predict when these stresses will lead to the damage
of these structures. This approach is very popular in ergonomics because it closely corresponds with most expert views of the etiology of injury during MMH (NIOSH, 1981).
The risk associated with injury can be expressed as a factor of risk (Hayes and Myers,
1995):
Factor of risk ½ ¼

applied load
failure load

(19:1)

where the applied load is the estimated stress placed on the tissue due to the activity or
task, and the failure load is the estimate stress that the tissue is able to withstand before
failing. While the factor of risk is a stochastic measure of injury, values in excess of one
indicate that there is an increased likelihood of injury.
To apply this method to control the biomechanical risk of injury associated with a MMH
task, it is necessary to identify the internal body structure that will be the focus of the
analysis. If analysis is done post-injury, the structure of interest can be identiﬁed from the
nature of the injury. For other analyses, the focal point usually represents the body part
injured most often, or the one with the most severe consequences for the injured worker.
For MMH task, the body part of most concern is the lower back. The speciﬁc structure of
interest is the intervertebral disc, usually at the L5=S1 spinal segment.

19.2.1 Estimating the applied load
Biomechanical models typically model the human body as a series of mechanical links and
joints corresponding to the human skeleton. Both external forces, needed to perform the
work activity, and internal forces, as a result of muscle contraction, are modeled to estimate
the mechanical stresses. The procedures used for this calculation in different models are
essentially the same, with slight differences in the kinematic representations of the body
and the anthropometric and body segment data that are used in the calculation. The
skeleton of the body is modeled as a series of rigid links or levers connected at frictionless
pin joints. With several other assumptions, engineering mechanics is used to calculate the
moment created by the force acting at each joint, beginning with joints closest to the hands
and ending at the joint of interest (usually the L5=S1 or L4=L5 intervertebral joints). Implicit
in the construction of these models are simplifying assumptions regarding the number and
geometric complexity of the joints and bones of the human body.
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Biomechanical models are either two-dimensional or three-dimensional and either static
or dynamic. For static models, the calculations require information on the orientation of the
links in the model (subjects posture), the length of each segment, the mass of each segment,
and the location of the center-of-mass of each segment. Dynamic models require this same
information plus the angular joint accelerations, linear acceleration of each segment at the
center-of-mass, and the moment-of-inertia of each link through the center-of-mass.
A general equation to calculate the static moment at successive joints in a linkage is
Mjoint ¼ Mjoint1 þ (Llink  Fjoint1 ) þ (CMlink  mlink G)

(19:2)

where
Mjoint is the reactive load moment vector for the joint of interest
Mjoint1 is the reactive load moment vector for the joint previous to the joint of interest
in the linkage
Llink is the vector from the position of the joint of interest to the previous joint
Fjoint1 is the reactive force for the joint previous to the joint of interest
CMlink is the vector from the position of the joint of interest to the center-of-mass
position for that link
mlink is the mass of the link
G is the vector representing acceleration due to gravity
For dynamic models, an equivalent equation is
Mjoint ¼ Mjoint1 þ (Llink  Fjoint1 ) þ (CMlink  mlink G)
þ (CM  mlink A ) þ (€  I )
link

link

joint

link

(19:3)

where
Mjoint is the reactive load moment vector for the joint of interest
Mjoint1 is the reactive load moment vector for the joint previous to the joint of interest
in the linkage
Llink is the vector from the position of the joint of interest to the previous joint
Fjoint1 is the reactive force for the joint previous to the joint of interest
CMlink is the vector from the position of the joint of interest to the center-of-mass
position for that link
mlink is the mass of the link
G is the vector representing acceleration due to gravity
A link is the instantaneous linear acceleration vector of the link center-of-mass
€joint is the angular acceleration of the link about the joint of interest
Ilink is the moment-of-inertia of the link through the center-of-mass
Anthropometric data needed for these equations can be found in a number of sources
including Dempster (1955), Clauser, McConville, and Young (1969), NASA (1978), De Lava
(1996), and Pheasant (1996). Additional details on how to calculate external load moments
can be found in Chafﬁn, Andersson, and Martin (2006), Winter (2005), Özkaya and Nordin
(1999), and Williams and Lissner (1977).

19.2.2 Estimating internal muscle forces
The forces acting on the intervertebral discs are a combination of the external forces
associated with the task and the internal forces created by muscles and connective tissues.
For two-dimensional models, muscle forces are usually estimated by assuming that the
erector spinae muscle acts to generate force if the external load moment at the torso is
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acting to increase torso ﬂexion (i.e., lifting activities) and the rectus abdominus muscle
is active if the external load moment at the torso is acting to decrease torso ﬂexion (i.e.,
pushing down). For static models, the muscle forces can be derived using the conditions of
static equilibrium. For dynamic activities, Newton's second law can be used. In addition to
using the erector spinae muscles and the rectus abdominus muscles, some models also add
internal forces due to the interabdominal pressure (IAP) created by the muscles of the torso
during lifting activities. The use of IAP in biomechanical models has been questioned by
several researchers (McGill and Norman, 1986; Mairiaux and Malchaire, 1988) and is not
generally included in most three-dimensional models.
Estimating internal muscle forces has proven to be difﬁcult for three-dimensional models
due to the complexity of the human torso. Because the number of muscles in the torso
region is generally greater than the number of force and moment equations, the problem is
indeterminate. Optimization procedures were ﬁrst employed to solve the static threedimensional muscle forces in the torso (Schultz, Haderspeck, Warwick, and Portillo, 1983).
This model was later reﬁned into the minimum-intensity-compression (MIC) model (Bean,
Chafﬁn, and Schultz, 1988). The model employs a two-step linear programming approach to
estimating the internal muscle forces. The ﬁrst step in the procedure
Minimize I
Subject to:

m
X

kfi k(ri   i ) þ Mjoint

i¼1

fi
I
Ai
fi  0

(19:4)

where
fi is the tension in each muscle
ri is the moment arm vector
ti is the muscle line-of-action vector
M joint is the reactive load moment for the joint of interest
Ai is the cross-sectional area of muscle i
ﬁnds the minimum–maximum muscle intensity for the muscles being considered in the
model. Intensity is deﬁned as the force exerted by the muscle divided by the cross-sectional
area of the muscle. The second step in the procedure
Minimize kfi kiz
Subject to:

m
X

kfi k(ri   i ) þ Mjoint

i¼1

fi
 I*
Ai
fi  0
where
fi is the tension in each muscle
ri is the moment arm vector
ti is the muscle line-of-action vector
M joint is the reactive load moment for the joint of interest
I* is the minimum intensity value from the ﬁrst step in the procedure

(19:5)
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selects muscle forces that satisfy the minimum intensity criteria generated in the ﬁrst step
and also minimizes the compressive force on the intervertebral disc. The second step is
needed only if multiple optima are found in the ﬁrst step which seldom occurs in practical
application of the model.
A second optimization model often used to estimate static muscle force in the torso is the
sum of cubed intensities (SCI) model ﬁrst proposed for use in modeling the extremities by
Crowminshield and Brand (1981). While similar to the MCI model, this algorithm employs
nonlinear programming that makes the solution procedure, in general, more difﬁcult. The
SCI optimization model is formulated as
m  3
X
fi
Minimize
Ai
i¼1
Subject to:

m
X
k fi k(ri   i ) þ Mjoint
i¼1

fi  0

(19:6)

where
fi is the tension in each muscle
Ai is the cross-sectional area of muscle i
ri is the moment arm vector
ti is the muscle line-of-action vector
M joint is the reactive load moment for the joint of interest
Both the MIC and the SCI optimization procedures do not restrict the number of muscle
forces predicted, but they require information on the cross-sectional area of the muscles,
the muscle line of action, and the muscle moment arm vector. This information must be in
three-dimensions and applicable to the joint of interest in the model. Models are usually
formulated using 10–22 different muscles about the torso. Relevant anthropometric values
for these parameters can ﬁnd a variety of sources (Schultz et al., 1983; Macintosh and
Bogduk, 1986; Dumas, Poulin, Roy, Gagnon, and Jovanovic, 1988; McGill, Patt, and
Norman, 1988; Tracy, Gibson, Szypryt, Rutherford, and Corlett, 1989; Chafﬁn, Redfern,
Erig, and Goldstein, 1990; Han, Ahn, Goel, Takeuchi, and McGowan, 1992; Nussbaum and
Chafﬁn, 1996). A review of different torso anthropometries and their potential effects on
optimization models can be found in McMulkin (1996). Experimental support using
electromyographs (EMGs) was provided for the MIC model by Ladin, Murthy, and
DeLuca (1989); however, in a direct comparison of the SCI model and the MIC model,
both Hughes (1991) and McMulkin (1996) found that the SCI model more closely reﬂected
muscle activation patterns of torso muscles.
A second approach to estimating the internal muscle forces has been to use EMG activity
to predict how the muscles respond in different situations. Marras and Sommerich (1991)
present a three-dimensional dynamic model that uses this method. Inputs to the model
include the external load moment at the trunk, the trunk ﬂexion angle, trunk angular
velocity, and EMG signals from ﬁve left=right pairs of muscles: the latissimus dorsi, erector
spinae, rectus abdominus, internal oblique, and external oblique. EMGs must be collected
for the activity of interest and for maximum exertions of the trunk. Anthropometric and
muscle geometry issues associated with this model are found in Granata and Marras
(1996). A similar EMG-based model has been developed by McGill and his colleagues
(McGill and Norman, 1986; McGill, 1992). A difference between the model proposed by
McGill and that proposed by Marras and Sommerich (1991) is that the McGill model
incorporates the effects of passive tissues into the calculations and it considers muscle
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activities at several different levels of the torso. Kee and Chung (1996) compared the
predictions of the Marras and Sommerich (1991) biomechanical model to those of the
MIC model. The MIC model was applied to a dynamic lifting situation by sequentially
applying the model at consecutive time intervals throughout the lift. The results of this
comparison demonstrated substantial differences between the predictions of the two
models especially for asymmetric tasks. In addition to EMG-based biomechanical models,
hybrid optimization–EMG models have been developed that employ both approaches
simultaneously (Cholewicki and McGill, 1996; Nussbaum and Chafﬁn, 1996).
Biomechanical models that predict internal muscle forces have proven to be much less
accurate when the task being modeled involves highly dynamic activities, especially those
involving twisting. Optimization models are not able to capture the tendency of the torso
to contract both agonist and antagonist muscles to increase stiffness (Granata and Marras,
1995; Cholewicki, Adams, Simons, and Radebold, 2000) or the complex activation patterns
that are seen when muscles are recruited (Marras, 1987). EMG models have difﬁculty
effectively capturing the changing relationship between muscle activation level and force
output due to fatigue, the length–tension effect, and the velocity-of-shortening effects
(Woldstad et al., 1989; Redfern, 1992).

19.2.3 Estimating the failure load
The criterion selected in most biomechanical analyses of MMH has been greatly inﬂuenced
by the National Institute for Occupational Safety and Health's (NIOSH) guidelines for
manual lifting (NIOSH, 1981, 1994). In developing a biomechanical criterion, NIOSH
arrived at the following three conclusions based upon a review of the literature (NIOSH,
1994):
1. The joint between the L5 (ﬁfth lumbar) and S1 (ﬁrst sacral) is the joint of greatest
lumbar stress during lifting.
2. Compressive force (at this joint) is the critical stress vector.
3. The compressive force criterion that deﬁnes increased risk is 3.4 kN. Support for these
assumptions can be found in both NIOSH documents (NIOSH, 1981, 1994) and in
epidemiological studies by Herrin, Jariedi, and Anderson (1986), Bringham and Garg
(1983), Anderson (1983), and Chafﬁn and Park (1973).
Based on a very thorough review of the biomechanics literature, Genaidy, Waly, Khalil,
and Hidalgo (1993) proposed the following equation to predict the compressive strength of
lumbar motion segments (R2 ¼ 0.48):
CS ¼ 13331:2  (73:7 * AGE)  (962:6 * GENDER) þ (403:0 * LMS) þ (79:8 * BW)

(19:7)

where
AGE is the subjects age in years
GENDER is the subjects gender (male ¼ 1, female ¼ 2)
LMS is the lumbar motion segment of interest (L1=L2 ¼ 44, L2=L3 ¼ 45, L3=L4 ¼ 46,
L4=L5 ¼ 47, L5=S1 ¼ 48)
BW is the subjects body weight in kilogram
The researchers recommend that a lower damage load (DL), representing the load that
causes the ﬁrst observable damage to the specimen, be used as a criterion for biomechanical modeling. Their estimate of this value is (R2 ¼ 0.65):
DL ¼ 805:18 þ (0:74554 * CS)

(19:8)
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where
DL is the damage load in Newtons
CS is the compressive strength of the segment in Newtons (from Equation 19.7)
Several other criteria have been used to a lesser extent in biomechanical modeling,
including the external hip moment, the external moment at L5=S1 joint, anterior–posterior
(A–P) shear force, and lateral shear force. In addition, Marras, Lavender, Leurgans, Rajulu,
Allread, Fathallah, and Ferguson (1993) have proposed using kinematic parameters of the
torso as criterion to predict injury (Marras et al., 1993; Marras, Lavender, Leurgans,
Fathallah, Ferguson, Allread, and Rajulu, 1995).

19.2.4 Biomechanical models of other joints
In addition to the lower back, biomechanical models with relevance to manual material
handling have been developed for a variety of other joints in the body including the
shoulder (Hogfors, Sigholm, and Herberts, 1987; Hogfors Peterson, Sigholm, and Herberts,
1991; Karlesson and Peterson, 1992; Peterson, 1994; Hughes and An, 1997; Dickerson,
2005), the neck (Kumar and Scaife, 1979; Moroney, Schultz, and Miller, 1988; Woldstad,
Nicolalde, and Benovides, 2001; Woldstad and Hayes, 2003), and the thoracic spine
(Wilson, 1994). While many of these models can effectively predict the applied load to
internal body structures, a difﬁculty in applying them to MMH tasks is the scarcity of
relevant data on failure loads.

19.2.5 Computer implementations of biomechanical models
While most biomechanical models of the human body are conceptually easy to understand,
the computation complexity involved in constructing computer algorithms that execute
these models can be daunting. As a result, most of the models discussed in this section
have been developed as specialized research tools and are not commercially available. A
notable exception is the University of Michigan Three-Dimensional Static Strength Prediction Program. This program requires information on body posture, anthropometry, and
external forces and computes a variety of biomechanical parameters associated with the
task including the estimated low back compressive force. The algorithms used in the
program are essentially as described in this section, with the MIC procedure used to
estimate internal muscle forces. Estimated compressive forces are compared to the
NIOSH failure criterion in the program, but may also be extracted for comparison to
other failure criteria. Figure 19.1 shows the main work and output screen for this model.
Additional details on the model including purchasing information can be found at http:==
www.engin.umich.edu=dept=ioe=3DSSPP=.

19.3 Physiological design approach
Unlike the biomechanical design approach that primarily applies to infrequent lifting, the
physiological approach is applicable to repetitive lifting where the load is within the
physical strength of the worker. During repetitive handling tasks, a person's endurance
is primarily limited by the capacity of the oxygen transport system. As muscles contract
and relax, their increased metabolic energy demand requires an increase in the delivery of
oxygen and nutrients to the tissues. If this demand for increased oxygen and nutrients
cannot be met, the activity cannot be sustained for long.
When a person is engaged in physical work, such as MMH activities, several physiological responses are affected. These include metabolic energy cost, heart rate, blood
pressure, blood lactate, and ventilation volume. Of all these responses, metabolic energy
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Figure 19.1 Main program work and output screens for the University of Michigan 3D Static
Strength Prediction Program. (Reprinted with permission from the University of Michigan, 2006.)

expenditure has been the widely accepted physiological response to repetitive handling as
it is directly proportional to the workload at steady-state conditions (Durnin and Passmore,
1967; Aquilano, 1968; Hamilton and Chase, 1969; Ayoub, Bethea, Bobo, Burford, Caddel,
Intaranont, Morrissey, and Selan, 1981; Mital, 1984; Astrand and Rodahl, 1986). For this
reason, this discussion will exclusively focus on metabolic energy expenditure rate as the
physiological approach design criterion.
Several work- and workplace-related factors affect metabolic energy expenditure rate.
Table 19.1 summarizes these factors and their net effect on oxygen consumption. For a
detailed discussion on the effect of these and personal factors on oxygen consumption the
reader is referred to MMH by Ayoub and Mital (1989).
There is a need for models that can predict the physiological cost (e.g., oxygen consumption) of individuals engaged in repetitive MMH tasks. Physiological cost models are
used in industry to (1) determine whether or not the task is within the expected capability
of the population and (2) determine the work=rest schedule for a given task (Asfour, 1980).
The literature on physiological cost prediction models for MMH tasks grew in the 1980s.
Section 19.3 will review the existing energy and cardiac cost prediction models for several
MMH activities. This by no means is an exhaustive review.

19.3.1 Energy cost for lifting=lowering models
Several researchers have developed prediction models for the energy and cardiac cost
responses of individuals engaged in repetitive MMH tasks. Research in this area has been
carried out by Aberg, Elgstrand, Magnus, and Lindholm (1968), Asfour (1980), Chafﬁn
(1967), Frederick (1959), Garg (1976), Karwowski and Ayoub (1984), Kim (1990), Liou and
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Table 19.1 Net Effect of Work and Workplace Factors on Metabolic Energy
Factor
Frequency of handling (")
Task duration (")
Object size (")
Couplings (good)
Object shape (various)
Object weight=force (")
Load stability=distribution
Vertical height (")
Distance traveled (")
Speed=grade (")
Asymmetrical handling

MMH Activity

Net Effect

All
All
All
All
All
All
Lifting, carrying
Lifting, lowering
Pushing, pulling, carrying
Pushing, pulling, carrying
Lifting

Increase
Increasea=decreaseb
Increase
Decrease
Unknown
Increase
Unknown
Increase
Increase
Increase
None

Source: From Mital, A., Nicholson, A.S., and Ayoub, M.M., A Guide to Manual Materials
Handling, Taylor & Francis, London, 1997.
", increase.
a
If the weight=force does not change.
b
If the weight=force decreases (e.g., when using the psychophysical methodology).

Morrissey (1985), Mital (1983b, 1985), Mital, Shell, Mital, Sanghavi, and Ramanann (1984),
and Morrissey and Liou (1984a,b,c). A list of several energy cost models is given in Tables
19.2 and 19.3.
Frederick (1959) developed a model to predict the consumption of energy for various
weights in four different ranges. Chafﬁn's model (1967) was developed for static weightholding activities in the sagittal plane. Aberg et al. (1968) developed a model based on the
principle that mechanical work is related to a change of the positional energy of mass and
frictional losses. Garg (1976) and Garg, Chafﬁn, and Herrin (1978) used stepwise regression
analysis to develop models for lifting, lowering, and carrying activities. Ayoub, Mital,
Asfour, and Bethea (1980) provided a review of the energy cost models for manual lifting
tasks developed by Aberg et al. (1968), Chafﬁn (1967), Frederick (1959), and Garg (1976).
Although a number of models have been developed over the years to predict cardiac
cost (heart rate), the development of modern heart rate monitoring devices (chest straps
with telemetry capabilities and digital readouts on watches) has made such models
unnecessary. For cardiac costs, as measured by heart rate, it is recommended to take direct
measurements using a modern heart rate monitor.
Asfour (1980) developed and tested energy cost prediction models for manual lifting
and lowering using stepwise regression models, and attempted to overcome some of the
limitations cited by Ayoub et al. (1980) by studying the effect of task variables and their
interactions on lifting and lowering tasks. The estimated energy expenditure for 512 tasks
was based on frequency of lift or lower (3, 6, 9 times=min), load lifted or lower (6.8, 13.6,
20.4 kg), range of height (ﬂoor–76 cm, 76–127 cm, ﬂoor–127 cm), box width (38, 66 cm), box
length (38, 66 cm), and angle of twist of the body (0, 908). The models developed were
reported later by Asfour, Ayoub, and Genaidy (1985).
Karwowski and Ayoub (1984) developed a model to estimate the oxygen consumption
associated with the maximum weight (MAW) of lift, determined psychophysically, for
frequencies of 0.1, 3, 9, and 12 lifts=min when lifting from ﬂoor to table height (76 cm). The
inputs to the model are the frequency of lift, maximum acceptable load weight, body
weight, and age. This model is presented in Table 19.2.

Type of Task

Net metabolic rate (kcal=lift)

Net metabolic rate (kcal=lift)

Net metabolic rate (kcal=lift)
Oxygen consumption (mL=min)

Oxygen consumption (mL=min)

Change of oxygen consumption
with time (%)
Change of oxygen consumption
with time (%)
Oxygen consumption (mL=min)
Oxygen consumption (mL=min)
Oxygen consumption (mL=min)

Garg et al. (1978)

Garg et al. (1978)
Asfour (1980)

Asfour (1980)

Mital (1983b) and
Mital et al. (1984)
Mital (1983b) and
Mital et al. (1984)
Kim (1990)
Kim (1990)
Kim (1990)

Lifting ﬂoor to knuckle (males)
VO2 ¼ 3.8941 þ 0.5211FW þ 3.0072L þ 3.0577FL
Lifting ﬂoor to shoulder (males)
VO2 ¼ 5.7152W þ 0.3087FW þ 0.1976L þ 5.2392FL
Lifting knuckle to shoulder (males) VO2 ¼ 3.7471W þ 0.1896FW þ 3.7880L þ 3.1313FL

Lifting (females)
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Lifting that starts at table height
and lowering that ends at table
height

Arm lift (0.81 < h1  h2)
Lifting that starts at ﬂoor and
lowering that ends at ﬂoor

Squat lift (h1 < h2  0.81)

Stoop lift (h1 < h2  0.81)

Model
TEE ¼ (number of lifts=hour) 3 (lifting height in feet)
3 (weight of load in pounds) 3 (energy
consumption in gm cal=foot pound)=1000
NMR ¼ 0.00325 3 W 3 (0.81  h1) þ (0.0141 3 L
þ 0.0076 3 G 3 L) 3 (h2  h1)
NMR ¼ 0.00514 3 W 3 (0.81  h1) þ (0.0219 3 L
þ 0.0062 3 G 3 L) 3 (h2  h1)
NMR ¼ 0.00352 3 W 3 (0.81  h1) þ 0.0303 3 L 3 (h2  h1)
VO2 ¼ 545.7538  106.4477 3 TA þ 106
3 F 3 L2 3 (35002.65  35058 3 L)
þ 17.47 3 106 3 F 3 L 3 H 3 WID 3 LEN 3 ANG
þ 16435.22 3 106 3 W 3 F2
VO2 ¼ 371.5055  51.9573 3 TA þ 106
3 W 3 F2 3 (31856.54  2332.8 3 F)
þ 12684.91 3 106 3 F 3 L2 þ 12.31 3 106
3 F 3 H 3 L 3 W 3 LEN 3 ANG
CVO2 ¼ 103.763  13.497 3 T þ 2.142 3 T2  0.1173
þ 0.00013 3 exp(T)
CVO2 ¼ 101.726  2.305 3 T þ 0.00003 3 exp(T)

Energy Cost Prediction Models for Lifting Tasks

Total energy expenditure per hour Lifting from ﬂoor to 20, 20–40,
40–60, and 60–80 in.

Dependent Variable

Garg et al. (1978)

Frederick (1959)

Source

Table 19.2
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Oxygen consumption (L=min)

Oxygen consumption (L=min)

Oxygen consumption (L=min)

Oxygen consumption (L=min)

Mital et al. (1984)

Mital et al. (1984)

Mital et al. (1984)
and Mital (1985)

Karwowski and
Ayoub (1984)

Lifting from ﬂoor to 76 cm above
ﬂoor

Lifting for all heights

Lifting from shoulder to reach

Lifting from knuckle to shoulder

Lifting from ﬂoor to knuckle

VO2 ¼ 1.527  0.207 3 G  0.005 3 stature
þ 0.0013 3 back strength  0.0002 3 chest width2
þ 0.203 3 log(shoulder strength)  0.408 3 log
(back strength)0.02 3 shift duration þ 0.161
3 log(F) þ 0.002 3 F 3 lifting capability
 0.0007 3 F 3 box size
VO2 ¼ 0.047–0.117 3 G  0.003 3 age þ 0.0005 3 chest
depth2  0.00001 3 composite strength2
 0.00005 3 back strength2  0.175 3 log(arm
strength)  0.0084 3 shift duration
þ 0.004 3 F 3 lifting capability þ 0.00002 3 box
size 3 lifting capability
VO2 ¼ 0.5210.123 3 G þ 0.004 3 W þ 0.25 3 log(arm
strength)  0.008 3 shift duration
þ 0.004 3 F 3 lifting capability þ 0.0003 3 box
size 3 lifting capability
VO2 ¼ 0.86  0.168 3 G þ 0.00002 3 W2
 0.00012 3 arm strength2 þ 0.279 3 log(arm
strength)  0.231 3 log(back strength)
 0.013 3 shift duration þ 0.004 3 F 3 lifting
capability  0.00012 3 box size 3 lifting capability
VO2 ¼ 0.1659 þ 0.004026 3 F 3 lifting
capability þ 0.0026887 3 lifting capability
þ 0.002873 3 W  0.005854 3 age þ 0.032699 3 F
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Source: From Genaidy, A.M. and Asfour, S.S., Hum. Factors, 29, 465, 1987. With permission.
TEE, energy expenditure=hour; NMR, net metabolic rate for the activity performed; VO2, oxygen consumption (L=min for all studies, except Asfour, 1980, in mL=min); CVO2,
change of oxygen consumption with time (%); W, body weight (kg in Garg, et al., 1978; Kim, 1990; Mital, et al., 1984; pounds in Asfour, 1980); L, amount of load handled (kg in
Garg, et al., 1978; Kim, 1990; Mital, et al., 1984; pounds in Asfour, 1980); G, gender (Garg, et al., 1978: male ¼ 1, female ¼ 0; Mital, et al., 1984: male ¼ 1, female ¼ 2); h1, vertical
height from ﬂoor (m), starting point for lift; h2, vertical height from ﬂoor (m), end point for lift; TA, type of task (lifting ¼ 1, lowering ¼ 2); F, frequency of handling (times=min);
H, height of lift or lower (inches); WID, box width (inches); LEN, box length (inches); ANG, angle of twist (08 twist ¼ 1; 908 twist ¼ 2); T, shift duration (minutes).
Note: All anthropometric measurements (cm); Isometric strengths (kg); Lifting capability (kg); Box size (inches); Age (years); All models are valid for a duration of less than 1 h,
except those of Mital, which are valid up to 12 h.

Oxygen consumption (L=min)

Mital et al. (1984)
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Table 19.3 Energy Cost Prediction Models for Lowering Tasks

Source

Dependent Variable

Type of Task

Model
NMR ¼ 0.00268 3 W 3 (0.81  h1)
þ 0.00675 3 L 3 (h2  h1)
þ 0.0522 3 G 3 (0.81  h1)
NMR ¼ 0.00511 3 W 3 (0.81  h1)
þ 0.00701 3 L 3 (h2  h1)
NMR  0.00093 3 W 3 (h2
 0.81) þ (0.0102 3 L
þ 0.0037 3 G 3 L) 3 (h2  h1)
See Table 19.2

Garg et al. Net metabolic rate
(1978)
(kcal=lower)

Stoop lower
(h1 < h2  0.81)

Garg et al. Net metabolic rate
(1978)
(kcal=lower)
Garg et al. Net metabolic rate
(1978)
(kcal=lower)

Squat lower
(h1 < h2  0.81)
Arm lower
(0.81 < h1 < h2)

Asfour
(1980)

Lifting that starts at table
height and lowering that
ends at table height
Lifting that starts at ﬂoor See Table 19.2
level and lowering that
ends at ﬂoor level

Asfour
(1980)

Oxygen
consumption
(mL=min)
Oxygen
consumption
(mL=min)

Source: From Genaidy, A.M. and Asfour, S.S., Hum. Factors, 29, 465, 1987. With permission.
NMR, net metabolic rate for activity performed; W, body weight (kg); L, amount of load lowered (kg); G, gender
(male ¼ 1, female ¼ 0); h1, vertical height from ﬂoor (m), end point for lower; h2, vertical height from ﬂoor (m),
starting point for lower; all models are valid for a duration of less than 1 h.

Mital (1983a) and Mital et al. (1984) developed oxygen consumption and heart-rate
prediction models as a function of working time. The maximum weight of lift (MAWL) for
these models was determined psychophysically. The oxygen consumption associated with
the maximum acceptable weight was recorded every 2 h for 12 h. The models are listed in
Table 19.2.
In other studies, Mital (1985) and Mital et al. (1984) developed metabolic prediction
models for lifting tasks. The models were based on task variables as well as anthropometric
and strength measurements using experienced subjects. Four lifting frequencies (1, 4, 8,
12 times=min), three height levels (ﬂoor to knuckle, knuckle to shoulder, shoulder to reach),
and three box sizes (30.5, 45.7, 70.0 cm long in the sagittal plane) were used as the levels of
the independent variables. The models developed showed low multiple R2 (between 0.59
and 0.60). The models are listed in Table 19.2.

19.3.2 Energy cost models for carrying
Morrissey and Liou (1984a,b) conducted experiments to develop models to predict the
energy cost of two-handed carrying of loads in front of the body. Nearly 27 different
carrying tasks were used on a level treadmill. The different variables involved in the
carrying tasks were treadmill speed (0.89, 1.12, 1.34, 1.56, 1.79 m=s), container weight
(0, 4.5, 11.3, 18.1, 22.7 kg), and container width in the sagittal plane (15.2, 22.8, 30.5 cm).
Also included as variables were stature (as percent of normal stature) and walking speeds.
Regression models were developed to predict the steady-state metabolic rates; the regression models developed for oxygen consumption are given in Table 19.4.
Morrissey and Liou (1984c) also examined the physiological costs of carrying loads in
erect and non-erect postures. Four trained male subjects carried loads on a level treadmill
with a range of walking postures, container widths, container weights, and walking
speeds. The steady-state oxygen uptake required for task performance was measured
and used to develop predictive equations.

Net metabolic rate (kcal=min)

Metabolic rate (watts)

Metabolic rate (watts)

Oxygen consumption (L=min)

Metabolic rate (watts)

Garg et al. (1978)

Morrissey and Liou (1984a)

Morrissey and Liou (1984b)

Morrissey and Liou (1984c)

Liou and Morrissey (1985)

Carrying loads in front of body with
both hands

Carrying loads in front of body with
both hands
Carrying loads in front of body with
both hands

Carrying loads held at arm's length
at sides (in one or both hands)
Carrying loads held against thighs
or against waist
Carrying loads in front of body with
both hands

Type of Task

NMR ¼ 0.8 þ 0.0243 3 W 3 V2 þ 0.0463 3 L 3 V2
þ 0.0462 3 L þ 0.00379 3 (W þ L) 3 TG 3 V
NMR ¼ 0.68 þ 0.0254 3 W 3 V2 þ 0.048 3 L 3 V2
þ 0.114 3 L þ 0.00379 3 (W þ L) 3 TG 3 V
MR ¼ 181.66 þ 7.18 3 W þ 189.45 3 V2
þ 3.63 3 L 3 V2 þ 0.06 3 L 3 Z  3.79 3 V 3
(W þ L) þ 17.76 3 (W þ L) 3 ((L=W)2)
MR ¼ 75.14 þ 3.11 3 W þ V2 3 (2.72 3 L þ 87.75)
þ 13.36 3 (W þ L) 3 ((L=W)2)
VO2 ¼ 2.740.03 3 P þ (L=W) 3
[0.0016 3 V2 3 Z  6.13 3 (L=W) þ 2.49] þ
(2.4 3 103) 3 V 3 (W þ L)
MR ¼ 25.4 þ 24.1 3 G þ 0.43 3 Z 3 V2 þ (W þ L) 3
(3.16 þ 2.54 3 V2 þ 16 3 ((L=W)2)  3.25 3 V)

Model
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Source: From Genaidy, A.M. and Asfour, S.S., Hum. Factors, 29, 465, 1987. With permission.
NMR, net metabolic rate for activity performed; MR, metabolic rate; VO2, oxygen consumption; L, load carried (kg); W, body weight (kg); TG, treadmill grade level*%); Z,
container width with location of hands in front of body (cm); P, percent of normal stature; G, gender (male ¼ 1, female ¼ 0); V, walking speed (km=h); all models are valid for a
duration of less than 1 h.

Net metabolic rate (kcal=min)

Dependent Variable

Energy Cost Prediction Models for Carrying Tasks

Garg et al. (1978)

Source

Table 19.4
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Liou and Morrissey (1985) measured female physiological responses to load carrying
with a variety of container widths, container weights, and walking speeds on a level
treadmill. The data obtained were then compared to data from males performing carrying
tasks (Morrissey and Liou, 1984b). Regression models were developed to predict oxygen
consumption rate from the knowledge of gender, body weight, load carried, walking
speed, and container width. The prediction equations for oxygen consumption are provided in Table 19.4.

19.3.3 Evaluation of the models and their limitations
Tables 19.2 through 19.5 summarize the metabolic prediction models of various MMH
tasks. Asfour (1980) and Ayoub et al. (1980) pointed out the following limitations of the
energy cost prediction models developed by Aberg et al. (1968), Chafﬁn (1967), Frederick
(1959), and Garg (1976):
1. All models are only valid for MMH tasks in the sagittal plane.
2. They do not take into account the effect of task variables (e.g., frequency, height of
handling, box width, and box length) and their interactions.
3. Subjects were not trained before data collection.
4. The model developed by Aberg et al. (1968) requires the determination of the body's
center of gravity, which is difﬁcult to perform.
5. There is a need to measure the individual's standing metabolic rate in order to apply
the models developed by Garg et al. (1978).
Asfour (1980) and Ayoub et al. (1980) reported that Garg's model for lifting tasks (1976)
is the most ﬂexible of all the metabolic rate prediction models developed prior to 1980.
However, this model was based on the assumption that the net total metabolic cost of a
series of activities can be estimated by summing their net steady-state individual metabolic
costs as obtained from their performance separately. This assumption was reported to be
invalid (Asfour, 1980; Genaidy, Asfour, and Muthuswamy, 1985).
The models developed by Asfour (1980) for lifting and lowering tasks attempted to
overcome the limitations of previous models developed prior to 1980. He employed
trained subjects for 8 weeks on ﬂexibility, cardiovascular endurance, muscular strength,
and muscular endurance (Asfour, Ayoub, and Mital, 1984). Task variables such as frequency, height, box length, box width, and angle of body twist were incorporated in the

Table 19.5 Energy Cost Prediction Models for Combined Activities
Source

Type of Task

Model

Aberg et al. (1968) Lifting, lowering, carrying, VO2 ¼ k1 3 W naked þ k2 3 W with clothing 3
and dragging
(k3 3 GCBh þ k4 3 GCBv) þ (WWP þ WT) 3
(k5 3 Lha þ k6 3 Mu 3 Lhc þ k7 3 Lvu þ k8 3 Ivd)
Source: From Genaidy, A.M. and Asfour, S.S., Hum. Factors, 29, 465, 1987. With permission.
VO2, oxygen consumption (L=min); W, body weight (kg); GCBh, horizontal displacement per time unit of the
body's center of gravity (m=min); GCBv, vertical displacement per time unit of the body's center of gravity up
plus down (m=min); WWP, weight of work piece (kg); WT, weight of the tool (kg); Lha, horizontal displacement
per time unit of tool and work piece, arm work (m=min); Lhc, horizontal displacement per time unit of tool and
work piece, carrying or dragging (m=min); Lvu, upward vertical displacement per time unit of tool and work
piece, lifting (m=min); Lvd, downward vertical displacement per time unit of tool and work piece, lowering
(m=min); Mu, coefﬁcient of friction in horizontal movement; k1–k7, constants; all models are valid for a duration
of less than 1 h.
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models. Based on the data base provided by Asfour (1980), Asfour, Ayoub, and Genaidy
(1986); and Asfour, Ayoub, Genaidy, and Khalil (1986), it is apparent that the frequency,
load, height, and box size have a signiﬁcant effect on the energy expenditure of individuals
engaged in lifting and lowering tasks.
Morrissey and Liou's models (Morrissey and Liou, 1984a,b,c; Liou and Morrissey, 1985)
were developed for carrying boxes with both hands. Their models did not take into
account the effect of task variables and their interaction, except for box width. Mital
and Asfour (1983) reported that carrying frequency, distance, and height are important
parameters in the design of carrying tasks.
The major limitation of most of the models reported in the literature is that they are
applicable only to manual tasks of less than 60 min duration. Thus, according to Genaidy
and Asfour (1987), future models should address the effect of working time on the
physiological responses of individuals engaged in MMH tasks.
The models generated by Mital (1983b, 1985) and Mital et al. (1984) are the only
available models for manual lifting over prolonged periods. These models, however,
have some limitations. A low correlation was obtained between task variables and oxygen
consumption. Mital and coworkers attributed the low correlation to the use of the psychophysical methodology to determine the amount of load that can be handled by individuals.
Deivanayagam and Ayoub (1979) indicated that oxygen consumption tends to rise gradually over time while the external work output remained the same. This can be attributed
to one of the following factors: a progressive accumulative effect of the products of
metabolism; changes in blood ﬂow distribution to various parts of the body other than
the working muscles; deterioration in mechanical efﬁciency; or changes in the constitution
of metabolic substrate involved in the energy-release processes.
Many investigators have considered MMH tasks as a continuous type of activity. In fact,
a MMH task can be regarded as a pulse function of 2–3 s duration. The gross assumption
of a continuous MMH activity does not reﬂect the metabolic and cardiorespiratory peaks
obtained at precisely the moment when the physical pulse loading is applied to the human
body. Genaidy et al. (1985) developed the following equations for the working and
recovery curves for lowering an 18 kg load at a frequency of 3 time=min from 76 cm
above the ﬂoor to the ﬂoor:
1. Working curve: heart rate (beats=min) ¼ 93.35  20.85*exp(–(time in s)=1.312)
2. Recovery curve: heart rate (beats=min) ¼ 92.65*exp(–(time in s)=67.637)

19.4 Psychophysical approach
Psychophysics is the study of the relationship between human perception and the physical
stimuli that lead to that perception. Borg (1962) and Eisler (1962) found that the perception
of both muscular effort and force obeys the psychophysical function where the perceived
sensation magnitude S grows as a power function of the stimulus I. Stevens law (Stevens,
1975) states that the strength of a sensation (S) is directly related to the intensity of its
physical stimulus (I) by means of a power function:
S ¼ k*In

(19:9)

where
S is the perceived strength of a sensation
I is the intensity of physical stimulus
k is a constant that is a function of the particular units of measurement that are used
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n ¼ is the slope of the line that represents the power function when plotted in log–log
coordinates. For example, it is equal to 3.5 for electric shock, and 1.6 for the perception of
muscular effort and force. Stevens (1975) suggested an ‘‘n’’ value of 1.45 for lifting weights.
Snook (1978) notes that psychophysics has been applied to practical problems in many
areas, such as the scales of effective temperature, loudness and lightness, and ratings of
perceived exertion (RPE). To apply the principle of psychophysics to men at work is to utilize
the human capability to judge the subjectively perceived strain at work in order to determine
voluntarily accepted work stresses. For MMH activities, psychophysics can be used to
determine what the subject can handle (capacity) without strain or discomfort. As stated
by Legg and Myles (1981), with good subject cooperation and ﬁrm experimental control, the
psychophysical method can identify loads that subjects can lift repetitively for an 8 h
workday without metabolic, cardiovascular, or subjective evidence of fatigue. The measure
of capacity used in this approach is the maximum acceptable weight of lift. Maximum
acceptable weight of lift is generally deﬁned as the MAW, determined experimentally that
a given person could lift repeatedly for long periods of time without undue stress or fatigue.
A number of personal, work, and environmental factors affect the maximum acceptable
weight of lift as established using psychophysics. Table 19.6 summarizes the net effect of
some of the important work factors. Additional details on these work factors can be found
in Ayoub and Mital (1989).

19.4.1 The psychophysical criterion
The use of psychophysics in the study of lifting tasks requires a subject to adjust the weight
of load according to his or her own perception of effort such that repetitive lifting task does
Table 19.6 Net Effect of Work-Related Factors on Acceptable Weight=Force
Factor
Frequency (")
Task duration (")
Object size (")
Object shape (various)
Collapsible (e.g., bags)
Non-collapsible (e.g., metallic)
(Volume increases)

MMH Activity

Net Effect

All
All
All

Decrease
Decrease
Decrease

Lifting, carrying

Increase
Increase
Unknown

Non-collapsible (volume does not
change)
Couplings (good)
Load stability=distribution
Vertical lift height (")
Height of force (")
Application=starting point
Distance traveled (")
Speed=grade (")
Asymmetrical handling

All
Lifting, carrying
Lifting, lowering
Pulling, pushing
Lifting, lowering, carrying
Pushing, pulling, carrying
Pushing, pulling, carrying
Lifting, lowering

Increase
Decrease
Decrease
Increase
Decrease
Decrease
Decrease
Decrease

Source: From Mital, A., Nicholson, A.S., and Ayoub, M.M., A Guide to Manual Materials
Handling, Taylor & Francis, London, 1997.
", increase.
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not result in overexertion or excessive fatigue. The ﬁnal weight selected by the subject is
considered to be the maximum acceptable weight of lift for the given job conditions
(frequency of lift, range of lift, container size, etc.). For most applications, the MAW is
the appropriate criterion to use for design purposes.

19.4.2 Psychophysical models of the maximum acceptable weight
McConville and Hertzberg (1966) investigated the optimum size of a container to be lifted
with one hand. Boxes of various sizes (height remained constant) were used. The range of
lift was from ﬂoor to 76 cm height. They indicated that the weight 95% of the population
would be able to lift could be expressed as a function of object width.
Snook (1976) used data from previous studies by Snook, Irvine, and Bass (1970) and
Snook and Ciriello (1974) to develop a simple model to estimate the object weight to be
lifted based on frequency using a container size of 34 3 48 3 14 cm for ﬂoor to knuckle lift.
These models are in the form:
Y ¼ 14:23 þ 5:53X

for males

(19:10)

for females

(19:11)

and
Y ¼ 13:64 þ 1:6X
where
Y ¼ MAW of lift (kg)
X ¼ Frequency of lift (log seconds)

McDaniel (1972) developed a regression model to predict the acceptable weight of lift.
The lifting task was deﬁned as the MAW the subject was able to lift 4 times=min for a
period of 45 min without strain or unusual fatigue. The range of lift was from the ﬂoor to
the standing knuckle height of the subject.
Dryden (1973) conducted a similar study to that of McDaniel. The subjects were asked
to lift a tote box from their standing knuckle height through a range of 51 cm. The
frequency of lift was 6 lifts=min. Subjects were allowed to adjust their workloads by adding
or removing weights from the tote box. A model to predict load of lift was developed using
chest circumstance and dynamic endurance as independent variables.
Knipfer (1974) used female and male subjects to develop regression models for prediction
of the load of lift. Subjects were asked to lift the box from standing shoulder height through
a 51 cm range. The frequency of lift was 6 lifts=min. The independent variables of the model
were back strength, shoulder strength, and age.
Aghazadeh (1974) conducted experiments and also used data by McDaniel (1972),
Dryden (1973), and Knipfer (1974) to develop new predictive models. His approach was
to establish the relationships between the lifting capacity for lifting from ﬂoor to knuckle
height and the other two levels of lift, namely, lifting from knuckle height to shoulder
height and from shoulder height to reach height. In addition, he included two other task
variables—frequency of lift and box size. He simpliﬁed the prediction model using the
relationship between the levels of lift and considering fewer operator variables and some
task and container variables. The simpliﬁed model does not have as good an average error
ratio as the individual models reported by McDaniel (1972), Dryden (1973), and Knipfer
(1974). However, the simpliﬁed model has the following advantage: (1) One model is used
for all three levels of lift. (2) One model is used for both males and females and as such does
not have gender as a variable. (3) The model requires only two measurements of maximum
isometric strengths: back strength and leg strength (Ayoub and El-Bassousi, 1976). Table
19.7 shows these above-mentioned models, as summarized by Genaidy et al. (1988). Tables
19.8 and 19.9 give values for C1, C2, and C3 for the models developed by Aghazadeh.

Floor to knuckle

Floor to knuckle
Floor to knuckle

Load of liftb

Load of lift

Load of lift

X

Knuckle to shoulder
Shoulder to reach

Load of lift
Load of lift

Load of lift

Load of lift

Knipfer (1974)

Aghazadeh (1974)

Ayoub et al. (1976)

Floor to knuckle,
knuckle to shoulder,
shoulder to reach
Shoulder to reach

Knuckle to shoulder

Load of lift

Ayoub and
El-Bassoussi (1976)

Knuckle to shoulder

X

X

X

X

X
X

Predicted lift ¼ 1.40 (maximum isometric back strength)
 0.50 (body weight)
Predicted lift ¼ 0.50 (sum of right and left maximum
isometric arm push)
Predicted lift ¼ 172.36 þ 0.02 (ht)2  2.73 (static endurance)2
þ 0.02 (RPI) (arm strength) þ 0.05 (RPI) (back
strength)  2.51 (F1=dynamic endurance)
Predicted lift ¼ 24.03 þ 0.19 (RPI)2 þ 0.006 (arm strength)
(leg strength)
Predicted lift ¼ 11.93  1.12 (back strength) þ 0.16 (RPI)2
þ 0.005 (back strength)2  8.81 (static endurance)2
 0.1 (sex) (F1) þ 0.06 (ht) (RPI) þ 0.03 (RPI)
(leg strength)  0.002 (back strength) (leg
strength)  0.03 (leg strength) (static endurance)
þ 0.11 (static endurance) (F1)
Predicted lift ¼ 0.0 þ 0.83 (chest circumference) þ 0.56
(dynamic endurance)
Predicted lift ¼ 0.0 þ 3.81 (RPI)  1.47 (ht) (F1=1000)  0.31 (RPI)
(static endurance) þ 1.23 (percent fat) (F1=1000)
Predicted lift ¼ 25.12 þ 0.38 (sex) (dynamic endurance)
Predicted lift ¼ 4.91 þ 0.2 (back strength)  0.02 (shoulder
strength) þ 0.43 (age)
Predicted lift ¼ (C1S þ C2)C3 (C1,C2 ¼ factor of frequency
and height of lift; S ¼ (back strength
3 leg strength)=1000)
Predicted lift ¼ 0.34 (wt) þ 0.84 (dynamic endurance)
þ 0.34 (forearm circumference)
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Load of lift

X

Model
Predicted lift ¼ 60  (width of box in inches)
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Dryden (1973)

X

X

Both

Table to head

McDaniel (1972) and
Ayoub et al.
(1976)

Female

X

X

Male

Summary of Psychophysical Models

Floor to table

Floor to knuckle

Height Level

Maximum
weight of lifta
Maximum
weight of lift

Dependent
Variables

McConville and
Hertzberg (1966)
Poulsen (1970)

Researchers

Table 19.7
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Floor to shoulder

Floor to reach

Knuckle to shoulder

Knuckle to reach

Shoulder to reach

Load of lift þ
body weight

Load of lift þ
body weight

Load of lift þ
body weight

Load of lift þ
body weight

Load of lift þ
body weight

Load of lift þ
body weight

Floor to knuckle,
knuckle to shoulder,
shoulder to reach
Floor to knuckle

Load of lift

X

X

X

X

X

X

X

X

Predicted lift ¼ 72.17  28.33 (sex) þ 24.24 (wt code)
þ 0.14 (arm strength)  0.55 (age) þ 1.23
(shoulder height) þ 0.06 (back strength) þ 4.91
(abdominal depth) þ 1.76 (dynamic endurance)
Predicted lift ¼ 145.41  16.17 (sex) þ 11.93 (wt code)
þ 0.19 (arm strength)  0.6 (age) þ 1.44
(shoulder height) þ 0.08 (back strength) þ 6.47
(abdominal depth) þ 2.61 (dynamic endurance)
Predicted lift ¼ 41.27  19.45 (sex) þ 16.18 (wt code)
þ 0.21 (arm strength)  0.84 (age) þ 0.76
(shoulder height) þ 0.07 (back strength) þ 6.22
(abdominal depth) þ 1.43 (dynamic endurance)
Predicted lift ¼ 55.16  18.45 (sex) þ 11.70 (wt code)
þ 0.27 (arm strength)  0.61 (age) þ 0.77
(shoulder height) þ 0.11 (back strength) þ 6.29
(abdominal depth) þ 1.42 (dynamic endurance)
Predicted lift ¼ 79.1918.92 (sex) þ 17.27 (wt code)
þ 0.3 (arm strength)  0.5 (age) þ 1.09
(shoulder height) þ 0.02 (back strength) þ 5.15
(abdominal depth) þ 2.12 (dynamic endurance)
Predicted lift ¼ 37.44  19.58 (sex) þ 20.35 (wt code)
þ 0.1 (arm strength)  0.6 (age) þ 0.89
(shoulder height) þ 0.1 (back strength) þ 4.73
(abdominal depth) þ 1.09 (dynamic endurance)

Predicted lift ¼ 5.23 (sex) þ 0.005 (shoulder strength)
þ 0.19 (horizontal push strength)
Predicted lift ¼ 13.19 þ 13.85 (sex) þ 0.26 (dynamic endurance)
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Source: From Ayoub, M.M., Mital, A., Asfour, S.S., and Bethea, N.J., Hum. Factors, 22, 257, 1980. With permission.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RPI, body ht= 3 body wt; F1 ¼ 100 3 duration of the step exercise (s)=2 3 pulse recovery sum.
Note: Lift height ¼ 127 cm for ﬂoor to shoulder and 76 for ﬂoor to knuckle; see Table 19.8 for C1 and C2; see Table 19.9 for C3.
a
Maximum weight subjects could lift for nonrepetitive lifting.
b
Maximum weight subjects were willing to lift for repetitive lifting.

Ayoub et al. (1978)

Shoulder to reach

Load of lift
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Table 19.8 Factors for Predicting Acceptable Amount
of Lift for Different Heights at Different Frequencies
Frequency

C2

C1
1
2
3
4
5
6

Knuckle height
1.87
20.1
1.77
19.1
1.66
17.9
1.57
16.9
1.48
15.9
1.37
14.7

Frequency of

1
2
3
4
5
6

Shoulder height
2.49
43.6
2.37
33.9
2.22
29.5
2.09
26.7
1.97
24.6
1.82
22.4

Frequency of

1
2
3
4
5
6

1.87
1.79
1.68
1.57
1.48
1.37

Frequency of

Reach height
25.1
26.8
23.0
20.6
18.9
17.2

Source: From Ayoub, M.M., Bethea, N.J., Deivanayagam, S., Asfour,
S.S., Bakken, G.M., Liles, D., Mital, A., and Sherif, M., Determination
and modeling of lifting capacity, Final Report HEW [NIOSH] 5R010H00545-02, Texas Tech University, Lubbock, TX, 1978.

Table 19.9

Factors for Box Size

Box Length
(Dimension in Sagittal Plane)
10
12
14
16
18
20
22
24
26
28
30

Box Size Factor, C3
1.00
0.98
0.95
0.93
0.90
0.88
0.86
0.83
0.81
0.78
0.76

Source: From Ayoub, M.M., Bethea, N.J., Deivanayagam, S., Asfour,
S.S., Bakken, G.M., Liles, D., Mital, A. and Sherif, M., Determination
and modeling of lifting capacity, Final Report HEW [NIOSH] 5R010H00545-02, Texas Tech University, Lubbock, TX, 1978.
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Ayoub, Dryden, McDaniel, Knipfer, and Aghazadeh (1978) conducted a study using
industrial subjects to generate capacity data. Based on those data predictive models for
working population as well as individuals for different height levels as a function of operator
and task variables were developed. Six different levels of lift were utilized (ﬂoor to knuckle,
ﬂoor to shoulder, knuckle to shoulder, knuckle to reach, and shoulder to reach height) at
rates of 2, 4, 6, and 8 lifts=min. Three different box sizes were (width 3 depth 3 length, in.):
12 3 7 3 12, 12 3 7 3 18, and 12 3 7 3 24. Various strength and anthropometric measurements were recorded for each subject. A stepwise linear regression analysis was employed to
select the best prediction model. These models estimated an individual's lifting capacity.
Mital and Ayoub (1980) improved on the predictive models for lifting from data
developed by Ayoub et al. (1978). These models, in the form of regression equations,
predicted the amount of weight an individual's MAW by using isometric strengths and
personal characteristics (age, sex, and anthropometric variables). These revised models are
shown in Table 19.10. Table 19.11 shows the multipliers to correct the predicted lift from
the models for frequencies ranging from 1 to 8 lifts=min.
Asfour (1980) proposed psychophysical lifting=lowering capacity models for two height
ranges (start at ﬂoor or at 30 in. above the ﬂoor). The variables incorporated in the models
were subject's body weight, frequency of lift, box size (width and length), and angle of
body twist.
Garg and Ayoub (1980) conducted a psychophysical study to develop lifting capacity
models by using a single strength (static or dynamic) variable. These models are attractive
because of their simple form. They showed that the static vertical lift strength measured at
the origin of lift signiﬁcantly underestimated the dynamic lifting capacity as determined by
psychophysical methodology. When the static vertical lift strength was performed closer to
the body, such a bias was eliminated. They concluded that speciﬁc static strength tests
must be carefully constructed to accurately predict a person's dynamic lifting capacity.
The arguments against lifting capacity models based on static strength tests are that
actual lifting is dynamic in nature although temporary static components are involved
(Kamon, Kiser, and Pytel, 1982; Aghazadeh and Ayoub, 1985). Consequently, dynamic
strength should play a more important role in lifting than static strength. In recent years,
several researchers have developed psychophysical lifting capacity models based on
dynamic strength tests.
Pytel and Kamon (1981) adapted a portable commercially available device (‘‘MiniGym,’’ model 101) to measure isokinetic dynamic strength. A lifting experiment was
designed to lift a tote box (44 3 30 3 12 cm) with handles from the ﬂoor to 113 cm height.
A simple psychophysical model was developed using a simple strength test procedure,
concise form of the prediction models. However, R2 values were relatively low in this study.
Only one lifting range (ﬂoor to 113 cm height) and one lifting frequency were studied.
Kamon et al. (1982) employed the same test procedure as Pytel and Kamon (1981) to test
228 male steelmill workers. Two psychophysical lifting models were developed by using a
single static strength measure (back extension maximum voluntary contraction) or a single
dynamic strength measure (lifting strength). The generated models are in the form of linear
regression equations as shown in Table 19.12.
Aghazadeh (1983) studied the relationship between box=bag lifting capacity and subject's strength test. Three task-related variables and ﬁve operator-related variables were
studied. Task variables were container type (bag or box), frequency of lift (2 or 6 lifts=min),
and lifting ranges ﬂoor to shoulder and knuckle to shoulder (FS and KS). Operator-related
variables were static strength (arm, stooped back, standing back, composite, shoulder and
leg), dynamic strength measured using Cybex isokinetic strength equipment (FS and KS),
endurance (static and dynamic), PWC, subject's height and weight. Nine dynamic
models and nine static models were developed (see Table 19.13). Both static models and

1.051
1.372
1.449
1.521
1.394
0.964
(Abdominal
depth)2
0.146
—
—
—
—
0.174

15.630
7.109
—
6.688
6.679
—

(Back
strength)2

0.001
0.0003
—
0.0004
0.0004
—

19.444
108.770
850.993
148.125
194.177
904.215

(Shoulder
height)2

0.004
0.005
0.034
—
—
0.031

FK
FS
FR
KS
KR
SR

61.170
51.210
29.120
54.470
53.540
42.620

Mean
W=males

—
—
10.687
1.015
1.391
10.131

Shoulder
Height

37.120
21.080
28.140
31.970
26.220
25.780

Mean
W=females

0.448
—
0.078
—
—
0.110

Back
Strength

8.620
0.120
2.610
4.910
7.460
12.080

20.630
19.800
23.280
22.100
19.590
20.680

SD of
error in W

10.250
14.809
18.193
14.881
18.460
18.078

—
7.685
8.026
7.658
7.129
15.026
Mean error (W)
(predicted–actual)

Dynamic
Endurance

Abdominal
Depth

2.360
2.490
2.880
2.530
2.260
2.350

0.850
0.903
0.877
0.893
0.902
0.873

R2

—
0.016
0.018
0.020
0.017
—
0.004
0.007
0.007
0.008
0.006
0.004
Std. error of
mean for W

(Age)2

(Arm
Strength)2

516

1.213
1.682
1.945
1.598
1.988
1.915

(Dynamic
endurance)2

0.661
1.894
2.253
2.161
2.011
0.759

Age
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Source: From Mital, A. and Ayoub, M.M., Hum. Factors, 22, 285, 1980. With permission.
FK, Floor to knuckle; FS, Floor to shoulder; FR, Floor to reach; KS, Knuckle to shoulder; KR, Knuckle to reach; SR, Shoulder to reach.
Note: Age (years); strengths—arm and back (pounds); body dimensions (cm); dynamic endurance (min).
a
Sex code: 0, males; 1, females.

Arm
Strength

Sex
Codea

Constant
Term

Height
of Lift

Table 19.10 Coefﬁcients for Models for Predicting Maximum Acceptable Weight of Lift Plus Body Weight (Pounds)
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Table 19.11 Multipliers to Adjust the Maximum Acceptable Weight of Lift for Frequency
Frequency (lifts=min)
Height of lift

Sex

Floor to knuckle

Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female

Floor to shoulder
Floor to reach
Knuckle to shoulder
Knuckle to reach
Shoulder to reach

1

2

4

5

6

8

1.093
1.214
1.081
1.165
1.126
1.144
1.110
1.280
1.244
1.017
1.071
1.196

1.067
1.134
1.056
1.113
1.089
1.106
1.074
1.210
1.172
1.009
1.059
1.147

1.015
1.053
1.008
1.007
1.016
1.030
1.002
1.070
1.028
1.008
1.036
1.049

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.985
0.946
0.992
0.992
0.984
0.970
0.984
0.930
0.971
0.991
0.964
0.950

0.934
0.785
0.934
0.975
0.827
0.956
0.930
0.790
0.895
0.935
0.874
0.901

Source: From Mital, A. and Ayoub, M.M., Hum. Factors, 22, 285, 1980. With permission.

dynamic models could predict the maximum acceptable lifting capacity with a reasonable
degree of accuracy (R2 with the range of 0.452–0.862). Aghazadeh and Ayoub (1985)
developed models for prediction of weight lifting capacity of individuals incorporating
static strengths and dynamic strengths of the individual in a simulated lifting position and
task variables: height and frequency of lift. It was concluded that both the dynamic and
static models could predict the maximum acceptable amount of lift with a reasonable
degree of accuracy. The use of the dynamic model resulted in less absolute error between
the actual and predicted load than the static model (reduction of 44%).
Jiang (1984) developed prediction models for both individual and combined MMH
activities and to examine the relationship between individual and combined MMH activities. MMH capacity was deﬁned as the MAW the subject was willing to handle plus his
body weight for a period of 1 h under the variable task conditions. Each activity was
conducted under three different frequencies: one time maximum, one handling per min,
and six handlings per min. The prediction models for the capacities of individual MMH
activities were developed based on isoinertial six feet weight incremental lifting test or
isometric back strength test. Isoinertial 6 ft incremental weight lifting test was proved to be
Table 19.12
LC ¼ 1.04 3 EF þ 330
LC ¼ 1.65 3 ES þ 251
LC ¼ 0.46 3 BE þ 380
LC ¼ 0.54 3 LS þ 304
IL ¼ 0.96 3 BE þ 254

Prediction Models
r ¼ 0.49
r ¼ 0.47
r ¼ 0.51
r ¼ 0.47
r ¼ 0.65

Source: Kamon, E., Kiser, D., and Pytel, J.L., Am. Indus. Hyg.
Assoc. J., 43, 853, 1982.
LC, lifting capacity (Newtons); EF, elbow ﬂexion, maximal
contraction one arm; ES, elbow strength, dynamic ﬂexion of two
arms (isokinetic strength); BE, back extension, maximum
voluntary contraction; LS, lifting strength, simulated dynamic lift
motion; IL, isometric lift, static simulated lift.
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Table 19.13 Prediction Models for the Maximum Acceptable Weight of Lift Using Dynamic Strength
Model
Code
BXBDG
BGD
BXD
BXBGDKS
BXBGDFS
BGDKS
BGDFS
BXDKS
BXDFS

Constant
Term

CONTAINR
Coefﬁcient

LIFTTYPE
Coefﬁcient

FRQNCY
Coefﬁcient

DYNSTKS
Coefﬁcient

R2

54.72
43.18
37.21
41.37
51.02
29.94
43.96
30.24
41.82

9.68
—
—
7.52
9.68
—
—
—
—

0.11
0.18
0.03
—
—
—
—
—
—

2.21
1.91
2.52
2.21
2.21
1.87
1.94
2.55
2.49

0.27
0.21
0.34
.36
0.27
0.30
0.11
0.41
0.27

0.726
0.594
0.775
0.778
0.706
0.725
0.452
0.795
0.798

Source: From Aghazadeh, F., Simulated dynamic lifting strength models for manual lifting, Unpublished
doctoral dissertation, Texas Tech University, Lubbock, TX, 1983.
Container code: CONTAINR ¼ 1 for box and 2 for bag.
Lift type code: LIFTTYPE ¼ 20 for knuckle to shoulder height lift and 50 for ﬂoor to shoulder height lift.
Frequency code: FRQNCY ¼ 2 for 2 lifts=min and 6 for 6 lifts=min.
Knuckle to shoulder dynamic strength code: DYNSTKS, units are in foot pounds.
General models for box and bag lifting (code BXBGD).
Models for bag lifting only (code BGD).
Models for box lifting only (code BXD).
Models for box and bag lifting from knuckle to shoulder height (code BXBGDKS).
Models for box and bag lifting from ﬂoor to shoulder height (code BXBGDFS).
Models for bag lifting from knuckle to shoulder height (code BGDKS).
Models for bag lifting from ﬂoor to shoulder height (code BGDFS).
Models for box lifting from knuckle to shoulder height (code BXDKS).
Models for box lifting from ﬂoor to shoulder height (code BXDFS).

the best predictor for the individual MMH activities. Since this type of strength test
involved both static strength to overcome the inertial resistance and dynamic strength to
move the weight to a preassigned location, it was recommended as the most promising
single screening test.
Jiang, Smith, and Ayoub (1986) developed models to predict capacity for combined
material handling activities. Four individual MMH activities were studied: (1) lifting from
ﬂoor to knuckle height (LFK); (2) lifting from knuckle to shoulder height (LKS); (3) lowering from knuckle to ﬂoor height (LOW); and (4) carrying for 3.4 m (C). Three combined
MMH activities were studied: (1) lifting from ﬂoor to knuckle height and carrying 3.4 m
(LC); (2) lifting from ﬂoor to knuckle height, carrying 3.4 m, and lifting from knuckle to
shoulder height (LCL); and (3) lifting from ﬂoor to knuckle height, carrying 3.4 m, and
lowering from knuckle to ﬂoor height (LCLO).
Three different approaches were used for the modeling of combined MMH capacities:
modeling based on one limiting individual MMH capacity, modeling based on isoinertial
1.83 m maximum strength, and modeling based on fuzzy-set theory (the fuzzy-set theory
model will be omitted from this discussion). Models were developed using simple and
multiple regression, and were evaluated according to goodness of ﬁt (in terms of R2 values)
and PRESS statistics. Both advantages and disadvantages were found for both model
types. Unfortunately, these models have yet to be fully validated.
The basis for the ﬁrst approach uses the limiting individual MMH capacity as a
predictor. The limiting capacity usually occurs at the most stressful individual activity
(or at the weakest joint of the body) used in handling the task. The limiting activity was
derived from the minimal capacity of all the individual capacity elements that made up the
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Table 19.14 Combined Activity Models
Combined Activity
LCM ¼ 0.762 þ (0.953 3 LFKM)
LCLM ¼ 3.015 þ (0.973 3 LKSM)
LCLOM ¼ 17.805 þ (1.602 3 LFKM)
LC1 ¼ 16.903 þ (0.809 3 LFK1)
LCL1 ¼ 4.201 þ (1.022 3 LKS1)
LCLO1 ¼ 27.777 þ (0.685 3 LFK1)
LC6 ¼ 1.449 þ (0.969 3 LFK6)
LCL6 ¼ 7.126 þ (0.883 3 LKS6)
LCLO6 ¼ 6.272 þ (0.867 3 LFK6)

R2

Limiting Activity

0.952
0.967
0.966
0.980
0.963
0.915
0.941
0.932
0.920

LFKM
LKSM
LFKM
LFK1
LKS1
LFK1
LFK6
LKS6
LFK6

Source: Jiang, B., Smith, J.L., and Ayoub, M.M., Ergonomics, 29, 1173, 1986.
Lifting F–K (LFK): LFKM, LFK at the frequency of one time maximum; LFK1, LFK at the frequency of
1 handling=min; LFK6, LFK at the frequency of 6 handlings=min.
Lifting K–S (LKS): LKSM, LKS at the frequency of one time maximum; LKS1, LKS at the frequency of
1 handling=min; LKS6, LKS at the frequency of 6 handlings=min.
Lowering K–S (LOW): LOWM, LOW at the frequency of one time maximum; LOW1, LOW at the frequency
of 1 handling=min; LOW6, LOW at the frequency of 6 handlings=min.
Two hand front carrying for 14 ft (C): CM, C at the frequency of one time maximum; C1, C at the frequency of
1 handling=min; C6, C at the frequency of 6 handlings=min.
Lifting F–K þ carrying 14 ft (LC): LCM, LC at the frequency of one time maximum; LC1, LC at the frequency of
1 handling=min; LC6, LC at the frequency of 6 handlings=min.
Lifting F–K þ carrying 14 ft þ lifting K–S (LCL): LCLM, LCL at the frequency of one time maximum; LCL1, LCL at
the frequency of 1 handling=min; LCL6, LCL at the frequency of 6 handlings=min.
Lifting F–K þ carrying 14 ft þ lowering K–F (LCLO): LCLOM, LCLO at the frequency of one time maximum;
LCLO1, LCLO at the frequency of 1 handling=min; LCLO6, LCLO at the frequency of 6 handlings=min.

MMH task. The individual models (for each of the three combined MMH activities—at
each of the three frequency conditions) and their corresponding limiting activity and R2
values are shown in Table 19.14.
The key advantage of these limiting activity-based models is found in the incredibly
high R2 values. Thus, these models had the best ﬁt to the experimental data, in terms of R2
values. As a result, if the limiting individual MMH capacity is known, the combined MMH
capacity can be predicted accurately, using the individual MMH capacity. The close
relationship between combined activity and limiting individual activity provides a good
framework for job design=redesign that involves combined MMH activity. Several disadvantages exist, however. First, the relationship between combined and individual limiting
capacities has not been developed. Next, in order to have the best predicted results, these
models should only apply within the range of the independent variables used in this study.
Furthermore, it should be again noted that this study only encompassed the participation
of 12 (male) subjects, a small sample. Finally, the testing procedure for limiting individual
activities should follow the testing procedure used in this study.
The basis for the second approach uses isoinertial strength of lifting from ﬂoor to a
height of 1.83 m. (This isoinertial strength test will be denoted at T1.) The principle
involved in the modeling came from an effort to match an individual's physical condition
to his MMH capacities. These models were developed and selected according to simplicity,
goodness of ﬁt, and representation of variables. Table 19.15 shows the individual models
for each of the three combined MMH activities at each of the three frequency conditions
and their corresponding R2 and PRESS values.
Several of the advantages of isoinertial strength-based models include: (1) combined
MMH capacities can be predicted by simple strength testing which can be conducted in
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Table 19.15 Models to Predict Combined Activities
Using 6 ft Incremental Lift Test
R2

Model
LCM ¼ 129.749  (1.642 3 T1) þ (0.029249 3 T12)
LCLM ¼ 165.945  (2.545 3 T1) þ (0.028413 3 T12)
LCLOM ¼ 126.811  (1.884 3 T1) þ (0.033231 3 T12)
LC1 ¼ 144.735  (2.312 3 T1) þ (0.027586 3 T12)
LCL1 ¼ 75.280  (0.009 3 T1) þ (0.007132 3 T12)
LCLO1 ¼ 139.556  (2.092 3 T1) þ (0.024567 3 T12)
LC6 ¼ 99.641  (1.042 3 T1) þ (0.015411 3 T12)
LCL6 ¼ 98.427  (0.999 3 T1) þ (0.014337 3 T12)
LCLO6 ¼ 120.787  (1.734 3 T1) þ (0.020301 3 T12)

0.913
0.885
0.916
0.947
0.854
0.923
0.790
0.811
0.846

Source: From Jiang, B., Smith, J.L., and Ayoub, M.M., Ergonomics, 29,
1173, 1986.

less than 5 min; (2) the combined MMH capacity can be predicted from strength testing,
directly; (3) no knowledge of individual capacities is required; and (4) the isoinertial
strength tests are more representative of actual industrial lifting activities than other
tests. The disadvantages of isoinertial strength-based models are very similar to those
disadvantages presented above, for the limiting activity-based models. First, a small
sample size of 12 subjects was used to develop the above models. Also, the application
of these models should be within the range of the T1 values used in this study (47.7–79.5 kg).
Finally, the testing procedure using T1 in this study should be followed in order to measure
the isoinertial strength of T1.
Most MMH prediction models have focused on lifting activities. Few models however
were developed to predict capacity for lowering, pushing, pulling, and carrying tasks.
These are brieﬂy presented in Tables 19.16 through 19.19.

Table 19.16 Lowering Capacity Prediction Models
Source

Height of Lower

Gender

Model

R2

Asfour
(1980)

HL1

Male

0.72

HL2

Male

All

Both

LC ¼ 7.2904  0.4887 3 (106) 3 BS1 3 BS2 3
AT 3 F 3 HL1 þ 613153.53 3 (106) 3 BW
 145.03 3 (106) 3 BS 3 (F3)
LC ¼ 0.9868  48.2692 3 (106) 3 F 3 BS1 3
BS2 3 AT þ 367670.51 3 (106) 3 BS
 65.25 3 (106) 3 BW 3 (F3)
LC ¼ 15.12  7.85 3 (1=BS1) þ 131.53 3 (1=HL3)
 0.092 3 (1=F)  2.75 3 LN(F) þ 1.58 3 G 3 HL
þ 0.344 3 G 3 F þ 0.034 3 BS1 3 HL þ 0.002 3
HS3 3 F þ 0.33 3 HL 3 F

Mital
(1983c)

0.70

0.94

Source: From Genaidy, A.M., Asfour, S.S., Mital, A., and Trita, M., Hum. Factors, 30, 319, 1988. With permission.
HL1, Height of lower above the ﬂoor (cm); HL2, height of lower above table height (cm); LC, lowering capacity
(kg); BS1, box length (cm); BS2, box width (cm); AT, angle of twist (deg); F, frequency of lower (times=min); BW,
body weight (kg); G, gender (G ¼ 0 for male and 1 for female); HL, height of lower (HL ¼ 1 for ﬂoor to knuckle, 2
for knuckle to shoulder, and 3 for shoulder to reach); HL3, vertical distance of lower (cm). The model developed
by Mital (1983c) was based on the data generated by Snook (1978); all models are applicable only for the freestyle lifting technique.
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Table 19.17 Pushing Capacity Prediction Models
Source

Gender

Mital (1983c)

Male
Female

Model

R2

PC ¼ 17.29  0.166 3 HD  11.45 3 F þ 0.0013 3 (HD2)
þ 5.60 3 (F2) þ 0.001 3 (1=F) þ 0.047 3 HD 3 F
PC ¼ 10.31  0.133 3 HD  16.15 3 F  0.154 3 LN(F)
þ 6.17 3 EXP(F) þ 0.056 3 HD 3 F

0.968
0.960

Source: From Genaidy, A.M., Asfour, S.S., Mital, A., and Trita, M., Hum. Factors, 30, 319, 1988. With permission.
PC, pushing capacity (kg); HD, horizontal distance of push (m); F, frequency of push (times=min). The model
developed by Mital (1983c) was based on the data generated by Snook (1978).

All of the models presented above can be used to predict individual capacities. Models
to estimate population capacities have also been developed. Ayoub, Selan, and Jiang (1983)
developed population models to estimate the lifting capacities for the various percentiles of
the population. These models were based on the data generated by Ayoub et al. (1978) (see
earlier section for more details on the variables in the study). Table 19.20 shows these
models for both males and females.

19.5 Conﬂicts between criteria based on the various approaches
It is not surprising that criteria based on the principles of biomechanics, psychophysics,
and physiology often provide MMH limits that are in conﬂict. These conﬂicts pose confusion for practitioners, and make selecting a proper limit troublesome. An example of the
conﬂicts between the criteria is shown in Figure 19.2, which illustrates recommended loads
as a function of frequency for a ﬂoor to shoulder lift. The example is based on Kim’s (1990)
models using a 650 kg spinal compression limit and a 1 L=min physiological criteria for
males. The biomechanical approach results in high-recommended weights for highfrequency tasks and the physiological approach results in high-recommended loads at
low frequencies. The ﬁgure also illustrates how the psychophysical approach may be in
conﬂict with the physiological approach. The most conservative approach to these conﬂicts
is to consider all criteria simultaneously to estimate the recommended weight for lift as was
proposed by Kim (1990). The NIOSH equation of 1981 and 1991 uses an approach
considering all three criteria to estimate the recommended weight limit (RWL).’

19.6 The future of manual materials handling modeling
As documented in this chapter, previous research to model and understand the adverse
effects of MMH tasks on workers has come from three distinctly different approaches. Each
has provided insight into the hazards of individual task components that are often
encountered in many jobs. Unfortunately, each approach is speciﬁcally directed at task
Table 19.18 Pulling Capacity Prediction Models
Source

Gender

Mital (1983c)

Male
Female

Model

R2

PC ¼ 18.48  0.685 3 F  0.0003 3 (VD2)
þ 0.003 3 VD 3 F  0.5 3 ln(F)
PC ¼ 15.03  0.394 3 F  0.0003 3 (VD2)  0.331 3 ln(F)

0.978
0.945

Source: From Genaidy, A.M., Asfour, S.S., Mital, A., and Trita, M., Hum. Factors, 30, 319, 1988. With permission.
PC, pulling capacity (kg); VD, vertical distance of pull (m); F, frequency of pull (times=min). The model developed
by Mital (1983c) was based on the data generated by Snook (1978).
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Table 19.19 Carrying Capacity Prediction Models

Source

Gender

Mital (1983c)

Male
Female

Model

R2

CC ¼ 77.27  12.46 3 ln(VD)  2.4 3 ln(HD)  0.011 3 (1=F)
 2.01 3 ln(F)
CC ¼ 46.49  0.239 3 HD  7.12 3 ln(VD)  0.0073 3 (1=F)
 1.44 3 ln(F) þ 0.0003 3 VD 3 HD 3 F

0.962
0.955

Source: From Genaidy, A.M., Asfour, S.S., Mital, A., and Trita, M., Hum. Factors, 30, 319, 1988. With permission.
CC, carrying capacity (kg); VD, height at which load is carried (cm); F, frequency of carry (times=min); HD,
horizontal distance of carry (m). The model developed by Mital (1983c) was based on the data generated by
Snook (1978).

Table 19.20 Lifting Capacity Prediction Models
Gender
Male

Male

Male

Male

Height
of Lift

Frequency
(times=min)

Box Size

F–K

0.1 < F < 1.0

12 < BS < 18

F–K

0.1 < F < 1.0

BX > 18

F–K

1.0 < F < 12.0

12 < BS < 18

F–K

1.0 < F < 12.0

BS > 18

F–S

0.1 < F < 1.0

12 < BS < 18

F–S

0.1 < F < 1.0

BS > 18

F–S

1.0 < F < 12.0

12 < BS < 18

F–S

1.0 < F < 12.0

BS > 18

F–R

0.1 < F < 1.0

12 < BS < 18

F–R

0.1 < F < 1.0

BS > 18

F–R

1.0 < F < 12.0

12 < BS < 18

F–R

1.0 < F < 12.0

BS > 18

K–S

0.1 < F < 1.0

12 < BS < 18

K–S

0.1 < F < 1.0

BS > 18

K–S

1.0 < F < 12.0

12 < BS < 18

Model
0.184697

] þ [1.65 3 (18  BS)]
LC ¼ [57.2 3 F
þ [Z 3 16.86 3 F0.174197]
LC ¼ [57.2 3 F0.184697] þ [0=8 3 (18  BS)]
þ [Z 3 16.86 3 F0.174197]
LC ¼ [57.2  2.0 3 (F  1)] þ [1.65 3 (18  BS)]
þ [Z 3 (16.86  0.5943 3 (F  1))]
LC ¼ [57.2  2.0 3 (F  1)] þ [0.8 3 (18  BS)]
þ [Z 3 (16.86  0.5964 3 (F  1))]
LC ¼ [51.2 3 F0.184697] þ [1.65 3 (18  BS)]
þ [Z 3 15.09 3 F0.174197]
LC ¼ [51.2 3 F0.184697] þ [0.8 3 (18  BS)]
þ [Z 3 15.09 3 F0.174197]
LC ¼ [51.2  2.0 3 (F  1)] þ [1.65 3 (18  BS)]
þ [Z 3 (15.09  0.5338 3 (F  1))]
LC ¼ [51.2  2.0 3 (F  1)] þ [0.8 3 (18  BS)]
þ [Z 3 (15.09  0.5338 3 (F  1))]
LC ¼ [49.1 3 F0.184697] þ [1.65 3 (18  BS)]
þ [Z 3 14.47 3 F0.174197]
LC ¼ [49.1 3 F0.184697] þ [0.8 3 (18  BS)]
þ [Z 3 14.47 3 F0.174197]
LC ¼ [49.1  2.0 3 (F  1)] þ [1.65 3 (18  BS)]
þ [Z 3 (14.47  0.5119 3 (F  1))]
LC ¼ [49.1  2.0 3 (F  1)] þ [0.8 3 (18  BS)]
þ [Z 3 (14.47  0.5119 3 (F  1))]
LC ¼ [52.8 3 F0.138650] þ [1.10 3 (18  BS)]
þ [Z 3 14.67 3 F0.156762]
LC ¼ [52.8 3 F0.138650] þ [0.8 3 (18  BS)]
þ [Z 3 14.67 3 F0.156762]
LC ¼ [52.8  2.0 3 (F  1)] þ [1.10 3 (18  BS)]
þ [Z 3 (14.67  0.5534 3 (F  1))]
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Table 19.20 (Continued)
Gender

Male

Male

Female

Female

Female

Female

Lifting Capacity Prediction Models

Height
of Lift

Frequency
(times=min)

K–S

1.0 < F < 12.0

BS > 18

K–R

0.1 < F < 1.0

12 < BS < 18

K–R

0.1 < F < 1.0

BS > 18

K–R

1.0 < F < 12.0

12 < BS < 18

K–R

1.0 < F < 12.0

BS > 18

S–R

0.1 < F < 1.0

12 < BS < 18

S–R

0.1 < F < 1.0

BS > 18

S–R

1.0 < F < 12.0

12 < BS < 18

S–R

1.0 < F < 12.0

BS > 18

F–K

0.1 < F < 1.0

12 < BS < 18

F–K

0.1 < F < 1.0

BS > 18

F–K

1.0 < F < 12.0

12 < BS < 18

F–K

1.0 < F < 12.0

BS > 18

F–S

0.1 < F < 1.0

12 < BS < 18

F–S

0.1 < F < 1.0

BS > 18

F–S

1.0 < F < 12.0

12 < BS < 18

F–S

1.0 < F < 12.0

BS > 18

F–R

0.1 < F < 1.0

12 < BS < 18

F–R

0.1 < F < 1.0

BS > 18

F–R

1.0 < F < 12.0

BS > 18

K–S

0.1 < F < 1.0

12 < BS < 18

Box Size

Model
LC ¼ [52.8  2.0 3 (F  1)] þ [0.8 3 (18  BS)]
þ [Z 3 (14.67  0.5534 3 (F  1))]
LC ¼ [50.0 3 F0.138650] þ [1.10 3 (18  BS)]
þ [Z 3 13.89 3 F0.156762]
LC ¼ [50.0 3 F0.138650] þ [0.8 3 (18  BS)]
þ [Z 3 13.89 3 F0.156762]
LC ¼ [50.0  2.0 3 (F  1)] þ [1.10 3 (18  BS)]
þ [Z 3 13.89  0.5240 3 (F  1))]
LC ¼ [50.0  2.0 3 (F  1)] þ [0.8 3 (18  BS)]
þ [Z 3 13.89  0.5240 3 (F  1))]
LC ¼ [48.4 3 F0.138650] þ [1.10 3 (18  BS)]
þ [Z 3 13.45 3 F0.156762]
LC ¼ [48.4 3 F0.138650] þ [0.8 3 (18  BS)]
þ [Z 3 13.45 3 F0.156762]
LC ¼ [48.4  2.0 3 (F  1)] þ [1.10 3 (18  BS)]
þ [Z 3 (13.45  0.5074 3 (F  1))]
LC ¼ [48.4  2.0 3 (F  1)] þ [0.8 3 (18  BS)]
þ [Z 3 (13.45  0.5074 3 (F  1))]
LC ¼ [37.4 3 F0.187818] þ [1.10 3 (18  BS)]
3 [Z 3 6.87 3 F0.251605]
LC ¼ [37.4 3 F0.187818] þ [0.4 3 (18  BS)]
þ [Z 3 6.87 3 F0.251605]
LC ¼ [37.4  1.1 3 (F  1)] þ [1.10 3 (18  BS)]
þ [Z 3 (6.87  0.1564 3 (F  1))]
LC ¼ [37.4  1.1 3 (F  1)] þ [0.40 3 (18  BS)]
þ [Z 3 (6.87  0.1564 3 (F  1))]
LC ¼ [31.1 3 F0.187818] þ [1.10 3 (18  BS)]
þ [Z 3 5.71 3 F0.251605]
LC ¼ [31.1 3 F0.187818] þ [0.4 3 (18  BS)]
þ [Z 3 5.71 3 F0.251605]
LC ¼ [31.1  1.1 3 (F  1)] þ [1.10 3 (18  BS)]
þ [Z 3 (5.71  0.1300 3 (F  1))]
LC ¼ [31.1  1.1 3 (F  1)] þ [0.4 3 (18  BS)]
þ [Z 3 (5.71  0.1300 3 (F  1))]
LC ¼ [28.1 3 F0.187818] þ [1.10 3 (18  BS)]
þ [Z 3 5.16 3 F0.251605]
LC ¼ [28.1 3 F0.187818] þ [0.4 3 (18  BS)]
þ [Z 3 5.16 3 F0.251605]
LC ¼ [28.1  1.1 3 (F  1)] þ [0.4 3 (18  BS)]
þ [Z 3 (5.16  0.1175 3 (F  1))]
LC ¼ [30.8 3 F0.156150] þ [0.55 3
(18  BS)] þ [Z 3 5.66 3 F0.258700]
(continued)
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Table 19.20 (Continued) Lifting Capacity Prediction Models

Gender

Female

Female

Female

Height
of Lift

Frequency
(times=min)

Box Size

K–S

0.1 < F < 1.0

BS > 18

K–S

1.0 < F < 12.0

12 < BS < 18

K–S

1.0 < F < 12.0

BS > 18

K–R

0.1 < F < 1.0

12 < BS < 18

K–R

0.1 < F < 1.0

BS > 18

K–R

1.0 < F < 12.0

12 < BS < 18

K–R

1.0 < F < 12.0

BS > 18

S–R

0.1 < F < 1.0

12 < BS < 18

S–R

0.1 < F < 1.0

BS > 18

S–R

1.0 < F < 12.0

12 < BS < 18

S–R

1.0 < F < 12.0

BS > 18

Model
0.156150

] þ [0.2 3 (18  BS)]
LC ¼ [30.8 3 F
þ [Z 3 5.66 3 F0.258700]
LC ¼ [30.8  1.1 3 (F  1)] þ [0.55 3 (18  BS)]
þ [Z 3 (5.66  0.1289 3 (F  1))]
LC ¼ [30.8  1.1 3 (F  1)] þ [0.2 3 (18  BS)]
þ [Z 3 (5.66)  0.1289 3 (F  1))]
LC ¼ [27.3 3 F0.156150] þ [0.55 3 (18  BS)]
þ [Z 3 5.01 3 F0.258700]
LC ¼ [27.3 3 F0.156150] þ [0.2 3 (18  BS)]
þ [Z 3 5.01 3 F0.258700]
LC ¼ [27.3  1.1 3 (F  1)] þ [0.55 3 (18  BS)]
þ [Z 3 (5.01  0.1141 3 (F  1))]
LC ¼ [27.3  1.1 3 (F  1)] þ [0.20 3 (18  BS)]
þ [Z 3 (5.01  0.1141 3 (F  1))]
LC ¼ [26.4 3 F0.156150] þ [0.55 3 (18  BS)]
þ [Z 3 4.85 3 F0.258700]
LC ¼ [26.4 3 F0.156150] þ [0.2 3 (18  BS)]
þ [Z 3 4.85 3 F0.258700]
LC ¼ [26.4  1.1 3 (F  1)] þ [0.55 3 (18  BS)]
þ [Z 3 (4.85  0.1104 3 (F  1))]
LC ¼ [26.4  1.1 3 (F  1)] þ [0.2 3 (18  BS)]
þ [Z 3 (4.85  0.1104 3 (F  1))]

Source: From Ayoub, M.M., Selan, J.L., and Jiang, B.C., A Mini-Guide for Lifting, Department of Industrial
Engineering, Texas Tech University, Lubbock, 1983.
F, frequency of lift; BS, box size (inches); LC, lifting capacity (pounds); F–K, ﬂoor to knuckle; F–S, ﬂoor to shoulder;
F–R, ﬂoor to reach; K–S, knuckle to shoulder; K–R, knuckle to reach; S–R, shoulder to reach; Z, score of
population percentage ‘‘%’’ from normal tables (Z ¼ 1.6449 for 95%, Z ¼ 1.2816 for 90%, Z ¼ 1.0364 for
85%, Z ¼ 0.6745 for 75%, Z ¼ 0.0 for 50%, Z ¼ 0.6745 for 25%, Z ¼ 1.0364 for 15%, Z ¼ 1.2816 for 10%, and
Z ¼ 1.6449 for 5%). Models are based on the data generated by Snook (1978) and Ayoub et al. (1978) and are
applicable only for the free-style lifting technique.

components and none of these approaches has proven effective at dealing with jobs in their
entirety. At the present time typical manual material handling jobs have a variety of
different work components that make it difﬁcult to apply any of the three methods in a
pure sense.
Workers are often required to lift, carry, hold, and lower loads that vary in location and
weight throughout the workday. Typical of this are the many warehousing operations
currently done manually in the United States. These jobs have so many different tasks
components that it is impractical to analyze each tasks, and even if this could be done,
there is currently no agreed upon method of aggregating task indices of risk into a job
index of risk. Workers are also increasingly being asked to rotate between several different
jobs with one the jobs having a large MMH component. In addition, 10 and 12 h work
shifts have become common at many work sites.
The variety of different work tasks being done by typical industrial workers presented a
problem for the task oriented models presented in this chapter. Ergonomics practitioners
are often confused by conﬂicting recommendations provided by different models and even
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Figure 19.2 Example of conﬂict among biomechanical, psychophysical, and physiological criteria.
(Adapted from Kim, H., Model for combined ergonomic approaches in manual materials handling
tasks, Unpublished doctoral dissertation, Texas Tech University, Lubbock, TX, 1990.)

by the same model for different tasks performed by a worker within a workday. It is the
researcher's opinion that future modeling efforts should and will concentrate on providing
insight into the musculoskeletal risks of jobs and careers, instead of tasks. Whether this is
done by combining the task level approaches documented in this chapter into a composite
measure, or through an entirely different method is not entirely clear at this time. However, the greatest need in preventing MMH injuries is understanding the cumulative effects
of work tasks done over days, years, and even a work career.
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20.1 Introduction
This chapter provides information about a revised equation developed by the National
Institute for Occupational Safety and Health (NIOSH) for assessing the physical demands
of certain two-handed manual lifting tasks, which was described in an article by Waters
et al. (1993). The chapter contains sections describing what factors need to be measured,
how they should be measured, what procedures should be used, and how the results can
be used to ergonomically design new jobs or make decisions about redesigning existing
jobs that may be hazardous. The chapter deﬁnes all pertinent terms and presents the
mathematical formulas and procedures needed to properly apply the NIOSH lifting
equation (NLE). Several example problems are also provided to demonstrate how the
equations should be used. An expanded, more detailed version of this chapter is contained
in a NIOSH report entitled ‘‘Applications Manual for the Revised NIOSH Lifting Equation’’
(Waters et al., 1994).
Historically, NIOSH has recognized the problem of work-related back injuries, and
published the Work Practices Guide for Manual Lifting (WPG) in 1981 (NIOSH, 1981). The
NIOSH WPG contained a summary of the lifting-related literature before 1981; analytical
procedures and a lifting equation for calculating a recommended weight for speciﬁed twohanded, symmetrical lifting tasks; and an approach for controlling the hazards of low back
injury from manual lifting. The approach to hazard control was coupled to the action limit
(AL), a resultant term that denoted the recommended weight derived from the lifting
equation.
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In 1985, NIOSH convened an ad hoc committee of experts who reviewed the current
literature on lifting, including the NIOSH WPG.* The literature review was summarized in
a document containing updated information on the physiological, biomechanical, psychophysical, and epidemiological aspects of manual lifting (NIOSH, 1991). Based on the
results of the literature review, the ad hoc committee recommended criteria for deﬁning
the lifting capacity of healthy workers. The committee used the criteria to formulate the
revised lifting equation.y Subsequently, NIOSH staff developed the documentation for
the equation and played a prominent role in recommending methods for interpreting the
results of the lifting equation.
The rationale and criterion for the development of the revised NLE are provided in a
journal article entitled ‘‘Revised NIOSH Equation for the Design and Evaluation of
Manual Lifting Tasks,’’ (Waters et al., 1993). We suggest that those users who wish to
achieve a better understanding of the data and decisions that were made in formulating
the revised equation consult the article by Waters et al. The 1991 article provides an
explanation of the selection of the biomechanical, physiological, and psychophysical
criterion, as well as a description of the derivation of the individual components of the
revised lifting equation. For those individuals, however, who are primarily concerned
with the use and application of the revised lifting equation, this chapter provides a more
complete description of the method and limitations for using the revised equation than
does the article by Waters et al. (1993).
Although there is limited data examining the validity or effectiveness of the revised
lifting equation to identify lifting jobs with increased risk of low back disorders, the
recommended weight limits derived from the revised equation are consistent with, or
lower than, those generally reported in the literature as being safe for workers (Waters
et al., 1993, Tables 2, 4, and 5). Moreover, the proper application of the revised equation is
more likely to protect healthy workers for a wider variety of lifting tasks than methods that
rely only a single-task factor or single criterion. A later section of this chapter provides a
summary of studies examining the effectiveness of the NIOSH equation to identify manual
lifting jobs with increased risk of lifting-related low back pain (LBP).
Finally, it should be stressed that the NLE is only one tool in a comprehensive effort to
prevent work-related low back pain and disability. Some examples of other approaches are
described elsewhere (ASPH=NIOSH, 1986). Moreover, lifting is only one of the causes of
work-related low back pain and disability. Other causes that have been hypothesized or
established as risk factors include whole-body vibration, static postures, prolonged sitting,
and direct trauma to the back. Psychosocial factors, appropriate medical treatment, and job
demands also may be particularly important in inﬂuencing the transition of acute low back
pain to chronic disabling pain (see Chapter 19).

20.2 Deﬁnition of terms
This section provides the basic technical information needed to properly use the revised
lifting equation to evaluate a variety of two-handed manual lifting tasks. Deﬁnitions and
data requirements for the revised lifting equation are also provided.

* The ad hoc 1991 NIOSH Lifting Committee members included: M.M. Ayoub, Donald B. Chafﬁn, Colin G. Drury,
Arun Garg, and Suzanne Rodgers. NIOSH representatives included Vern Putz-Anderson and Thomas R. Waters.
y
For this document, the revised 1991 NIOSH lifting equation will be identiﬁed simply as ‘‘the revised lifting
equation.’’ The abbreviation WPG will continue to be used as the reference to the earlier NIOSH lifting equation,
which was documented in a publication entitled Work Practices Guide for Manual Lifting (NIOSH, 1981).
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20.2.1 Recommended weight limit
The recommended weight limit (RWL) is the principal product of the revised NLE. The
RWL is deﬁned for a speciﬁc set of task conditions as the weight of the load that nearly all
healthy workers could perform over a substantial period of time (e.g., up to 8 h) without an
increased risk of developing lifting-related LBP. By ‘‘healthy workers,’’ we mean workers
who are free of adverse health conditions that would increase their risk of musculoskeletal
injury.
The concept behind the revised NLE is to start with a recommended weight that is
considered safe for an ‘‘ideal’’ lift (i.e., load constant equal to 51 lbs) and then reduce the
weight as the task becomes more stressful (i.e., as the task-related factors become less
favorable). The precise formulation of the revised lifting equation for calculating the RWL
is based on a multiplicative model that provides a weighting (multiplier) for each of six
task variables, which include the (1) horizontal distance of the load from the worker (H), (2)
vertical height of the lift (V), (3) vertical displacement during the lift (D), (4) angle of
asymmetry (A), (5) frequency (F) and duration of lifting, and (6) quality of the handto-object coupling (C). The weightings are expressed as coefﬁcients that serve to decrease
the load constant, which represents the maximum recommended load weight to be lifted
under ideal conditions. For example, as the horizontal distance between the load and the
worker increases from 10 in., the recommended weight limit for that task would be
reduced from the ideal starting weight.
The RWL is deﬁned as follows:
RWL ¼ LC  HM  VM  DM  AM  FM  CM
where

LC
HM
VM
DM
AM
FM
CM

Load constant
Horizontal multiplier
Vertical multiplier
Distance multiplier
Asymmetric multiplier
Frequency multiplier
Coupling multiplier

Metric

U.S. Customary

23 kg
(25=H)
1  (0.003 3 jV  75j)
0.82 þ (4.5=D)
1  (0.0032A)
From Table 20.5
From Table 20.7

51 lbs
(10=H)
1  (0.0075 3 jV  30j)
0.82 þ (1.8=D)
1  (0.0032A)
From Table 20.5
From Table 20.7

The term ‘‘task variables’’ refers to the measurable task-related measurements that are used
as input data for the formula (i.e., H, V, D, A, F, and C); whereas, the term ‘‘multipliers’’ refers
to the reduction coefﬁcients in the equation (i.e., HM, VM, DM, AM, FM, and CM).

20.2.2 Measurement requirements
The following list brieﬂy describes the measurements required to use the revised NLE.
Details for each of the variables is presented later in this chapter (see Section 20.4).
H ¼ Horizontal location of hands from midpoint between the inner ankle bones.
Measure at the origin and the destination of the lift (cm or in.).
V ¼ Vertical location of the hands from the ﬂoor. Measure at the origin and destination of the lift (cm or in.).
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D ¼ Vertical travel distance between the origin and the destination of the lift
(cm or in.).
A ¼ Angle of asymmetry—angular displacement of the load from the worker's
sagittal plane. Measure at the origin and destination of the lift (degrees).
F ¼ Average frequency rate of lifting measured in lifts=min.
Duration is deﬁned to be 1, 2, or 8 h assuming appropriate recovery allowances (See
Table 20.5).
C ¼ Quality of hand-to-object coupling (quality of interface between the worker and
the load being lifted). The quality of the coupling is categorized as good, fair,
or poor, depending upon the type and location of the coupling, the physical
characteristics of load, and the vertical height of the lift.

20.2.3 Lifting index
The lifting index (LI) is a term that provides a relative estimate of the level of physical stress
associated with a particular manual lifting task. The estimate of the level of physical
stress is deﬁned by the relationship of the weight of the load lifted and the recommended
weight limit. The LI is deﬁned by the following equation:
LI ¼

load weight
L
¼
recommended weight limit RWL

where load weight (L) ¼ weight of the object lifted (lbs or kg).

20.2.4 Miscellaneous terms
Lifting task: Lifting task is deﬁned as the act of manually grasping an object of deﬁnable size
and mass with two hands, and vertically moving the object without mechanical assistance.
Load weight (L): Weight of the object to be lifted, in pounds or kilograms, including the
container.
Horizontal location (H): Distance of the hands away from the midpoint between
the ankles, in inches or centimeters (measure at the origin and destination of lift). See
Figure 20.1.
Vertical location (V): Distance of the hands above the ﬂoor, in inches or centimeters
(measure at the origin and destination of lift). See Figure 20.1.
Vertical travel distance (D): Absolute value of the difference between the vertical heights
at the destination and origin of the lift, in inches or centimeters.
Angle of asymmetry (A): The angular measure of how far the object is displaced from the
front (midsagittal plane) of the worker's body at the beginning or ending of the lift, in
degrees (measure at the origin and destination of lift). See Figure 20.2. The asymmetry
angle is deﬁned by the location of the load relative to the worker's midsagittal plane, as
deﬁned by the neutral body posture, rather than the position of the feet or the extent of
body twist.
Neutral body position: It describes the position of the body when the hands are directly in
front of the body and there is minimal twisting at the legs, torso, or shoulders.
Frequency of lifting (F): Average number of lifts per minute over a 15 min period.
Duration of lifting: Three-tiered classiﬁcation of lifting duration speciﬁed by the distribution of work time and recovery time (work pattern). Duration is classiﬁed as either short
(1 h), moderate (1–2 h), or long (2–8 h), depending on the work pattern.
Coupling classiﬁcation: Classiﬁcation of the quality of the hand-to-object coupling (e.g.,
handle, cut-out, or grip). Coupling quality is classiﬁed as good, fair, or poor.
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Signiﬁcant control: Signiﬁcant control is deﬁned as a condition requiring ‘‘precision
placement’’ of the load at the destination of the lift. This is usually the case when (1) the
worker has to regrasp the load near the destination of the lift, (2) the worker has to
momentarily hold the object at the destination, or (3) the worker has to carefully position
or guide the load at the destination.

20.3 Limitations of equation
The lifting equation is a tool for assessing the physical stress of two-handed manual lifting
tasks. As with any tool, its application is limited to those conditions for which it was
designed. Speciﬁcally, the lifting equation was designed to meet speciﬁc lifting-related
criteria that encompass biomechanical, physiological, and psychophysical assumptions
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and data used to develop the equation. To the extent that a given lifting task accurately
reﬂects these underlying conditions and criteria, this lifting equation may be appropriately
applied.
The following list identiﬁes a set of work conditions in which the application of the
lifting equation could either under- or overestimate the extent of physical stress associated
with a particular work-related activity. Each of the following task limitations also highlight
research topics in need of further research to extend the application of the lifting equation
to a greater range of real world lifting tasks.
The revised NIOSH lifting equation does not apply if any of the following occur:
Lifting or lowering with one hand
Lifting or lowering for over 8 h
Lifting or lowering while seated or kneeling
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Lifting or lowering in a restricted work space
Lifting or lowering unstable objects
Lifting or lowering while carrying, pushing, or pulling
Lifting or lowering with wheelbarrows or shovels
Lifting or lowering with high-speed motion (faster than about 30 in.=s)
Lifting or lowering with unreasonable foot–ﬂoor coupling (<0.4 coefﬁcient of friction
between the sole and the ﬂoor)
Lifting or lowering in an unfavorable environment (temperature signiﬁcantly outside
668F–798F [198C–268C] range; relative humidity outside 35%–50% range)

20.4 Obtaining and using the data
20.4.1 Horizontal component
20.4.1.1 Deﬁnition and measurement
Horizontal location (H) is measured from the midpoint of the line joining the inner ankle
bones to a point projected on the ﬂoor directly below the midpoint of the hand grasps
(i.e., load center), as deﬁned by the large middle knuckle of the hand (Figure 20.1).
Typically, the worker's feet are not aligned with the midsagittal plane, as shown in Figure
20.1, but may be rotated inward or outward. If this is the case, then the midsagittal plane is
deﬁned by the worker's neutral body posture as deﬁned above. If signiﬁcant control is
required at the destination, such as when a precision placement is needed, then H should
be measured at both the origin and destination of the lift. Also, if the worker leans over on
one foot during lifting, concentrating nearly all of their support on one foot while using the
other leg and foot as a counterbalance so that they can reach out further to pick up the load,
the H variable is measured from a point directly below the weight-bearing foot, rather than
the midpoint between the ankles. In cases where it is not clear that the weight is concentrated primarily on one foot, the point between the ankles should still be used as the
reference point for measurement of the horizontal location (H). It also important to note
that it has also come to our attention that users sometimes overestimate the magnitude of
the horizontal location (H) and the asymmetric angle (A) for some types of lifts because
they mistakenly measure the task variables at the incorrect location for the origin of the lift.
This may occur when the lifter stands with the side of their body next to a table or shelf and
reaches over to slide the object horizontally toward the front of the body as they begin the
lift. When the lift is performed this way, the load actually moves horizontally toward the
front of the body before it actually begins to move vertically. When this type of lift is
analyzed, the task variables should be measured at the actual location where the object ﬁrst
begins to move upward (liftoff point), rather than at the point where the object ﬁrst begins
to move horizontally. This change will generally result in smaller H values than would
have been determined if the measurements had been taken at the point where the object
ﬁrst began to move horizontally rather than vertically.
Horizontal distance (H) should be measured. In those situations where the H value
cannot be measured, then H may be approximated from the following equations:
Metric (All Distances in cm)
H ¼ 20 þ W=2
for V  25 cm
H ¼ 25 þ W=2
for V < 25 cm

U.S. Customary (All Distances in inches)
H ¼ 8 þ W=2
for V  10 in.
H ¼ 10 þ W=2
for V < 10 in.
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where W is the width of the container in the sagittal plane and V is the vertical location of
the hands from the ﬂoor.

20.4.1.2 Horizontal restrictions
If the horizontal distance is less than 10 in. (25 cm), then H is set to 10 in. (25 cm). Although
objects can be carried or held closer than 10 in. from the ankles, most objects that are closer
than this cannot be lifted without encountering interference from the abdomen. Although 25
in. (63 cm) was chosen as the maximum value for H, it is probably too large for shorter
workers, particularly when lifting asymmetrically. Furthermore, objects at a distance of more
than 25 in. from the ankles normally cannot be lifted vertically without some loss of balance.

20.4.1.3 Horizontal multiplier
The horizontal multiplier (HM) is 10=H, for H measured in inches, and HM is 25=H, for H
measured in centimeters. If H is less than or equal to 10 in. (25 cm), the multiplier is 1.0. HM
decreases with an increase in H value. The multiplier for H is reduced to 0.4 when H is
25 in. (63 cm). If H is greater than 25 in., then HM ¼ 0. The HM value can be computed
directly or determined from Table 20.1.

20.4.2 Vertical component vertical
20.4.2.1 Deﬁnition and measurement
Vertical location (V) is deﬁned as the vertical height of the hands above the ﬂoor. V is
measured vertically from the ﬂoor to the midpoint between the hand grasps, as deﬁned by
the large middle knuckle. The coordinate system is illustrated in Figure 20.1.
Table 20.1

Horizontal Multiplier

H
in.

HM

H
cm

HM

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
>25
—
—
—

1.00
0.91
0.83
0.77
0.71
0.67
0.63
0.59
0.56
0.53
0.50
0.48
0.46
0.44
0.42
0.40
0.00
—
—
—

25
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
63
>63

1.00
0.89
0.83
0.78
0.74
0.69
0.66
0.63
0.60
0.57
0.54
0.52
0.50
0.48
0.46
0.45
0.43
0.42
0.40
0.00
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20.4.2.2 Vertical restrictions
The vertical location (V) is limited by the ﬂoor surface and the upper limit of vertical reach
for lifting (i.e., 70 in. or 175 cm). The vertical location should be measured at the origin and
the destination of the lift to determine the travel distance (D).

20.4.2.3 Vertical multiplier
To determine the vertical multiplier (VM), the absolute value or deviation of V from an
optimum height of 30 in. (75 cm) is calculated. A height of 30 in. above ﬂoor level is
considered ‘‘knuckle height’’ for a worker of average height (66 in. or 165 cm). The VM is
(1(0.0075 3 jV  30j)) for V measured in inches, and VM is (1(0.003 3 jV  75j)), for V
measured in centimeters.
When V is at 30 in. (75 cm), the VM is 1.0. The value of VM decreases linearly with an
increase or decrease in height from this position. At ﬂoor level, VM is 0.78, and at 70 in.
(175 cm) height VM is 0.7. If V is greater than 70 in., then VM ¼ 0. The VM value can be
computed directly or determined from Table 20.2.

20.4.3 Distance component
20.4.3.1 Deﬁnition and measurement
The distance variable (D) is deﬁned as the vertical travel distance of the hands between the
origin and destination of the lift. For lifting, D can be computed by subtracting the vertical
location (V) at the origin of the lift from the corresponding V at the destination of the lift

Table 20.2 Vertical Multiplier
V
in.

VM

V
cm

VM

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
>70
—
—
—
—

0.78
0.81
0.85
0.89
0.93
0.96
1.00
0.96
0.93
0.89
0.85
0.81
0.78
0.74
0.70
0.00
—
—
—
—

0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
175
>175

0.78
0.81
0.84
0.87
0.90
0.93
0.96
0.99
0.99
0.96
0.93
0.90
0.87
0.84
0.81
0.78
0.75
0.72
0.70
0.00
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Table 20.3

Distance Multiplier

D
in.

DM

D
cm

DM

10
15
20
25
30
35
40
45
50
55
60
70
>70

1.00
0.94
0.91
0.89
0.88
0.87
0.87
0.86
0.86
0.85
0.85
0.85
0.00

25
40
55
70
85
100
115
130
145
160
175
>175
—

1.00
0.93
0.90
0.88
0.87
0.87
0.86
0.86
0.85
0.85
0.85
0.00
—

(i.e., D is equal to V at the destination minus V at the origin). For a lowering task, D is equal
to V at the origin minus V at the destination.

20.4.3.2 Distance restrictions
The distance variable (D) is assumed to be at least 10 in. (25 cm), and no greater than 70 in.
(175 cm). If the vertical travel distance is less than 10 in. (25 cm), then D should be set to the
minimum distance of 10 in. (25 cm).

20.4.3.3 Distance multiplier
The distance multiplier (DM) is (0.82 þ (1.8=D)) for D measured in inches, and DM is
(0.82 þ (4.5=D)) for D measured in centimeters. For D less than 10 in. (25 cm) D is assumed
to be 10 in. (25 cm), and DM is 1.0. The distance multiplier, therefore, decreases gradually
with an increase in travel distance. The DM is 1.0 when D is set at 10 in. (25 cm); DM is 0.85
when D ¼ 70 in. (175 cm). Thus, DM ranges from 1.0 to 0.85 as the D varies from 0 to 70 in.
(0–175 cm). The DM value can be computed directly or determined from Table 20.3.

20.4.4 Asymmetry component
20.4.4.1 Deﬁnition and measurement
Asymmetry refers to a lift that begins or ends outside the midsagittal plane (see
Figure 20.2). In general, asymmetric lifting should be avoided. If asymmetric lifting cannot
be avoided, however, the recommended weight limits are signiﬁcantly less than those
limits used for symmetrical lifting.*

* It may not always be clear if asymmetry is an intrinsic element of the task or just a personal characteristic of the
worker's lifting style. Regardless of the reason for the asymmetry, any observed asymmetric lifting should be
considered an intrinsic element of the job design and should be considered in the assessment and subsequent
redesign. Moreover, the design of the task should not rely on worker compliance, but rather the design should
discourage or eliminate the need for asymmetric lifting.
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An asymmetric lift may be required under the following task or workplace conditions:
1. Origin and destination of the lift are oriented at an angle to each another.
2. Lifting motion is across the body, such as occurs in swinging bags or boxes from one
location to another.
3. Lifting is done to maintain body balance in obstructed workplaces, on rough terrain,
or on littered ﬂoors.
4. Productivity standards require reduced time per lift.
The asymmetric angle (A), which is depicted graphically in Figure 20.2, is operationally
deﬁned as the angle between the asymmetry line and the midsagittal line. The asymmetry
line is deﬁned as the line that joins the midpoint between the inner ankle bones and the
point projected on the ﬂoor directly below the midpoint of the hand grasps, as deﬁned by
the large middle knuckle. The sagittal line is deﬁned as the line passing through the
midpoint between the inner ankle bones and lying in the midsagittal plane, as deﬁned
by the neutral body position (i.e., hands directly in front of the body, with no twisting at
the legs, torso, or shoulders). Note: The asymmetry angle is not deﬁned by foot position
or the angle of torso twist, but by the location of the load relative to the worker's
midsagittal plane.
In many cases of asymmetric lifting, the worker will pivot or use a step turn to complete the
lift. Since this may vary signiﬁcantly between workers and between lifts, we have assumed
that no pivoting or stepping occurs. Although this assumption may overestimate the reduction in acceptable load weight, it will provide the greatest protection for the worker.
The asymmetry angle (A) must always be measured at the origin of the lift. If signiﬁcant
control is required at the destination, however, then angle A should be measured at both
the origin and the destination of the lift. Remember, that A should be measured at the liftoff
point, when the load actually begins to move upward, rather than at the point when the
object begins to move horizontally. This is often easiest to see when the job is videotaped
and the videotape is played back at a slow speed or frame by frame.

20.4.4.2 Asymmetry restrictions
The angle A is limited to the range from 08 to 1358. If A > 1358, then the asymmetric
multiplier (AM) is set equal to zero, which results in a RWL of zero, or no load.

20.4.4.3 Asymmetric multiplier
The asymmetric multiplier (AM) is 1  (0.0032A). The AM has a maximum value of 1.0 when
the load is lifted directly in front of the body. The AM decreases linearly as the angle of
asymmetry (A) increases. The range is from a value of 0.57 at 1358 of asymmetry to a value of
1.0 at 08 of asymmetry (i.e., symmetric lift). If A is greater than 1358, then AM ¼ 0, and the
load is 0. The AM value can be computed directly or determined from Table 20.4.

20.4.5 Frequency component
20.4.5.1 Deﬁnition and measurement
The frequency multiplier is deﬁned by (a) the number of lifts per minute (frequency), (b) the
amount of time engaged in the lifting activity (duration), and (c) the vertical height of the lift
from the ﬂoor. Lifting frequency (F) refers to the average number of lifts made per minute, as
measured over a 15 min period. Because of the potential variation in work patterns, analysts
may have difﬁculty obtaining an accurate or representative 15 min work sample for com-
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Table 20.4 Asymmetric Multiplier
A (deg)

AM

0
15
30
45
60
75
90
105
120
135
>135

1.00
0.95
0.90
0.86
0.81
0.76
0.71
0.66
0.62
0.57
0.00

puting the lifting frequency (F). If signiﬁcant variation exists in the frequency of lifting over
the course of the day, analysts should employ standard work sampling techniques to obtain
a representative work sample for determining the number of lifts per minute. For those jobs
where the frequency varies from session to session, each session should be analyzed
separately, but the overall work pattern must still be considered. For more information,
most standard industrial engineering or ergonomics texts provide guidance for establishing
a representative job sampling strategy (e.g., Eastman Kodak Company, 1986).

20.4.5.2 Lifting duration
Lifting duration is classiﬁed into three categories based on the pattern of continuous worktime and recovery-time (i.e., light work) periods. A continuous work-time (WT) period is
deﬁned as a period of uninterrupted work. Recovery time (RT) is deﬁned as the duration of
light work activity following a period of continuous lifting. Examples of light work include
activities such as sitting at a desk or table, monitoring operations, light assembly work, etc.
The three categories are short-duration, moderate-duration, and long-duration.
1. Short-duration deﬁnes lifting tasks that have a work duration of 1 h or less, followed
by a recovery time equal to 1.0 times the work time (i.e., at least a 1.0 recovery-time to
work-time ratio (RT=WT)). (Note: the RT=WT ratio has been changed from 1.2 to 1.0
since the equation was originally published.)
For example, to be classiﬁed as short-duration, a 45 min lifting job must be followed by
at least a 45 min recovery period prior to initiating a subsequent lifting session. If the
required recovery time is not met for a job of 1 h or less, and a subsequent lifting session is
required, then the total lifting time must be combined to correctly determine the duration
category. Moreover, if the recovery period does not meet the time requirement, it is
disregarded for purposes of determining the appropriate duration category.
As another example, assume a worker lifts continuously for 30 min, then performs a
light work task for 10 min, and then lifts for an additional 45 min period. In this case, the
recovery time between lifting sessions (10 min) is less than 1.0 times the initial 30 min work
time (36 min). Thus, the two work times (30 and 45 min) must be added together to
determine the duration. Since the total work time (75 min) exceeds 1 h, the job is classiﬁed
as moderate-duration. On the other hand, if the recovery period between lifting sessions
was increased to 30 min, then the short-duration category would apply, which would
result in a larger frequency multiplier (FM) value.
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A special procedure has been developed for determining the appropriate lifting frequency
(F) for certain repetitive lifting tasks in which workers do not lift continuously during the 15
min sampling period. This occurs when the work pattern is such that the worker lifts
repetitively for a short time and then performs light work for a short time before starting
another cycle. For work patterns such as this, the lifting frequency (F) may be determined as
follows, as long as the actual lifting frequency does not exceed 15 lifts per minute:
1. Compute the total number of lifts performed for the 15 min period (i.e., lift rate times
work time).
2. Divide the total number of lifts by 15.
3. Use the resulting value as the frequency (F) to determine the FM from Table 20.5.
For example, if the work pattern for a job consists of a series of cyclic sessions requiring
8 min of lifting followed by 7 min of light work, and the lifting rate during the work
sessions is 10 lifts per minute, then the frequency rate (F) that is used to determine the
frequency multiplier for this job is equal to (10 3 8)=15 or 5.33 lifts=min. If the worker lifted
continuously for more than 15 min, however, then the actual lifting frequency (10 lifts per
min) would be used.
When using this special procedure, the duration category is based on the magnitude of
the recovery periods between work sessions, not within work sessions. In other words, if
the work pattern is intermittent and the special procedure applies, then the intermittent
recovery periods that occur during the 15 min sampling period are not considered

Table 20.5 Frequency Multiplier Table
1h

a

Frequency (F)
(Lifts=min)
0.2
0.5
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
>15
a
b

V < 30
1.00
0.97
0.94
0.91
0.88
0.84
0.80
0.75
0.70
0.60
0.52
0.45
0.41
0.37
0.00
0.00
0.00
0.00

b

V  30
1.00
0.97
0.94
0.91
0.88
0.84
0.80
0.75
0.70
0.60
0.52
0.45
0.41
0.37
0.34
0.31
0.28
0.00

Work Duration
>1 but 2 h
V < 30
V  30
0.95
0.92
0.88
0.84
0.79
0.72
0.60
0.50
0.42
0.35
0.30
0.26
0.00
0.00
0.00
0.00
0.00
0.00

For lifting less frequently than once per 5 min, set F ¼ 0.2 lifts=min.
Values of V are in inches.

0.95
0.92
0.88
0.84
0.79
0.72
0.60
0.50
0.42
0.35
0.30
0.26
0.23
0.21
0.00
0.00
0.00
0.00

>2 but 8 h
V < 30
V  30
0.85
0.81
0.75
0.65
0.55
0.45
0.35
0.27
0.22
0.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.85
0.81
0.75
0.65
0.55
0.45
0.35
0.27
0.22
0.18
0.15
0.13
0.00
0.00
0.00
0.00
0.00
0.00
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as recovery periods for purposes of determining the duration category. For example, if the
work pattern for a manual lifting job was composed of repetitive cycles consisting of 1 min
of continuous lifting at a rate of 10 lifts=min, followed by 2 min of recovery, the correct
procedure would be to adjust the frequency according to the special procedure (i.e., F ¼
(10 lifts=min 3 5 min)=15 min ¼ 50=15 ¼ 3.4 lifts=min). The 2 min recovery periods would
not count toward the RT=WT ratio, however, and additional recovery periods would have
to be provided as described above.
2. Moderate-duration deﬁnes lifting tasks that have a duration of more than 1 h, but not
more than 2 h, followed by a recovery period of at least 0.3 times the work time, i.e.,
at least a 0.3 recovery-time to work-time ratio (RT=WT).
For example, if a worker continuously lifts for 2 h, then a recovery period of at least
36 min would be required before initiating a subsequent lifting session. If the recovery-time
requirement is not met, and a subsequent lifting session is required, then the total work
time must be added together. If the total work time exceeds 2 h, then the job must be
classiﬁed as a long-duration lifting task.
3. Long-duration deﬁnes lifting tasks that have a duration of between 2 and 8 h, with
standard industrial rest allowances (e.g., morning, lunch, and afternoon rest breaks).
Note: No weight limits are provided for more than 8 h of work.
The difference in the required RT=WT ratio for the short (less than 1 h) duration
category, which is 1.0, and the moderate (1–2 h) duration category, which is 0.3, is due
to the difference in the magnitudes of the frequency multiplier values associated with each
of the duration categories. Since the moderate category results in larger reductions in the
RWL than the short category, there is less need for a recovery period between sessions than
for the short-duration category. In other words, the short-duration category would result in
higher weight limits than the moderate-duration category, so larger recovery periods
would be needed.

20.4.5.3 Frequency restrictions
Lifting frequency (F) for repetitive lifting may range from 0.2 lifts=min to a maximum
frequency that is dependent on the vertical location of the object (V) and the duration of
lifting (Table 20.5). Lifting above the maximum frequency results in a RWL of 0.0 (except
for the special case of discontinuous lifting discussed above, where the maximum frequency is 15 lifts=min).

20.4.5.4 Frequency multiplier
The FM value depends upon the average number of lifts=min (F), the vertical location (V) of
the hands at the origin, and the duration of continuous lifting. For lifting tasks with a
frequency less than 0.2 lifts per min, set the frequency equal to 0.2 lifts=min. Otherwise, the
FM is determined from Table 20.5.

20.4.6 Coupling component
20.4.6.1 Deﬁnition and measurement
The nature of the hand-to-object coupling or gripping method can affect not only the
maximum force a worker can or must exert on the object, but also the vertical location of
the hands during the lift. A ‘‘good’’ coupling will reduce the maximum grasp forces required
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and increase the acceptable weight for lifting, whereas a ‘‘poor’’ coupling will generally
require higher maximum grasp forces and decrease the acceptable weight for lifting.
The effectiveness of the coupling is not static, but may vary with the distance of the
object from the ground, so that a good coupling could become a poor coupling during a
single lift. The entire range of the lift should be considered when classifying hand-to-object
couplings, with classiﬁcation based on overall effectiveness. The analyst must classify the
coupling as good, fair, or poor. The three categories are deﬁned in Table 20.6. If there is any
doubt about classifying a particular coupling design, the more stressful classiﬁcation
should be selected.
The decision tree shown in Figure 20.3 may be helpful in classifying the hand-to-object
coupling.

20.4.6.2 Coupling multiplier
Based on the coupling classiﬁcation and vertical location of the lift, the coupling multiplier
(CM) is determined from Table 20.7.
Table 20.6 Hand-to-Container Coupling Classiﬁcation
Good
1. For containers of optimal
design, such as some boxes,
crates, etc., a ‘‘Good’’ handto-object coupling would be
deﬁned as handles or handhold cut-outs of optimal
design (see notes 1 to 3
below).
2. For loose parts or irregular
objects, which are not usually
containerized, such as
castings, stock, and supply
materials, a ‘‘Good’’ hand-toobject coupling would be
deﬁned as a comfortable grip
in which the hand can be
easily wrapped around the
object (see note 6 below).

Fair

Poor

1. For containers of optimal
design, a ‘‘Fair’’ hand-toobject coupling would be
deﬁned as handles or handhold cut-outs of less than
optimal design (see notes
1 to 4 below).

1. Containers of less than
optimal design or loose
parts or irregular objects
that are bulky, hard to
handle, or have sharp
edges (see note 5 below).

2. For containers of optimal
design with no handles or
hand-hold cut-outs or for
loose parts or irregular
objects, a ‘‘Fair’’ hand-toobject coupling is deﬁned as
a grip in which the hand
can be ﬂexed about 908 (see
note 4 below).

2. Lifting nonrigid bags
(i.e., bags that sag in
the middle).

1. An optimal handle design has 0.75–1.5 in. (1.9–3.8 cm) diameter, 4.5 in. (11.5 cm) length, 2 in. (5 cm)
clearance, cylindrical shape, and a smooth, nonslip surface.
2. An optimal hand-hold cut-out has the following approximate characteristics: 1.5 in. (3.8 cm ) height, 4.5 in.
(11.5 cm) length, semioval shape, 2 in. (5 cm) clearance, smooth nonslip surface, and 0.25 in. (0.60 cm)
container thickness (e.g., double thickness cardboard).
3. An optimal container design has 16 in. (40 cm) frontal length, 12 in. (30 cm) height, and a smooth nonslip
surface.
4. A worker should be capable of clamping the ﬁngers at nearly 908 under the container, such as required when
lifting a cardboard box from the ﬂoor.
5. A container is considered less than optimal if it has a frontal length >16 in. (40 cm), height >12 in. (30 cm),
rough or slippery surfaces, sharp edges, asymmetric center of mass, unstable contents, or requires the use of
gloves.
6. A worker should be able to comfortably wrap the hand around the object without causing excessive wrist
deviations or awkward postures, and the grip should not require excessive force.
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Object lifted

Container

Optimal
container?

Loose object

No

Yes

Bulky
object?

Yes

No
Poor
Optimal
grip?

Optimal
handles?
Yes

No

No

No

Yes

Fingers
flexed
90 ?
Yes
Fair

Good

Figure 20.3 Decision tree for coupling quality.

20.5 Procedures
Prior to data collection, the analyst must decide (1) if the job should be analyzed as a singletask or multitask manual lifting job and (2) if signiﬁcant control is required at the destination
of the lift. This is necessary because the procedures differ, depending on the type of analysis
required.
A manual lifting job may be analyzed as a single-task job if the task variables do not
differ from task to task, or if only one task is of interest (e.g., single most stressful task). This
may be the case if one of the tasks clearly has a dominant effect on strength demands,
localized muscle fatigue, or whole-body fatigue. On the other hand, if the task variables
differ signiﬁcantly between tasks, it may be more appropriate to analyze a job as a
Table 20.7 Coupling Multiplier

Good
Fair
Poor

t

Coupling Type

Coupling Multiplier
V < 30 in. (75 cm)
V 30 in. (75 cm)
1.00
0.95
0.90

1.00
1.00
0.90
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multitask manual lifting job. A multitask analysis is more difﬁcult to perform than a singletask analysis because additional data and computations are required. The multitask
approach, however, will provide more detailed information about speciﬁc strength and
physiological demands.
For many lifting jobs, it may be acceptable to use either the single- or multitask
approach. The single-task analysis should be used when possible, but when a job consists
of more than one task and detailed information is needed to specify engineering modiﬁcations, then the multitask approach provides a reasonable method of assessing the overall
physical demands. The multitask procedure is more complicated than the single-task
procedure, and requires a greater understanding of assessment terminology and mathematical concepts. Therefore, the decision to use the single- or multitask approach should
be based on (1) the need for detailed information about all facets of the multitasked
lifting job, (2) the need for accuracy and completeness of data regarding assessment of
the physiological demands of the task, and (3) the analyst's level of understanding of the
assessment procedures.
The decision about control at the destination is important because the physical demands
on the worker may be greater at the destination of the lift than at the origin, especially when
signiﬁcant control is required. When signiﬁcant control is required at the destination, for
example, the physical stress is increased because the load will have to be accelerated upward
to slow down the descent of the load. This acceleration may be as great as the acceleration at
the origin of the lift and may create high loads on the spine. Therefore, if signiﬁcant control is
required, then the RWL and lifting index (LI) should be determined at both locations and the
lower of the two values will specify the overall level of physical demand.
To perform a lifting analysis using the revised lifting equation, two steps are undertaken: (1) data is collected at the worksite as described in Section 20.5.1; and, (2) the RWL
and LI values are computed using the single-task or multitask analysis procedure
described in Section 20.5.2.

20.5.1 Step 1: Collect data
The relevant task variables must be carefully measured and clearly recorded in a concise
format. As mentioned previously, these variables include the horizontal location of the
hands (H), vertical location of the hands (V), vertical displacement (D), asymmetric angle
(A), lifting frequency (F), and coupling quality (C). A job analysis worksheet, as shown in
Figure 20.4 for single-task jobs or Figure 20.5 for multitask jobs, provides a simple form for
recording the task variables and the data needed to calculate the RWL and the LI values.
A thorough job analysis is required to identify and catalog each independent lifting task
that comprises the worker's complete job. For multitask jobs, data must be collected for
each individual task.

20.5.2 Step 2: Single- and multitask procedures
20.5.2.1 Single-task procedure
20.5.2.1.1 Compute the recommended weight limit and lifting index: Calculate the RWL
at the origin for each lift. For lifting tasks that require signiﬁcant control at the
destination, calculate the RWL at both the origin and the destination of the lift. The latter
procedure is required if (1) the worker has to regrasp the load near the destination of the
lift, (2) the worker has to momentarily hold the object at the destination, or (3) the worker
has to position or guide the load at the destination. The purpose of calculating the RWL at
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SINGLE-TASK JOB ANALYSIS WORKSHEET
DEPARTMENT
JOB TITLE
ANALYST'S NAME
DATE

JOB DESCRIPTION

STEP 1. Measure and record task variables
Hand Location (in)
Object Weight (lbs)
Origin
L (AVG)

L (MAX)

H

Destination
V

H

Vertical Distance
(in)

Asymmetric Angle (degrees)
Origin

D

V

Destination

A

Frequency Rate
lifts/min

A

Duration (hrs)

Object Coupling

F

C

STEP 2. Determine the multipliers and compute the RWL's
LC

x

Origin

RWL =

51

x

HM

x
x

VM

x
x

DM

x
x

AM

x
x

FM

x
x

CM

=
=

Destination

RWL =

51

x

x

x

x

x

x

=

LBS

STEP 3. Compute the lifting index
OBJECT WEIGHT (L)
Origin

Lifting index

=

=

=

=

=

RWL
OBJECT WEIGHT (L)
Destination

Lifting index

=
RWL

Figure 20.4 Single-task analysis sheet.

both the origin and destination of the lift is to identify the most stressful location of the lift.
Therefore, the lower of the RWL values at the origin or destination should be used to
compute the LI for the task, since this value would represent the limiting set of conditions.
The assessment is completed on the single-task worksheet by determining the LI for the
task of interest. This is accomplished by comparing the actual weight of the load (L) lifted
with the RWL value obtained from the lifting equation.

20.5.2.2 Multitask procedure
1. Compute the frequency-independent recommended weight limit (FIRWL) and
single-task recommended weight limit (STRWL) for each task.
2. Compute the frequency-independent lifting index (FILI) and single-task lifting index
(STLI) for each task.
3. Compute the composite lifting index (CLI) for the overall job.
20.5.2.2.1 Compute the frequency-independent recommended weight limits: Compute
the frequency-independent recommended weight limits (FIRWL) value for each task
by using the respective task variables and setting the frequency multiplier to a value of
1.0. The FIRWL for each task reﬂects the compressive force and muscle strength demands
for a single repetition of that task. If signiﬁcant control is required at the destination for any
individual task, the FIRWL must be computed at both the origin and the destination of the
lift, as described above for a single-task analysis.
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Multitask analysis sheet.

20.5.2.2.2 Compute the single-task recommended weight limit: Compute the single-task
recommended weight limit (STRWL) for each task by multiplying its FIRWL by its
appropriate FM. The STRWL for a task reﬂects the overall demands of that task,
assuming it was the only task being performed. Note, this value does not reﬂect the
overall demands of the task when the other tasks are considered. Nevertheless, this
value is helpful in determining the extent of excessive physical stress for an individual task.
20.5.2.2.3 Compute the frequency-independent lifting index: The frequency-independent
lifting index FILI is computed for each task by dividing the maximum load weight (L) for
that task by the respective FIRWL. The maximum weight is used to compute the FILI because
the maximum weight determines the maximum biomechanical loads to which the body
will be exposed, regardless of the frequency of occurrence. Thus, the FILI can identify
individual tasks with potential strength problems for infrequent lifts. If any of the FILI
values exceed a value of 1.0, then job design changes may be needed to decrease the
strength demands.
20.5.2.2.4 Compute the single-task lifting index: The single-task lifting index (STLI) is
computed for each task by dividing the average load weight (L) for that task by the
respective STRWL. The average weight is used to compute the STLI because the average
weight provides a better representation of the metabolic demands, which are distributed
across the tasks, rather than dependent on individual tasks. The STLI can be used to identify
individual tasks with excessive physical demands (i.e., tasks that would result in fatigue).
The STLI values do not indicate the relative stress of the individual tasks in the context of the
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whole job, but the STLI value can be used to prioritize the individual tasks according to the
magnitude of their physical stress. Thus, if any of the STLI values exceed a value of 1.0, then
ergonomic changes may be needed to decrease the overall physical demands of the task.
Note that it may be possible to have a job in which all of the individual tasks have a STLI less
than 1.0 and still be physically demanding due to the combined demands of the tasks. In
cases where the FILI exceeds the STLI for any task, the maximum weight may represent a
signiﬁcant problem and careful evaluation is necessary.
20.5.2.2.5 Compute the composite lifting index: The assessment is completed on the
multitask worksheet by determining the composite lifting index (CLI) for the overall job.
The CLI is computed as follows:
1. Tasks are renumbered in order of decreasing physical stress, beginning with the task
with the greatest STLI down to the task with the smallest STLI. The tasks are
renumbered in this way so that the more difﬁcult tasks are considered ﬁrst.
2. CLI for the job is then computed according to the following formula:
CLI¼STLI1 þ

X

LI

where:
X






1
1

LI ¼ FILI2 
FM1,2 FM1



1
1
þ FILI3 

FM1,2,3 FM1,2



1
1
þ FILI4 

FM1,2,3,4 FM1,2,3
..
.



1
1
þ FILIn 

FM1,2,3,4,...,n FM1,2,3,...,(n1)

Note that (1) the numbers in the subscripts refer to the new task numbers and (2) the
FM values are determined from Table 20.5, based on the sum of the frequencies for
the tasks listed in the subscripts.
The following example is provided to demonstrate this step of the multitask procedure.
Assume that an analysis of a typical three-task job provided the results shown in Table 20.8.
To compute the CLI for this job, the tasks are renumbered in order of decreasing
physical stress, beginning with the task with the greatest STLI down to the task with the
smallest STLI. In this case, as shown in Table 20.8, the task numbers do not change. Next,
the CLI is computed according to the formula shown above. The task with the greatest CLI
Table 20.8 Computations from Multitask Example
Task
Number
1
2
3

Load Weight (L)

Task
Frequency (F)

FIRWL

FM

STRWL

FILI

STLI

New Task

30
20
10

1
2
4

20
20
15

0.94
0.91
0.84

18.8
18.2
12.6

1.5
1.0
0.67

1.6
1.1
0.8

1
2
3
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is Task 1 (STLI ¼ 1.6). The sum of the frequencies for Tasks 1 and 2 is 1 þ 2 or 3, and the
sum of the frequencies for Tasks 1, 2, and 3 is 1 þ 2 þ 4 or 7. Then, from Table 20.5, FM1
is 0.94, FM1,2 is 0.88, and FM1,2,3 is 0.70. Finally, the CLI ¼ 1.6 þ 1.0(1=0.88  1=0.94) þ
0.67(1=0.70  1=0.88) ¼ 1.6 þ 0.07 þ 0.20 ¼ 1.9. Note, that the FM values were based on the
sum of the frequencies for the subscripts, the vertical height, and the duration of lifting.

20.6 Applying the equations
20.6.1 Using the RWL and LI to guide ergonomic design
The RWL and LI can be used to guide ergonomic design in several ways:
(1) Individual multipliers can be used to identify speciﬁc job-related problems. The
relative magnitude of each multiplier indicates the relative contribution of each task
factor (e.g., horizontal, vertical, frequency, etc.).
(2) RWL can be used to guide the redesign of existing manual lifting jobs or to design new
manual lifting jobs. For example, if the task variables are ﬁxed, then the maximum
weight of the load could be selected so as not to exceed the RWL; if the weight is ﬁxed,
then the task variables could be optimized so as not to exceed the RWL.
(3) LI can be used to estimate the relative magnitude of physical stress for a task or job.
The greater the LI, the smaller the fraction of workers capable of safely sustaining the
level of activity. Thus, two or more job designs could be compared.
(4) LI can be used to prioritize ergonomic redesign. For example, a series of suspected
hazardous jobs could be rank ordered according to the LI and a control strategy could
be developed according to the rank ordering (i.e., jobs with lifting indices above 1.0 or
higher would beneﬁt the most from redesign).

20.6.2 Rationale and limitations for LI
The NIOSH RWL equation and LI are based on the concept that the risk of lifting-related
low back pain increases as the demands of the lifting task increase. In other words, as the
magnitude of the LI increases, (1) the level of the risk for a given worker would be
increased, and (2) a greater percentage of the workforce is likely to be at risk for developing
lifting-related low back pain. The shape of the risk function, however, is not known.
Without additional data showing the relationship between low back pain and the LI, it is
impossible to predict the magnitude of the risk for a given individual or the exact percent
of the work population who would be at an elevated risk for low back pain.
To gain a better understanding of the rationale for the development of the RWL and LI,
consult the paper entitled ‘‘Revised NIOSH Equation for the Design and Evaluation of
Manual Lifting Tasks’’ by Waters et al. (1993). This article provides a discussion of the
criteria underlying the lifting equation and of the individual multipliers. This article also
identiﬁes both the assumptions and uncertainties in the scientiﬁc studies that associate
manual lifting and low back injuries.

20.6.3 Job-related intervention strategy
The lifting index may be used to identify potentially hazardous lifting jobs or to compare
the relative severity of two jobs for the purpose of evaluating and redesigning them. From
the NIOSH perspective, it is likely that lifting tasks with a LI > 1.0 pose an increased risk
for lifting-related low back pain for some fraction of the workforce (Waters et al., 1993).
Hence, to the extent possible, lifting jobs should be designed to achieve a LI of 1.0 or less.
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Some experts believe, however, that worker selection criteria may be used to identify
workers who can perform potentially stressful lifting tasks (i.e., lifting tasks that would
exceed a LI of 1.0) without signiﬁcantly increasing their risk of work-related injury above the
baseline level (Waters et al., 1993). Those who endorse the use of selection criteria believe that
the criteria must be based on research studies, empirical observations, or theoretical considerations that include job-related strength testing or aerobic capacity testing. Even these
experts agree, however, that many workers will be at a signiﬁcant risk of a work-related
injury when performing highly stressful lifting tasks (i.e., lifting tasks that would exceed a LI
of 3.0). Also, ‘‘informal’’ or ‘‘natural’’ selection of workers may occur in many jobs that
require repetitive lifting tasks. According to some experts, this may result in a unique
workforce that may be able to work above a lifting index of 1.0, at least in theory, without
substantially increasing their risk of low back injuries above the baseline rate of injury.

20.6.4 Example problems
Two example problems are provided to demonstrate the proper application of the lifting
equation and procedures. The procedures provide a method for determining the level of
physical stress associated with a speciﬁc set of lifting conditions, and assist in identifying the
contribution of each job-related factor. The examples also provide guidance in developing an
ergonomic redesign strategy. Speciﬁcally, for each example, a job description, job analysis,
hazard assessment, redesign suggestion, illustration, and completed worksheet are provided.
To help clarify the discussion of the example problems, and to provide a useful reference
for determining the multiplier values, each of the six multipliers used in the equation have
been reprinted in tabular form in Tables 20.1 through 20.5 and Table 20.7.
A series of general design=redesign suggestions for each job-related risk factor are
provided in Table 20.9. These suggestions can be used to develop a practical ergonomic
design=redesign strategy.
Table 20.9 General Design=Redesign Suggestions
If HM is less than 1.0

If VM is less than 1.0
If DM is less than 1.0
If AM is less than 1.0

If FM is less than 1.0
If CM is less than 1.0

If the RWL at the destination
is less than at the origin

Bring the load closer to the worker by removing any horizontal
barriers or reducing the size of the object. Lifts near the ﬂoor
should be avoided; if unavoidable, the object should ﬁt easily
between the legs.
Raise or lower the origin or destination of the lift. Avoid lifting near
the ﬂoor or above the shoulders.
Reduce the vertical distance between the origin and the destination
of the lift.
Move the origin and destination of the lift closer together to reduce
the angle of twist, or move the origin and destination further apart
to force the worker to turn the feet and step, rather than twist the
body.
Reduce the lifting frequency rate, reduce the lifting duration, or
provide longer recovery periods (i.e., light work period).
Improve the hand-to-object coupling by providing optimal
containers with handles or handhold cutouts, or improve the
handholds for irregular objects.
Eliminate the need for signiﬁcant control of the object at the
destination by redesigning the job or modifying the container
or object characteristics.
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20.6.5 Loading supply rolls, example 1
20.6.5.1 Job description
With both hands directly in front of the body, a worker lifts the core of a 35 lb roll of paper
from a cart, and then shifts the roll in the hands and holds it by the sides to position it on a
machine, as shown in Figure 20.6. Signiﬁcant control of the roll is required at the destination of the lift. Also, the worker must crouch at the destination of the lift to support the roll
in front of the body, but does not have to twist.

20.6.5.2 Job analysis
The task variable data are measured and recorded on the job analysis worksheet
(Figure 20.7). The vertical location of the hands is 27 in. at the origin and 10 in. at the
destination. The horizontal location of the hands is 15 in. at the origin and 20 in. at
the destination. The asymmetric angle is 08 at both the origin and the destination, and
the frequency is 4 lifts=shift (i.e., less than 0.2 lifts=min for less than 1 h; see Table 20.5).
Using Table 20.6, the coupling is classiﬁed as poor because the worker must reposition
the hands at the destination of the lift and they cannot ﬂex the ﬁngers to the desired 908
angle (e.g., hook grip). No asymmetric lifting is involved (i.e., A ¼ 0), and signiﬁcant
control of the object is required at the destination of the lift. Thus, the RWL should be
computed at both the origin and the destination of the lift. The multipliers are computed
from the lifting equation or determined from the multiplier tables (Tables 20.1 through 20.5
and 20.7). As shown in Figure 20.7, the RWL for this activity is 28.0 lbs at the origin and
18.1 lbs at the destination.

20.6.5.3 Hazard assessment
The weight to be lifted (35 lbs) is greater than the RWL at both the origin and destination of
the lift (28.0 and 18.1 lbs, respectively). The LI at the origin is 35 lbs=28.0 lbs or 1.3, and the
LI at the destination is 35 lbs=18.1 lbs or 1.9. These values indicate that this job is only
slightly stressful at the origin, but moderately stressful at the destination of the lift.

36
Lbs.
27
in.

10
in.
20
in.

Figure 20.6

Loading supply rolls, example 1.

15
in.
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SINGLE-TASK JOB ANALYSIS WORKSHEET
Shipping
DEPARTMENT
Packager
JOB TITLE
ANALYST'S NAME
DATE

JOB DESCRIPTION
Loading paper supply rolls

STEP 1. Measure and record task variables
Hand Location (in)
Origin
Destination
H
V
H
V

Object Weight (lbs)
L (AVG) L (MAX)
35

35

15

27

20

Vertical
Distance (in)
D

Asymmetric Angle (degrees) Frequency
Rate lifts/min
Origin
Destination
A
A
F

17

10

0

0

Duration
(hrs)

Object
Coupling
C

<1

Poor

<.2

STEP 2. Determine the multipliers and compute the RWL's
LC

x

HM

x

VM

x

DM

x

AM

x

FM

x

CM

=

LBS

Origin

RWL =

51

x

0.67

x

0.98

x

0.93

x

1.00

x

1.00

x

0.9

=

28

Destination

RWL =

51

x

0.5

x

0.85

x

0.93

x

1.00

x

1.00

x

0.9

=

18.1

STEP 3. Compute the lifting index
35

OBJECT WEIGHT (L)
Origin

Lifting index

=

=

Lifting index

=

=
RWL

1.3

=

1.9

35

OBJECT WEIGHT (L)
Destination

=
28

RWL

18.1

Figure 20.7 Job analysis worksheet, example 1.

20.6.5.4 Redesign suggestions
The ﬁrst choice for reducing the risk of injury for worker's performing this task would be to
adapt the cart so that the paper rolls could be easily pushed into position on the machine,
without manually lifting them.
If the cart cannot be modiﬁed, then the results of the equation may be used to suggest
task modiﬁcations. The worksheet displayed in Figure 20.7 indicates that the multipliers
with the smallest magnitude (i.e., those providing the greatest penalties) are 0.50 for the
HM at the destination, 0.67 for the HM at the origin, 0.85 for the VM at the destination, and
0.90 for the CM value. Using Table 20.9, the following job modiﬁcations are suggested:
1. Bring the load closer to the worker by making the roll smaller so that the roll can be
lifted from between the worker's legs. This will decrease the H value, which in turn
will increase the HM value.
2. Raise the height of the destination to increase the VM.
3. Improve the coupling to increase the CM.
If the size of the roll cannot be reduced, then the vertical height (V) of the destination
should be increased. Figure 20.8 shows that if V was increased to about 30 in., then VM
would be increased from 0.85 to 1.0; the H value would be decreased from 20 to 15 in.,
which would increase HM from 0.50 to 0.67; the DM would be increased from 0.93 to 1.0.
As shown in Figure 20.8, the ﬁnal RWL would be increased from 18.1 to 30.8 lbs, and the LI
at the destination would decrease from 1.9 to 1.1.
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SINGLE-TASK JOB ANALYSIS WORKSHEET

DEPARTMENT
JOB TITLE
ANALYST'S NAME
DATE

Shipping
Packager

JOB DESCRIPTION
Loading paper supply rolls
Modified Example 1

STEP 1. Measure and record task variables

Hand Location (in)
Origin
Destination
H
V
H
V

Object Weight (lbs)
L (AVG) L (MAX)
35

35

15

27

20

Vertical
Distance (in)
D

Asymmetric Angle (degrees)
Origin
Destination
A
A

3

30

0

Frequency
Rate lifts/min
F

Duration
(hrs)

Object
Coupling
C

<.2

<1

Poor

0

STEP 2. Determine the multipliers and compute the RWL's
LC

x

HM

x

VM

x

DM

x

AM

Origin

RWL =

51

x

0.67

x

0.98

x

1.00

x

1.00

x
x

FM

1.00

x
x

CM

0.90

=
=

LBS

30.1

Destination

RWL =

51

x

0.50

x

0.85

x

0.93

x

1.00

x

1.00

x

0.90

=

30.8

STEP 3. Compute the lifting index

35

OBJECT WEIGHT (L)
Lifting index

Origin

=

=

Lifting index

=

=
RWL

Figure 20.8

1.2

=

1.1

35

OBJECT WEIGHT (L)
Destination

=
30.1

RWL

30.8

Modiﬁed job analysis worksheet, example 1.

In some cases, redesign may not be feasible. In these cases, use of a mechanical lift may
be more suitable. As an interim control strategy, two or more workers may be assigned to
lift the supply roll.

20.6.5.5 Comments
The horizontal distance (H) is a signiﬁcant factor that may be difﬁcult to reduce because the
size of the paper rolls may be ﬁxed. Moreover, redesign of the machine may not
be practical. Therefore, elimination of the manual lifting component of the job may be
more appropriate than job redesign.

20.6.6 Dish-washing machine unloading, example 2
20.6.6.1 Job description
A worker manually lifts trays of clean dishes from a conveyor at the end of a dish-washing
machine and loads them on a cart as shown in Figure 20.9. The trays are ﬁlled with
assorted dishes (e.g., glasses, plates, and bowls) and silverware. The job takes between
45 min and 1 h to complete, and the lifting frequency rate averages 5 lifts=min. Workers
usually twist to one side of their body to lift the trays (i.e., asymmetric lift) and then rotate
to the other side of their body to lower the trays to the cart in one smooth continuous
motion. The maximum amount of asymmetric twist varies between workers and within
workers; however, there is usually equal twist to either side. During the lift the worker may
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20 in.

44
in.
20 in.

Origin
30
Sagittal line

7 in.

Destination

30

Figure 20.9 Dish-washing machine unloading, example 2.

take a step toward the cart. The trays have well-designed handhold cutouts and are made
of lightweight materials.

20.6.6.2 Job analysis
The task variable data are measured and recorded on the job analysis worksheet (Figure
20.10). At the origin of the lift, the horizontal distance (H) is 20 in., the vertical distance (V)
is 44 in., and the angle of asymmetry (A) is 308. At the destination of the lift, H is 20 in., V is
7 in., and A is 308. The trays normally weigh from 5 to 20 lbs, but for this example, assume
that all of the trays weigh 20 lbs.
Using Table 20.6, the coupling is classiﬁed as ‘‘Good.’’ Signiﬁcant control is required at
the destination of the lift. Using Table 20.5, the FM is determined to be 0.80. As shown in
Figure 20.10, the RWL is 14.4 lbs at the origin and 13.3 lbs at the destination.

20.6.6.3 Hazard assessment
The weight to be lifted (20 lbs) is greater than the RWL at both the origin and destination of
the lift (14.4 and 13.3 lbs, respectively). The LI at the origin is 20=14.4 or 1.4 and the LI at the
destination is 1.5. These results indicate that this lifting task would be stressful for some
workers.

20.6.6.4 Redesign suggestions
The worksheet shows that the smallest multipliers (i.e., the greatest penalties) are 0.50 for
the HM, 0.80 for the FM, 0.83 for the VM, and 0.90 for the AM. Using Table 20.9, the
following job modiﬁcations are suggested:
1.
2.
3.
4.

Bring the load closer to the worker to increase HM.
Reduce the lifting frequency rate to increase FM.
Raise the destination of the lift to increase VM.
Reduce the angle of twist to increase AM by either moving the origin and destination
closer together or moving them further apart.
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SINGLE-TASK JOB ANALYSIS WORKSHEET

JOB DESCRIPTION
Unloading a dish-washing machine

Food Service
DEPARTMENT
Cafeteria Worker
JOB TITLE
ANALYST'S NAME
DATE

Example 2

STEP 1. Measure and record task variables

Object Weight (lbs)
L (AVG) L (MAX)
20

20

Hand Location (in)
Origin
Destination
H
V
H
V
20

44

20

Asymmetric Angle (degrees) Frequency
Vertical
Distance (in)
Rate lifts/min
Origin
Destination
D
A
A
F
37

7

30

30

Duration
(hrs)

Object
Coupling
C

<1

Good

5

STEP 2. Determine the multipliers and compute the RWL's
LC

x

HM

x

VM

x

DM

x

AM

Origin

RWL =

51

x

0.50

x

0.90

x

0.87

x

0.90

x
x

FM

0.80

x
x

CM

1.00

=
=

LBS

14.4

Destination

RWL =

51

x

0.50

x

0.83

x

0.87

x

0.90

x

0.80

x

1.00

=

13.3

STEP 3. Compute the lifting index

20

OBJECT WEIGHT (L)
Lifting index

Origin

=

=

Lifting index

=

=
RWL

Figure 20.10

1.4

=

1.5

20

OBJECT WEIGHT (L)
Destination

=
14.4

RWL

13.3

Job analysis worksheet, example 2.

Since the horizontal distance (H) is dependent on the width of the tray in the sagittal
plane, this variable can only be reduced by using smaller trays. Both the DM and VM,
however, can be increased by lowering the height of the origin and increasing the height of
the destination. For example, if the height at both the origin and destination is 30 in., then
VM and DM are 1.0, as shown in the modiﬁed worksheet (Figure 20.11). Moreover, if the
cart is moved so that the twist is eliminated, the AM can be increased from 0.90 to 1.00. As
shown in Figure 20.11, with these redesign suggestions the RWL can be increased from 13.3
to 20.4 lbs, and the LI values are reduced to 1.0.

20.6.6.5 Comments
This analysis was based on a 1 h work session. If a subsequent work session begins before
the appropriate recovery period has elapsed (i.e., 1.0 h), then the 8 h category would be
used to compute the FM value.

20.7 Validation of the revised NIOSH lifting equation
Several studies have been conducted examining the effectiveness of the Revised NIOSH
lifting equation (NLE) to identify jobs with increased risk of lifting-related low back
disorders. Waters et al. (1999) conducted a cross-sectional study to investigate whether
there was a signiﬁcant relationship between risk of low back pain and exposure to jobs
with various lifting index (LI) values. In the study, the 1 y prevalence of low back pain was
determined for workers employed in jobs with varying LI values. Fifty jobs at four
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SINGLE-TASK JOB ANALYSIS WORKSHEET
Food Service
DEPARTMENT
Cafeteria Worker
JOB TITLE
ANALYST'S NAME
DATE

JOB DESCRIPTION
Unloading a dish-washing machine
Modified Example 2

STEP 1. Measure and record task variables
Hand Location (in)
Origin
Destination
H
V
H
V

Object Weight (lbs)
L (AVG) L (MAX)
20

20

20

30

20

Asymmetric Angle (degrees)
Vertical
Frequency
Distance (in)
Rate lifts/min
Origin
Destination
D
A
A
F
0

30

0

0

Duration
(hrs)

Object
Coupling
C

<1

Good

5

STEP 2. Determine the multipliers and compute the RWL's
LC

x

HM

x

VM

x

DM

x

AM

Origin

RWL =

51

x

0.50

x

1.00

x

1.00

x

1.00

x
x

FM
0.80

x
x

CM
1.00

=
=

LBS
20.4

Destination

RWL =

51

x

0.50

x

1.00

x

1.00

x

1.00

x

0.80

x

1.00

=

20.4

STEP 3. Compute the lifting index
20

OBJECT WEIGHT (L)
Origin

Lifting index

=

=

OBJECT WEIGHT (L)
Destination

Lifting index

=

Figure 20.11

1.00

=

1.00

20
=

RWL

=
20.4

RWL

20.4

Modiﬁed job analysis worksheet, example 2.

industrial sites were evaluated with the NLE. A symptom and occupational history
questionnaire was administered to 204 people employed in those lifting jobs and 80 people
employed in nonlifting jobs at the four sites. Jobs were categorized by exposure according
to the following LI values: LI ¼ 0 (unexposed), 0.0 < LI < 1.0, 1.0 < LI < 2.0, 2.0 < LI < 3.0,
and LI > 3.0. Regression analysis was used to determine whether there was a correlation
between the lifting index and reported low back pain. The authors found that as the lifting
index increased from 0.0 to 3.0, the odds of low back pain increased, with a peak and
statistically signiﬁcant odds ratio (OR ¼ 2.45) occurring in the category of jobs with an LI
value between 2.0 and 3.0. For the group of jobs with an LI value greater than 3.0, the OR
value was lower (OR ¼ 1.63) than for the 2.0–3.0 group and was not statistically different
from the nonlifting group, but the authors explained that this ﬁnding was most likely due
to a combination of worker selection, a survivor effect, and high turnover in the higher risk
jobs. In a study of worker turnover rates on physically demanding jobs, Lavendar and
Marras (1994) showed that high turnover rate was a good indicator of high risk for low
back pain (LBP). In that study, the authors attributed lower than expected injury rates in
jobs with high turnover to the ‘‘healthy worker effect.’’ Based on the overall ﬁndings,
Waters et al., (1999) concluded that, ‘‘Although LBP is a common disorder, the lifting index
appears to be a useful indicator for determining the risk of low back pain caused by
manual lifting.’’
In a study designed to investigate lifting-related musculoskeletal disorders in the metal
processing industry in China, Xiao et al. (2004) used the revised NIOSH equation to
analyze the risk factors for low back pain and to study the validity and feasibility of
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using the NLE in China. The NIOSH equation was used to evaluate lifting risk for 69
workers mainly involved in manual materials handling (Job A) and 51 machinery workers
who worked in less demanding manual material handling (MMH) tasks (Job B). The
prevalence of LBP lasting for more than a week due to lifting were 26.09% and 5.88% for
Job A and B, respectively. The NIOSH LI was estimated to be 2.4 for Job A, and 0 < LI < 1
for Job B. The authors concluded that the NIOSH equation is an important tool in assessing
characteristics and risk factors of LBP for MMH tasks.
In another study, Marras et al. (1999) examined the relationship between low back
disorders (LBD) and various risk factors for LBP due to manual lifting. One of the
objectives of the study was to evaluate the validity and effectiveness of the revised
NIOSH lifting equation (NLE) to correctly identify jobs with varying levels of risk of
LBD, where job risk was deﬁned according to historical records of LBD injuries. Highrisk jobs were deﬁned as jobs in which more than 12 LBDs were recorded per 100 exposed
workers (mean of 22 injuries=100 exposed workers), medium-risk jobs were deﬁned as jobs
in which between 1 and 12 LBDs were recorded per 100 exposed workers, and low-risk
jobs were deﬁned as jobs in which no LBDs were recorded per 100 exposed workers. The
results indicated that when the average horizontal distance was used, the NIOSH equation
was predictive of risk of LBD, resulting in an odds ratios of 3.1 (95% CI, 2.6–3.8) for highrisk jobs compared to low-risk jobs. When the maximum horizontal distance was used, the
odds ratio was increased to 4.3 for high-risk jobs compared to low-risk jobs.
In another study, conducted by Lee et al. in 1996, researchers examined whether the NLE
was applicable for an Asian population. The application of the NIOSH equation for establishing weight limits for Korean workers was examined using the psychophysical method.
The study population consisted of 53 male college students and 16 male ﬁeld workers. The
subjects were required to perform six different lifting tasks in the sagittal plane, at various
lifting frequencies and heights, for 8 h. The RWLs for each lift were calculated using the
NIOSH equation. The psychophysical method, in which subjects were allowed to adjust
the weight of lift during a 20 min period, was also used to estimate the maximum acceptable
weight of lift (MAWL) for each lifting task. Although students generally had larger body
sizes than the worker population, workers were generally stronger than the students. Within
each group, neither the frequency nor the vertical height of lift was signiﬁcantly related to
the differences between the NLE-based and psychophysical weight limits. The MAWLs of
the workers were signiﬁcantly higher than those of the students. Although this difference
increased with increasing lift frequency, it was not sensitive to lift height. When the data
were adjusted to represent the entire Korean young male population, no signiﬁcant differences were observed between the NIOSH recommended weights of load and the adjusted
MAWLs. Although the load constant of the NIOSH equation was 23 kg, that of the students
was 20.24 kg and that of the workers was 25.05 kg. The authors conclude that the NIOSH
weight limit equation is well suited for young, healthy Korean males.
Recently Hidalgo et al. (1995) conducted a study designed to evaluate the validity of the
psychophysical, biomechanical, and physiological criteria used in establishing the NLE
(Waters et al., 1993). The criteria used to develop the equation were cross-validated against
the data published by different researchers in the scientiﬁc literature. Assessment of the
1991 NIOSH lifting equation indicated that there are differences between the NIOSH
equation values and the psychophysical limits for some types of lifts and that the RWL
likely would protect about 85% of the female population and 95% of the male population.
The authors, however, noted that the 3.4 kN limit for compression on the lumbosacral joint
may be too high to protect all workers and that the energy expenditure limits used in
development of the RWL index can be sustained by 57%–99% of worker population when
compared to the physiological limits based on previous fatigue studies. The authors
concluded that the results of the cross-validation for psychophysical criterion conﬁrmed
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the validity of assumptions made in the 1991 NIOSH revised lifting equation, but that the
results of cross-validation for the biomechanical and physiological criteria were not in total
agreement with the 1991 NIOSH model. They did not, however, actually evaluate whether
the equation would protect workers or not in the study.
In 2003, Sesek et al. conducted a study designed to investigate the ability of the revised
NLE to measure the risk of low back injury using employee health outcomes to identify
high-risk manual lifting jobs. In addition to the NLE, a slightly modiﬁed version of the
NLE was evaluated, in which some factors were removed from the equation for simpliﬁcation. The authors found that, without the modiﬁcations, the revised NLE was able to
predict back injuries with odds ratios of 2.1 (95% CI, 1.0–4.43) and 4.0 (95% CI, 1.5–10.3) for
lifting indices of 1.0 and 3.0, respectively. They reported that simplifying the lifting
equation by removing several variables did not signiﬁcantly reduce the predictive performance of the equation. When the authors modiﬁed the equation, they found that the
modiﬁed NLE was able to predict back injuries with odds ratios of 2.2 (95% CI, 1.0–4.6) and
5.3 (95% CI, 1.5–19.1) for lifting indices of 1.0 and 3.0, respectively. The authors concluded
that these modiﬁcations to the NLE show promise for increasing both the usability and
utility of the lifting equation.
An epidemiological study, conducted by Wang et al. (1998), evaluated the relation
between low back discomfort ratings and use of the revised NLE to assess the risk of
MMH tasks. In the study, the authors surveyed 97 MMH workers on site in 15 factories
and designed a questionnaire to systematically collect job-related information. Approximately 90% of the workers had suffered various degrees of lower back discomfort, and
80% had sought medical treatment. The survey showed that 42 of the 97 jobs analyzed had
a recommended weight limit of 0, which was attributed to either a horizontal distance or a
lifting frequency that exceeded the bounds of the NIOSH lifting index. Based on the results
of the study, the authors suggested that the limits for horizontal distance and maximum
allowable frequency may be too stringent to accommodate many existing MMH jobs. The
authors also reported that for the remaining 55 jobs, the signiﬁcant positive correlation
obtained between the lifting index and the severity of low back discomfort suggests that
the lifting index is reliable in assessing the potential risk of low back injury in MMH. The
authors concluded that their results provide useful information on the application of the
NIOSH lifting guide to the assessment of low back pain.
In a study examining the effectiveness of a training course to provide instruction on the
proper use of the NLE, Waters et al. (1998) trained a group of nonergonomists to use the
revised NLE and then tested them 8 weeks post training to evaluate their knowledge in
making the measurements needed to use the equation. Twenty-seven individuals from
NIOSH participated in a 1 day training session on the use of the NLE. The participants
were subsequently tested on a simulated lifting task 8 weeks later to determine their
accuracy in measuring the variables. Analysis of the results indicated that (1) interobserver
variability was small, especially for the most important factor (i.e., horizontal distance), (2)
individuals can be trained to make measurements with sufﬁcient accuracy to provide
consistent recommended weight limit and lifting index values, and (3) measurement of
the coupling and asymmetric variables were the least accurate and additional training
should be provided to clarify these factors.
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21.1 Introduction
21.1.1 Deﬁnition of occupational exposure to whole body vibration
Vibration is deﬁned as a ﬂuctuating mechanical motion transmitted through solid surfaces.
Whole body vibration (WBV) is generally transmitted either through the ﬂoor to a standing
worker, or through the seat of a vehicle to a seated operator or passenger. The amount of
vibration transmitted to an equipment operator is a function mainly of the driving surface,
but also reﬂects driving speed, the suspension system of the vehicle, engine vibration, and
tire size and type.
Estimates of the number of workers occupationally exposed to WBV have been conducted in Great Britain and Canada [1,2]. Based on a survey of more than 22,000 in
Great Britain, the estimated 1 week prevalence of exposure among men at work was
54.6% (95% CI 53.3%–55.9%) and for women was 17.2% (95% CI 16.1%–18.3%). The most
common exposures were car, van, forklift, transport truck, tractor, bus, and loader. In the
Ontario Health Survey (1990) of 61,239 people, occupation was recorded during interview
and combined with occupational physical exposures collected from questionnaires. The
prevalence of exposure to vibrating vehicles and equipment ranged from 2% among
administrative=professional occupational groups to 29% in transportation, and 33% in
primary industry (farmers, miners).
Studies of occupational exposure to WBV from the scientiﬁc, medical, and military
databases numbered more than 400 papers or reports in one extensive review of the
literature [3]. Early studies documented the health effects to the spine from seat ejection
systems and evaluated subjective ride comfort perception. A variety of epidemiological
studies were later conducted among tractor drivers, bus drivers, heavy construction
equipment operators, tank operators, and helicopter pilots. Studies were also conducted
in both the laboratory and the ﬁeld on the physiological effects of WBV on various systems
of the body, including the cardiovascular and endocrine systems. More recent reports also
include nonoccupational exposure from equipment such as motorbikes and snowmobiles.
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21.2 Health effects of whole body vibration
21.2.1 Acute responses
Whole body vibration has acute physiological and biomechanical effects on a number of
different systems in the body. The mechanism is either movement of organs and tissues in
response to WBV, or a generalized stress response related to the intensity and duration of
vibration exposure. An increase in heart rate, cardiac output, respiration rate, and oxygen
consumption occurs in response to WBV due to stimulation of the sympathetic nervous
system. The response is similar to that of light exercise. There is also some evidence of
peripheral vasoconstriction [4,5]. Vibration and impacts have been shown to have a
number of different effects on the electrocardiogram (ECG) such as changes in the R–R
interval, P–R interval, heart rate variability, and T wave amplitudes [5–8]. However, longterm detrimental effects of cardiac responses have not been demonstrated.
Animal studies have shown acute injury to viscera, lung, and myocardium; bleeding in
the gastrointestinal system, and occasionally hemorrhage of kidney and brain [9]. Studies
of such mechanical trauma are more difﬁcult to conduct on humans. It is possible that the
effect of vibration on the intestines will increase motility or movement of ingested material
but without appropriate breakdown or absorption taking place. This may be a mechanism
for gastrointestinal problems found in some epidemiological studies.
Finally, a series of studies has shown that vibration in combination with noise increases
the temporary threshold shift produced by noise alone [10–12]. The suggested mechanism
is vasoconstriction and subsequent ischemia in the cochlea [10,11].

21.2.2 Chronic health effects
Knowledge of the chronic health effects of exposure to vibration has largely been determined
by epidemiological studies. Most of the studies are based on retrospective or cross-sectional
comparisons between a vibration-exposed population and a nonexposed control group.
A small number of case control and cohort studies have more recently been conducted.
Most of the disorders described in epidemiological studies of WBV are not speciﬁc to
vibration, but occur generally in the population and as such can be associated with or
aggravated by other ergonomic or environmental problems. Equipment operators exposed
to WBV are also exposed to prolonged seated posture, awkward postural loads such as
twisting, repetitive hand–arm and foot motions to operate controls, and jolts and impacts
from hitting potholes or from off-road conditions. Some may also be exposed to poor diets,
excessive caffeine, and psychosocial risk factors such as boredom or stress. The most
common health problems associated with WBV are back pain and disorders (such as
damage of the intervertebral disc and degeneration of the spinal vertebrae). To a lesser
extent there are also reports of gastrointestinal disorders, cardiac, renal=urino=genital
problems, and hearing loss (see Section 21.2.6).
Ideally, if causation is to be unarguably shown between vibration exposure and chronic
health problems, epidemiological studies conducted on large populations of workers
exposed to WBV would show consistent associations in studies with different populations,
in different conditions, and with different study designs. Clearly deﬁned outcome measures would be reported such as case deﬁnitions for back pain or radiological ﬁndings.
There would be detailed occupational histories with vibration measurements and exposure
doses. There would be a control group similar in every respect except for vibration
exposure, or internal controls exposed to various doses of vibration. Studies would report
the relative risk for the exposed population, while controlling for confounding variables,
such as age.
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Six critical reviews of the WBV literature [13–18] conclude that there is a positive
relationship between WBV exposure and back pain or back disorders. Despite the authors'
criticisms that some early studies lacked vibration exposure measurements or control
groups, the overwhelming majority of studies came to the same conclusion about back
problems and exposure to WBV, showing remarkable consistency over many years.
Elevated risk of back injury or disorders has been reported for truck drivers, earthmoving
machine operators, tractor drivers, power shovel operators, bulldozer operators, forklift
drivers, crane operators, straddle carrier operators, agricultural workers, bus drivers,
helicopter pilots, and subway operators. Most studies show relative risks in excess of
2.0, especially in higher quality studies. This means that the risk of back problems in
vibration-exposed workers is two times that of nonexposed workers and that confounding
by other uncontrolled risk factors is unlikely to explain the relative risk. Further, many
studies show increasing back pain, sciatica, or herniated discs with increasing dose measured in years of exposure or intensity of vibration [19–28].
In one review [16], all 35 studies of WBV and low back problems reviewed found an
elevated frequency of injuries or disorders among the driver group compared with controls. The principal reported symptom was low back pain (LBP). Diagnoses mentioned in
the studies included acute lumbago, lumbago-sciatica, scoliosis, spondylosis, spondylosisthesis, spondylolysis, osteochondrosis, injuries in the facet joints, disc degeneration, and
herniated disc. Researchers [16] plotted the odds ratio of LBP among vehicle operators at
least once during 12 months against the vibration magnitude to obtain a dose–response
relationship, as shown in Figure 21.1.
In another review [17] with strict exclusion criteria applied to 140 studies investigating
physical exposures associated with back disorders, 35 high-quality studies were chosen for
further review and 14 of these speciﬁcally looked at WBV. The researchers report that 13 of
the 14 studies found WBV to be associated with back disorders. Of studies showing a
positive association, risk estimates varied from 1.47 to 9.0 with 18%–80% of the risk of back
disorders being explained by WBV as a risk factor. Three studies presented signiﬁcantly
increased odds ratios for WBV even after adjusting for postural load on the back due to
frequent bending and twisting. In several studies, dose–response relationships were presented with dose expressed as duration of exposure, cumulative vibration dose, or average
intensity of vibration.
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Figure 21.1 Odds ratio (calculated from prevalence data) for self-reported low back pain at least once
in 12 months for vehicle operators and whole body vibration (WBV) exposure (frequency-weighted
sum of vector according to ISO 2631). (From Wikstrom, B.-O., Kjellberg, A., and Landstrom, U.,
Int. J. Ind. Ergo., 14, 273, 1994. With permission.)
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A review of studies published between 1992 and 1999 against a series of strict quality
criteria yielded 21 for further systematic review [18]. Researchers concluded that the
quality of studies had improved and that the majority showed a positive association
between WBV and LBP. However, they noted that studies showing a dose–response
relationship are few in number.
Instead of a single or unique back disorder linked to WBV there is some acceptance
in the literature that vibration, rather than causing speciﬁc pathologies, accelerates the
onset of currently recognizable syndromes (such as lumbago, spondylosis, and herniated
disc). Several researchers have produced graphs showing age-related onset of back disorders in populations exposed to WBV compared with the onset in the normal population.
Figure 21.2 shows radiological changes of the lumbar spine in earthmoving machine operators with at least 10 years exposure to vibration compared with a control group not exposed
to vibration and the average population [29]. For the vibration-exposed group, the curve is
shifted to the left showing onset of disease at earlier ages and higher incidences than normal
for the general population. If one looks speciﬁcally at the earthmoving operators in the
age range of 35–39 years, 74% had radiological changes to the spine. This is in contrast to 45%
among the general population and 56% among the control group (not exposed to vibration).
Another study also found through evaluation of clinical data and x-rays that degenerative
diseases of the spine occurred in vibration-exposed workers 10–12 years earlier than in
the average population [30]. Neck pain and disorders have also been linked to WBV
exposure, although they have not been studied as extensively as back problems [31,32].
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Figure 21.2 Radiological changes of the lumbar spine in earthmoving machine operators with at
least 10 years exposure to vibration compared with a control group not exposed to vibration and the
average population as studied by Junghanns (1979). (From Dupuis, H. and Zerlett, G., Int. Arch.
Occup. Environ. Health, 59, 323, 1987. With permission; From Junghanns, H. Die Wirbelsaule in der
Arbeitsmedzin I 103-127, II 132-128, Hippokrates, Stuttgart, 1979.)
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21.2.3 Pathology of back disorders due to vibration exposure
There are a number of mechanisms or causes suggested for the increased incidence of LBP
and disorders among workers exposed to WBV. Clinical symptoms of back pain could be
directly associated with injury to the bones, ligaments, soft tissues, or joint surfaces.
Alternatively, symptoms could develop as secondary effects of repair processes, such as
scar tissue formation. Studies show that the structures most sensitive to WBV are the
vertebral end plate (the joint surface of the vertebrae between the vertebra and the
intervertebral disc), and the intervertebral disc [16]. The causes that have been proposed
for back disorders due to vibration exposure may be summarized as
.

.
.
.

.

.

Increased muscle tension increasing load on the vertebral bodies and discs causing
fatigue and pain [24,31,33,34]. The muscle activity is more pronounced at resonance
frequency and in the lower part of the spine where there are larger motions.
The muscle response to shock-type vibration is markedly delayed, indicating that
the muscles are an ineffective defense mechanism against the inﬂuence of mechanical
shocks.
Micro- and larger fractures of vertebral end plates and in the spongy bone in the inner
part of the vertebrae due to repetitive cyclic loading [16,24].
Callus formation during healing leading to reduced area for nutrient diffusion [35].
This leads to a disturbance of vertebra end plates and altered diffusion characteristics.
Shear or torsional stresses (due to awkward postures when seated) combined with
vibration loading producing ruptures of the annulus (outer ring) of the disc or
spondylolytic fractures [35].
Reduction in nutrition to the intervertebral disc causing more rapid degenerative
changes of the disc and in combination with vibration-induced accumulation of
metabolites an increased risk of herniated disc [16,24,29,36].
Softening and weakening of spinal ligaments thus reducing support [31].

Degenerative processes can lead to objective changes like chondrosis, osteochondrosis,
spondylosis, spondylarthrosis, and intervertebral disc protrusion and prolapse [36]. The
mechanism of increased loading caused by vibration leading to compression of the intervertebral disc has been termed ‘‘creep’’ [37]. Creep can lead to impaired nutrition of the
disc and cause ruptures in the superﬁcial structures of the intervertebral disc. Older spines
with some degeneration of the discs show a faster creep than nondegenerated ones. In this
way, WBV accelerates the age-related onset of back disorders. It has also been suggested
that creep increases neuropeptide levels which signal the body's pain response [37]. This
may partially explain why vibration-exposed workers report signiﬁcantly higher levels of
back pain. Prolonged vibration exposure may cause fatigue of the spinal structure similar
to what can occur in complex mechanical structures through material fatigue [33].

21.2.4 Exposure to WBV and lifting
Several researchers have concluded that a vehicle driver's discs are at increased risk for
mechanical damage while lifting following driving. It has been suggested that following
vibration exposure the rotational compliance of the L4–L5 motion segment increases (gets
softer) as a result of the vibration [37,38]. Muscle fatigue also occurs in response to vibration
[33]. Following prolonged sitting and vibration exposure, the balance point shifts backwards
thereby decreasing the moment arm of the erector spinae muscles of the back. This results
in an increased need for the erector spinae muscles to counteract joint moment and
increased loading of the disc. Fatigue of the muscles results in uncoordinated movements
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and unexpected loads for which the muscles overcompensate. This increases the tendency
for the motion segment (vertebrae) to buckle after exposure to seated vibration [31].

21.2.5 Other health problems
There have been several large studies documenting health problems other than back pain
and disorders among equipment operators and pilots [39–44]. Two large U.S. NIOSH
(National Institute for Occupational Safety and Health) studies investigated health effects
among a group of heavy equipment operators [45] and bus drivers [46]. Although these
studies have all found statistically increased risk for disorders such as ischemic heart
disease, gastric neurosis, varicose veins, peptic ulcers, and stomach troubles, researchers
were not able to conclude that vibration was responsible since drivers are also exposed to
other factors such as poor dietary habits, noise, stress, and prolonged poor posture. In a
review of 78 epidemiological studies [15], researchers concluded that WBV at or near the
ISO 2631 exposure limit causes an increased health risk to the musculoskeletal system, with
a lower probability of risk for the digestive system, peripheral veins, female reproductive
organs, and vestibular system.

21.2.6 WBV as an occupational disease
Four European Union countries have established LBP and disorders due to exposure to
WBV as an occupational disease: Belgium (1978), Germany (1993), the Netherlands (1997),
and France (1999). In Belgium, WBV-related disorders of the spinal column are the
occupational disease with the highest annual incidence [47]. The Federal Ministry of
Labour in Germany reviewed the scientiﬁc evidence relating WBV to back disorders and
recommended the inclusion of Occupational Disease No. 2110, which lists the following
intervertebral disc-centered diseases that can be caused by the effect of WBV while seated:
local lumbar syndrome, mono- and polyradicular lumbar syndrome, and cauda equina
syndrome. Each of the four countries has different preconditions for the occupational
disease due to WBV that includes minimal exposure duration and magnitude, as well as
varying required medical case histories, clinical signs, and further radiological examinations. There is currently therefore a large variance in the incidence of disease between
different countries.

21.3 Vibration characteristics
There are a number of parameters that deﬁne human exposure to WBV. These include
displacement, velocity, acceleration, direction, magnitude, frequency, and duration. The
response of the human body to external vibrations depends on the characteristics of
the input signal and the composition of the body, including the distribution of body
mass, and viscoelastic properties of connective tissues.

21.3.1 Direction
Vibrations acting on the whole body or subsystems of the body are normally speciﬁed in
three orthogonal axes x, y, and z. Vibrations can be measured in the anatomical axes of each
motion segment (e.g., pelvis, head, vertebra, or hand). However, for practical purposes,
vibrations transmitted from a vehicle or platform to the worker are usually measured
in basicentric axes centered at the point of transmission to the body. For a seated operator
the basicentric coordinate system has its origin at the surface of the seat in the sagital plane
at the midpoint between the ischial tuberosities. In these coordinate systems, the x axis is
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deﬁned as the anterior (anatomical) or anterior horizontal (basicentric) direction, the y axis as
the lateral (left) direction and the z axis as the superior (anatomical) or vertical (basicentric)
direction. If the seatpan is inclined at an angle to the horizontal, the basicentric axes should
coincide with the orientation of the main anatomical axes of the body. Additional accelerations
may also be measured in basicentric coordinates at the feet and backrest [48]. The origins and
orientations of the anatomical and basicentric axes are deﬁned in ISO 8727 [49].

21.3.2 Displacement, velocity, and acceleration
To deﬁne a vibrating system in three dimensions, vibrations are measured as three linear
accelerations ax, ay, and az in m s2 and the corresponding angular accelerations about the
x, y, and z axes, arx (roll), ary (pitch) and arz (yaw) in rad s2. In most cases, for seated
operators only the linear components of vibration are measured at the seat in the basicentric coordinate system. However, for more detailed analysis of the effects of vibration
on individual body segments (e.g., the head and torso), when attempting a biomechanical
analysis of the segmental forces involved, or when operators are exposed to large magnitude shocks, sudden stops, or collisions, then rotational components of vibration become
important and should be measured to obtain a complete understanding of whole body
response. In these circumstances additional accelerations at the backrest, head, and other
segments, measured in the appropriate axes, may also be required.
Although generally measured in units of acceleration, vibration may also be expressed in
terms of the velocity (m s1) or displacement (m) of the system, depending on the information required. At low frequencies, displacements can be large and may be important to
design parameters of the system. At high frequencies, displacements become progressively
smaller and may be difﬁcult to measure even at relatively high levels of acceleration.

21.3.3 Magnitude and duration
The magnitude of vibration is generally measured in units of acceleration (m s2). As an
acceleration waveform varies in time, the magnitude is normally measured as the root
mean square (rms) average value of the acceleration signal (a), but can also be expressed as
the peak value of the acceleration (A). The ratio of peak to rms acceleration (A=a) measured
over the same time periodp is termed the crest factor. Simple harmonic (sinusoidal)
motion has a crest factor of 2 (or ~1.414) whereas random vibration (having a Gaussian
distribution) has a crest factor of ~4, but that will vary slightly with the duration of
measurement, or the sample selected [50]. For steady-state vibration the rms value provides a reliable measure of magnitude provided that it is measured over a time period
sufﬁcient to obtain a representative sample of the acceleration time series; generally >227 s
for WBV measures [48]. For nonsteady-state vibrations having a crest factor >9 (either
transient vibration or vibration containing isolated shocks), the rms value may underestimate the health effects of the vibration exposure and additional measures should be
considered in evaluating the magnitude of the acceleration (discussed in Section 21.6.2).

21.3.4 Frequency
Vibratory motion can occur in a predictable (deterministic) or unpredictable (random)
pattern. The simplest form of motion occurs when an undamped mass-spring system,
having a single degree of freedom, oscillates freely (see Figure 21.3). The resultant harmonic
motion takes the form of a sine wave and can be expressed mathematically as
x ¼ X sin (vn t þ w)

(21:1)
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where
x is the magnitude of displacement at time t
X is the amplitude of the oscillation
vn is the natural angular frequency (rad s1)
w is the phase angle
The time taken for one complete oscillation is termed the period of the waveform, T (s).
The cyclic frequency ( fn) of the vibration is the reciprocal of the period T and is measured
in hertz (Hz), where 1 Hz corresponds to 1 cycle=s. Thus for the simple harmonic motion
described above, fn ¼ 1=T ¼ vn=2p s1. Frequency may also be expressed as the angular
frequency v (rad s1).
In the mass-spring system shown in Figure 21.3, the velocity can be described as v ¼ wX
cos(vnt þ w) and acceleration as v2X sin(vnt þ w). The dynamic forces acting on the
system due to compression of the spring and acceleration of the mass can be described as
kx ¼ ma

or

ma þ kx ¼ 0

(21:2)

Substituting x ¼ X sin(vnt þ w) and a ¼ vn2 X sin(vnt þ w) in 21.2 yields:
mv2 X sin (vn t þ w) þ kX sin (vn t þ w) ¼ 0

(21:3)

therefore, mvn2 þ k ¼ 0 and vn2 ¼ k=m.
Hence the natural frequency fn of vibration of a single degree of freedom system can be
deﬁned as
fn ¼ vn =2p or fn ¼ (1=2p)  (k=m)1=2

(21:4)

Equation 21.4 shows that the greater the mass (m), the lower the natural frequency fn and
the greater the stiffness (k) of the system, the higher the natural frequency. Thus, in any
mechanical system, the natural frequency can be tuned to a desired value by adjusting the
values of m and k.

21.3.5 Damping
In practise, all vibrating systems have some inherent damping due to friction forces between
elements or within the material structure. In the mass-spring system of Figure 21.3, energy

X
m

x = X sin (wt + j)

k

Amplitude

X (t )

0

−X
0
ma + kx = 0
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0.1

0.15
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Figure 21.3 Free vibration of a single degree of freedom mass-spring system.
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ma + cv + kx = 0

Figure 21.4

Time

Free vibration of a lightly damped mass-spring system.

is freely exchanged between kinetic and potential energy, resulting in steady-state periodic
motion. The introduction of damping absorbs energy from the system, resulting in a
gradual decay in the energy of the system. Viscous damping, caused by ﬂuid friction, is
of particular interest to human motion, as all tissues have viscous properties. Viscous
damping results in a force that is directly proportional to the rate of displacement of the
system. The effect of introducing a viscous damping component to the mass-spring system
is shown in Figure 21.4. The force equation of the system can be described as
ma þ cv þ kx ¼ 0
where c is the coefﬁcient of damping. When displaced, the system will oscillate with a
motion that takes the form of a damped sinusoid that decays exponentially as shown in
Figure 21.4. The resultant motion can be expressed as
x ¼ X e(c=2m)t sin (qt þ v)

(21:5)

where q is the radial frequency of the system, q ¼ vn[1  (c=2m)]1=2. In practice, the resonant
frequency ( fr ¼ q=2p ¼ fn[1  (c=2m)]1=2) is very close to the natural frequency fn.
In a vibrating system consisting of several mass-spring elements such as in the human
body (Figure 21.5), the resultant motion is more complex but can be deﬁned by a series of
sinusoidal components, each having a unique amplitude, damping, angular frequency,
and phase angle.

21.3.6 Characterization of vibration waveforms
The nature of vibration can take many forms. Hence, it can be helpful to characterize the
pattern of vibration prior to deciding the most appropriate form of analysis. Examples of
motions and their characterization are shown in Figure 21.6. Vibrations can be divided into
two main categories: deterministic and nondeterministic motion. Vibrations are said to be
deterministic when the nature of future oscillations can be predicted from knowledge of
previous oscillations. If the mass-spring system shown in Figure 21.4 is displaced and
released, the resultant motion is deterministic, as future oscillations can be predicted
from Equation 21.5. When the future motion of a system is unrelated to its past history
(i.e., the motion is random and cannot be predicted), the vibration is said to be nondeterministic. The motion of a vehicle traveling over a poorly maintained, unpaved surface in
which rocks and potholes are distributed randomly is nondeterministic and is commonly
referred to as random vibration.
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Head–neck

Upper torso

Spine

Thorax–abdomen

Hand–arm

Pelvis
Thigh–shank–foot

Figure 21.5 Simple mechanical model representing the human body as a single-axis vibrating
system.

Deterministic and nondeterministic motions can be further classiﬁed as stationary or
nonstationary. Stationary (or steady-state) motion occurs when the signal has the same
properties when measured over different time intervals (e.g., Equation 21.1). Nonstationary (or transient) motion occurs when the statistical properties of the motion are timedependent (e.g., Equation 21.5). Transient motions can result from isolated impulses or
shocks (transient, deterministic), or when a vehicle travels over sections of paved and
unpaved road surface (transient, nondeterministic).
In practice, combinations of the above characteristics can occur, and this may lead to
difﬁculties in selecting the most appropriate methods of analysis to evaluate human response
and health effects. Roddan et al. [51] developed an automated method for classifying vibration
signals based on their statistical properties. Vibrations were classiﬁed into four motion
categories: stationary random, periodic deterministic (stationary), intermittent (nonstationary
random and transient deterministic), and impulsive motion including shocks. Classiﬁcation
was determined based on the magnitude distribution and frequency spectrum of the waveforms. For example, the magnitudes of random vibrations sampled in the time domain will
have a Gaussian (normal) distribution, whereas vibrations containing isolated shocks will
have a broader magnitude distribution. Thus the ratio of rms to higher-order root mean values
(e.g., rmt=rms, where rmt is twelfth root mean value) can be used to identify vibrations
containing shocks. In the frequency domain, the amplitudes of random vibrations will be
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Sinusoidal

Multisinusoidal

Transient

Shock

Stationary
random

Nonstationary
random

Figure 21.6 Examples of deterministic and random vibration waveforms. (From Grifﬁn, M.J.,
Handbook of Human Vibration, Academic Press, London, 1990. With permission from Elsevier.)

distributed across the frequency spectrum, whereas the amplitudes of deterministic vibrations
will tend to be concentrated in speciﬁc frequency bands. Thus the peak=mean amplitude ratio
in the frequency domain can be used to categorize deterministic and random vibrations [51].
Vibrations can be expressed in both the time domain and the frequency domain. In the
time domain, vibration is expressed as the magnitude of the displacement x(t) or acceleration a(t) as a function of time, t. Similarly, vibration can be deﬁned in the frequency domain
by the amplitude of the vibration, A( f ) as a function of frequency, f. The frequency
domain can also be used to express the power spectral density of the acceleration waveform,
G( f ) in (m s2)2 Hz1.

21.4 Whole body response to vibration and shocks
The human body is a complex system consisting of many subsystems. A complete analysis
of such a system and the responses of its individual components to external vibrations will
also be complex and is beyond the scope of this chapter. However, as explained in the
following sections, an understanding of human response to vibration can be obtained by
application of relatively simple models.
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21.4.1 Forced vibration
The human body will exhibit a dynamic response to an externally imposed vibratory force.
The response will depend on the
.
.
.
.

Nature of the forcing vibration (frequency, amplitude, and point of application)
Mechanical constants of the system: this will depend on body composition (mass,
tissue distribution, elastic, and viscous properties of connective tissue)
Conﬁguration of the mechanical system (posture, standing, seated)
Point at which the response of the system is measured (pelvis, chest, shoulder, or
head)

When evaluating human response to vibration, the human can be represented as a series
of interconnected mechanical elements, as illustrated in Figure 21.5, with each element
having its own unique natural frequency and damping. Hence at different forcing frequencies
of external vibration, different elements may be more or less affected—more prone to damage,
pain, discomfort, and impaired performance.
Each element of the model in Figure 21.5 simpliﬁes the mass, elasticity, and damping of
individual tissues such as muscle, tendon, ligaments, and bone, to ‘‘average’’ values
representing a more detailed set of parameters. For example, in a more complete model,
each ‘‘spinal unit’’ consisting of a vertebra and its surrounding discs, ligaments, and
tendons will comprise a separate element having its own unique parameters. Hence, the
type of simpliﬁed model shown in Figure 21.5 is referred to as a ‘‘lumped parameter’’
model.

21.4.2 Transmission of forced vibration
To evaluate the effects of external vibrations on the human body and its subsystems, it is
necessary to ﬁrst understand how much of the vibration is transmitted to each particular
subsystem. Transmission is dependant on the forcing frequency of the input vibration
signal, and the natural frequency and damping of each element. The basic principles
of human response can be understood by examining the response of a simple system
consisting of one element.
A vehicle operator is subject to vibration transmitted from the seat of the vehicle to the
upper body. Considering the torso as a single element and neglecting damping, the system
can be represented as shown in Figure 21.7.
When the system is excited by a steady-state sinusoidal vibration having a displacement
X sin(vt) input at the seat, the vibration will be transmitted to the mass, m. The vibration of

s = S sin (wt + j)

m

k
x = X sin (wt )

Figure 21.7 Mass-spring system subject to forced vibration of the form X sin(vt).
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the mass will be similar in form but of a different magnitude, S sin(vt þ w). The ratio of the
displacements S=X represents the transmission ratio. As the compression of the spring is
the difference between of the two displacements, the forces acting on the mass can be
described by the equation
mv2 S sin (vt þ w) þ k[S sin (vt þ w)  X sin (vt)] ¼ 0

(21:6)

For equilibrium, when vt þ w ¼ 0, then vt ¼ 0, and therefore w ¼ 0 or p.
Assuming that w ¼ 0, then
k(S  X) ¼ mv2 S

and

kX ¼ (k  mv2 )S

Rearranging, S ¼ X[1=[1  (m=k)v2 ]]
Substituting k=m ¼ vn2 provides a transmission ratio of
S=X ¼ 1=(1  v 2 =v 2n ) or

S=X ¼ 1=(1  f 2 =fn2 )

(21:7)

where
f is the forcing frequency
fn is the natural frequency of the system
In this model, as

v!0
v!v
pn
v ! 2 vn
v!1

S!X
S!1
S ! X
S!0

and, w ¼ 0
i:e:, w ¼ p

when f < fn the output is in phase with the input (i.e., the seat and the mass always move
in the same direction and w ¼ 0). When f > fn the output is 1808 out of phase with the input
(i.e., they move in the opposite directions and w ¼ p).
All systems have some intrinsic damping due to energy dissipation within the structure.
If damping is introduced in Figure 21.7, this reduces the vibration near the natural
frequency fn of the system. Damping will also introduce a phase lag, w, between the
input vibration and the output response of the mass m. The force equilibrium equation
for steady-state vibration now becomes
mv2 S sin (vt þ w) þ cv[S cos (vt þ w)  X cos (vt)] þ k[S sin (vt þ w)  X sin (vt)] ¼ 0
The solution of this equation can be expressed in terms of the natural frequency, vn, and
damping ratio, ^c, of the system [52] as
S=X ¼ [1 þ (2^cv=vn )2 ]1=2 =[(1  v2 =v2n )2 þ (2^cv=vn )2 ]1=2

(21:8)

where ^c is the fraction of critical damping or damping ratio ¼ c=cc
As critical damping cc ¼ 2vnm, hence ^c ¼ c=2vnm
This solution is similar to Equation 21.7 above with the additional term [2^c(v=vn)]2 on
the numerator and denominator due to damping. The magnitude of the amplitude
response (transmission) will depend on the frequency of the input oscillation and the
damping ratio (^c). In a lightly damped system, there will be a large magniﬁcation if
the forcing vibration is close to the natural frequency (vn) of the system. In a heavily
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Figure 21.8 Transmission of forced vibration from the base of a single degree of freedom system (as
shown in Figure 21.4) as a function of the frequency ratio f=fn and the damping ratio c=cc.

damped system there will be a small increase in magnitude close to the natural frequency.
When the forcing
vibration has a frequency (or frequencies) much greater than vn (or to be
p
exact v > 2 (vn)) the transmission through the system to the mass will be attenuated. In
addition, transmission of high-frequency vibrations (v  vn) will be much less (i.e.,
vibrations of the mass, m, will be smaller) in a lightly damped system than in a heavily
damped system. The effect of damping and frequency on the transmission of vibrations is
illustrated in Figure 21.8.

21.4.3 Seated operator subject to forced vibration at the seat
Although the above describes the response of a simple system (containing a single degree
of freedom), it has been shown that the response of the upper body can be represented
with reasonable accuracy by this type of model. Figure 21.9 shows the apparent mass of
humans measured at the seat in response to vertical (z axis) sinusoidal vibrations having
different frequencies but a constant acceleration level [53]. The apparent mass, ma, is a
measure of the force exerted by the person on the surface of the seat divided by the
acceleration of gravity (ma ¼ F=g). There is a clear resemblance to the response of a simple
system also shown in the same ﬁgure. Using this technique, Fairley and Griffen [53]
developed a model of the human body having fn ¼ 5 Hz and a damping ratio of 0.475
critical damping.
Similar data have been measured in the fore–aft (x axis) and lateral (y axis) directions
[50]. While still approximating simple systems, the x and y directions suggest a lower
natural frequency (1–2 Hz), and different damping characteristics from the z axis. Hence, in
the ISO 2631-1 [48] standard for WBV exposure, the frequency-weighting curve speciﬁed
for the z axis is different from that of the x and y axes to reﬂect their different response
characteristics.
The response shown in Figure 21.9 is an oversimpliﬁcation of a complex system. The
excellent agreement between the model and the measured data occurs because the measurement method reﬂects the accelerations of the main mass of the torso. The acceleration of

Kumar/Biomechanics in ergonomics, second edition 7908_C021 Final Proof page 580 23.10.2007 11:37am Compositor Name: VAmoudavally

580

Biomechanics in ergonomics, second edition

Normalized apparent mass

2

1

0

Phase (deg)

0

−45

−90

0

5

10

15

20

Frequency (Hz)

Figure 21.9 Mean normalized apparent mass of 60 people (1 SD) compared with one degree of
freedom model (- - -). (From Fairly, T.E. and Grifﬁn, M.J., J. Biomech., 22, 81, 1989. With permission
from Elsevier.)

smaller subcomponents of the body, for example, the head or internal organs will be
hidden due to their smaller mass and the site of measurement. Measurement of oscillations
of the thorax and abdomen subsystems show a similar response, but with lower natural
frequency ( fn ¼ 3). Measurement of acceleration at the head (seat–head acceleration transmission ratio) shows a more complex picture [54]. When sitting erect, resonance occurs
at 5, 11, and 15 Hz. When sitting relaxed resonance occurs at 4 Hz and transmission
is attenuated rapidly above this frequency. The change in the response characteristics
most probably reﬂects alterations in the stiffness of the system caused by change in
muscle tension.

21.4.4 Critical frequencies of whole body vibration
A number of frequencies have been identiﬁed as the resonance frequencies of subsystems
within the body using a variety of measurement techniques. For example, accelerometers
mounted on a bite-bar held in the mouth can be employed to detect resonances at the head.
Subjective measures of discomfort and pain can also be used to detect resonances of
internal organs (e.g., heart). Resonance of internal organs will not show on whole body
transmission curves due to the small mass involved, but are critical in deﬁning vibration
(i.e., acceleration) tolerance limits, and critical frequencies. Although values vary somewhat among authors and across subjects, the following resonance frequencies have been
associated with speciﬁc systems of the body [52,55–58]. Values are for z axis accelerations
unless otherwise stated.
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Spine, 5 Hz
Pelvis, 5 and 9 Hz
Abdomen–thorax, 3 Hz and 5–8 Hz (supine, x axis)
Lower intestine, 8 Hz (seated)
Heart, 7 Hz
Head–neck–shoulder, 20–30 Hz
Eyeballs, 60–90 Hz
Lower jaw–skull, 100–200 Hz

21.4.5 Ergonomic implications
When solving problems of WBV (for example, the design of suspension or seating in a
vehicle) the degree of stiffness can be altered to separate the resonant frequency of the seat–
human mass-spring system from the forcing frequency of the vehicle (a function of road
characteristics and speed). Damping can also be altered to obtain the best ride quality: for
high frequencies of vibration, use low damping and for low frequencies of vibration, use a
higher damping ratio. This process is referred to as vibration isolation and is discussed in
Section 21.7.4. Most vehicle vibration is not pure harmonic motion; generally a more
complex waveform exists, consisting of several superimposed oscillations having different
amplitudes and frequencies, so the solution to these problems can be difﬁcult with
conﬂicting requirements.
The same principles can be used to isolate vibrations in heavy machinery. By mounting
the machinery on a foundation having the optimum mass, stiffness, and damping it is
possible to reduce transmission of vibration to the workforce through the ﬂoor. Similarly,
anti-vibration ﬂoor matting can be used to isolate the workforce from high-frequency
vibrations transmitted through the ﬂoor or other structures, although this solution is less
effective at lower frequencies. These principles can also be applied to the design of machine
tools in order to reduce transmission to the hand–arm system.

21.4.6 Impacts and mechanical shocks
Investigations of mechanical shocks to the human body due to impacts include horizontal
impacts occurring in vehicle collisions and vertical impacts occurring in the seated posture
(due to pilot ejection or lifeboat free-falls). The effects of mechanical shocks are based
on data from both cadaver and epidemiological studies and the use of biodynamic
models and manikins (crash test dummies). As shock accelerations are much higher than
those encountered in WBV, shocks are commonly measured in units of ‘‘g’’ (where
1g ¼ acceleration of gravity ¼ 9.81 m s2).
Vertebral fracture incident rates of 19% and 21% were reported in early pilot ejections
from United Kingdom and U.S. aircraft [59,60]. The ejection seats were speciﬁed to produce
accelerations of 18–22g. Others reported no vertebral fractures when accelerations were 15–20g, and a 41% fracture rate from ejections at 20–25g [61]. Although
fractures were found at all levels of the thoracic and lumbar spine, the highest rates
occurred in the lower thoracic region. Over 50% of the injured pilots sustained more
than one fracture.
Tolerance of the spine to shock has been estimated from a combination of in vitro data of
vertebral yield strength, biomechanical analyses, and probability theory. Stech and Payne
[62,63] constructed injury probability curves as a function of z axis acceleration level.
Results indicated a 0.5 probability (50% chance) of fracture at an acceleration of 18g at
age 20, reducing to 13g at age 40. By comparison, a 0.5 probability of end plate fracture in
the lumbar region was calculated to occur at approximately 10–12g.
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The response of the vertebral column to þz axis (vertical) impacts has been studied
using instrumented human cadavers [64]. At onset of an impact, the facet joints are
subjected to compression followed by tension. This results from an initial extension of
the spine, followed by a forward ﬂexion of the head and torso. Vertical acceleration
coupled with forward ﬂexion generates a bending moment at the vertebral joints. This
causes added compression of the anterior aspect of the vertebrae, particularly in the lower
thoracic region, resulting in anterior wedge fractures. This type of response can be simulated in detailed biomechanical models, and the information obtained used in the design of
seating, posture, and restraint harnesses for workers at risk of impact loading.

21.4.7 Dynamic response to impacts
Due to the dynamic characteristics of the human body, the peak force transmitted to the
body tissues is dependent on
.
.
.
.

Peak impact acceleration magnitude
Acceleration pulse duration
Natural frequency ( fn) of the body (or subsystem)
Damping ratio

For a constant acceleration, or for accelerations with durations greater than 1=fn, the force
transmitted is a function of acceleration. If the pulse duration is much shorter than 1=fn, the
elastic tissues will still be compressing when the acceleration ends. In these circumstances
the force transmitted is dependent on the velocity change, or Dv [65]. In most vehicle
collisions or impacts due to falls from a height, the impact duration is extremely short and
measured in milliseconds. Hence Dv is often the critical factor. As the velocity change is the
integral of acceleration with respect to time, the allowable (or safe) peak acceleration will
increase linearly with the inverse of pulse length. The concept of a constant Dv (acceleration 3 pulse length) is used in the analysis of the severity of vehicle collisions and their
likely effect on humans. This information can be used in designing the impact absorption
characteristics of vehicles and in the analysis of road accidents and insurance claims.
Glaister [65] suggested that for a seated posture, where the natural frequency of the
torso is approximately 5 Hz, the critical pulse length for z axis impacts is about 0.2 s above
which acceleration is the limiting factor. Glaister [65] extended his theoretical approach to
produce curves of acceleration tolerance as a function of pulse duration (constant Dv), for
the body in seated, standing, and supine postures. These curves should be treated with
caution as they are based on a simple model, a square wave acceleration pulse and limited
data are only intended as an indication of the most probable level of tolerance. Table 21.1
shows some examples of the limiting Dv, the critical pulse duration, Dt and limiting
acceleration for different shock directions, postures, and restraints. Separate data sources
are available for head acceleration tolerance and injury severity due to impact [66,67].

21.4.8 Vibrations containing repeated mechanical shocks
Operators of heavy industrial and military vehicles are frequently exposed to high levels of
WBV in the range 1.0–2.5 m s2 (rms) and repeated mechanical shocks having peak
accelerations greater than 10 m s2 [68]. Roddan et al. [51] reported z axis shocks in military
vehicles in the range of 2.0 to þ 6.5g (20 to þ65 m s2) having a fundamental waveform
frequency of 1–6 Hz. Epidemiological studies have shown these exposures to be associated
with high levels of LBP and degenerative disorders of the spine. The evaluation method
of ISO 2631-1 [48] involving frequency weighting and rms averaging is designed for
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Table 21.1 Acceleration and Dv Tolerance of the Human Body in Various Postures:
Velocity Change, Dv Is the Limiting Factor for Pulses below the Critical Pulse Duration,
Dt and Acceleration Is the Limiting Factor above the Critical Pulse Duration
Acceleration
Direction

Posture

Restraint

Dv (m s1)

Pulse Duration
Dt (s)

Acceleration
a (m s2)

x
þx
þy
þz
þz
þz

Seated
Seated
Seated
Seated
Seated
Standing

Lap=shoulder
Lap=head-rest
Lap=shoulder
Lap=shoulder
None
None

9
24
4.8
25
4.5
3

0.045
0.06
0.06
0.18
0.09
0.12

200
400
80
140
50
25

Source: From Glaister, D.H., Injury, 9, 191, 1978.
Note: Based on a square-wave pulse where Dv ¼ a Dt.

steady-state vibrations and is not appropriate for this type of exposure. The standard
recommends the use of a running rms average to identify the maximum transient vibration
value or a vibration dose value (VDV) based on the fourth power of acceleration to
characterize exposure to repeated shocks. These methods have been criticized as lacking
in physiological or biomechanical basis, and may not reﬂect the true severity of large
amplitude shocks.
An attempt to gain a quantitative understanding of the physical and mechanical
processes underlying the adverse effects of repeated loading must begin with investigation
of the mechanical properties of tissues. There is a correlation between the effects of
repeated loading of tissues due to mechanical shocks and the failure mode of engineering
materials. Mechanical systems fracture under a single severe load above the ultimate
(failure) strength of the material. These systems also suffer fatigue failure in response to
repeated loading below the ultimate strength. Researchers have therefore proposed mechanical fatigue due to repeated loading as a factor in chronic degeneration of the spine (see
Section 21.2.4). This concept has been used to develop fatigue failure models of vertebral
joints when subject to repeated mechanical shocks [35,69–71].
If a material is subject to repeated loading to a stress level below its ultimate strength,
then the material will eventually fail after a ﬁnite number of load cycles. The number of
cycles to failure (N) will depend on the level of stress, and can be deﬁned by the relationship:
N ¼ (Su =S)x

(21:9)

where
Su is the ultimate strength in N m2
S is the applied stress
x is an exponent that varies depending on the material properties
Studies of human tissues have yielded values of x in the range of 5–13 for bone and 20 for
cartilage [72].
Miner [73] proposed that the degree of fatigue (or fraction of fatigue life) of a material
can be expressed as D ¼ n1=N1, where n1 is the number of cycles completed at stress S1, and
N1 is the number of cycles to failure. When a material is exposed to several levels
Pof stress Si
for different numbers of cycles ni, this relationship can be generalized as
ni=Ni and
substituting from Equation 21.9:
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Degree of fatigue: D ¼

X

[ni (Si =Su )x ]

(21:10)

In this model a dose value of D ¼ 1.0 represents the accumulated exposure at which
fatigue failure is expected.
Allen [69] and Payne [74] developed a dynamic response index (DRI) to characterize the
severity of vertical shock loading of the spine and the potential for injury. Dynamic
response index is based on a single degree of freedom biodynamic model of the upper
body similar to the one shown in Figure 21.4, having a natural frequency of 11.9 Hz and a
damping ratio of c ¼ 0.224 [70]. The DRI severity is dependent on the compression of the
spring (or stress level), and an assumed compression tolerance (or ultimate strength)
derived from the pilot ejection data described in Section 21.4.6. Using the fatigue failure
theory of Equation 21.10, the DRI was extended to evaluate the injury potential from
exposure to repeated shocks in vehicles.
Cameron et al. [75] measured the spinal response of U.S. Army personnel to repeated
shocks in the range 4g and 2–20 Hz. It was found that the response of the lumbar
vertebrae to shocks in the x and y axes could be characterized by the model shown in
Figure 21.4, having a natural frequency of 2.125 Hz and a damping ratio of 0.22. Response
to z axis shocks was nonlinear for large amplitude shocks (>2g), but had a peak transmission ratio at approximately 4 Hz. A biomechanical model was developed to calculate the
compression at the L4=L5 lumbar joint in response to individual shocks [76]. Using
this data, a fatigue failure model was used to determine a cumulative compression
dose value [77]. The probability of injury from exposure to repeated shocks in vehicles
was then calculated from the dose value and the variance in vertebral strength obtained
from cadaver data. The components of this model are illustrated in Figure 21.10. Exposure
to vibration containing 0.5g and 1.0g shocks at 12 shocks=min gave a 10% probability
of injury after 10 years of exposure. In contrast, daily exposure to 2g and 4g shocks gave
a 20% probability of injury after 1 day [71].

21.5 Measurement of whole body vibration
The measurement of WBV data is affected by a number of factors including the type
of vehicle, speed, terrain, measurement location, and operator. In order that data collected
x, y, z
seat
accelerations

Lumbar
response
models

Peak lumbar
compressions

Biomechanical
model

Peak lumbar
accelerations

Injury
risk

Fatigue
model

Injury
probability
model

Compression
dose

Figure 21.10 An injury risk model based on cumulative exposure to repeated mechanical shocks.
(From Morrison, J.B., et al. Development of a standard for the health hazard assessment of mechanical shock and repeated impact in army vehicles: Phase 5, U.S. Army Aeromedical Research Laboratory, Fort Rucker AL, Report No. CR-96-1, 1997.)

Kumar/Biomechanics in ergonomics, second edition 7908_C021 Final Proof page 585 23.10.2007 11:37am Compositor Name: VAmoudavally

Whole body vibration

585

by different investigators from different sources can be compared across vehicles, it is
important that the method of measurement is consistent across studies. The performance
speciﬁcations, tolerance limits, and conformance (calibration) requirements of measuring
instrumentation for WBV were standardized and published in ISO 8041 [78].

21.5.1 Instrumentation and equipment
The basic components of a vibration measurement system consist of an accelerometer,
mounting device, signal conditioning equipment, data storage medium, and a signal
analysis system. An accelerometer is an electromechanical transducer that produces an
electrical output (voltage or charge) that is proportional to the acceleration input. A
common form of accelerometer consists of a piezoelectric element coupled to a mass. The
piezoelectric element has the property of generating an electrical charge that is proportional to the stress within the material. When subject to vibration the mass exerts a force on
the piezoelectric element, thus generating a stress that is proportional to the acceleration.
As an accelerometer has the properties of mass, stiffness, and damping, it will have a
resonant frequency, and frequency response characteristics similar to the single degree of
freedom model illustrated in Figures 21.4 and 21.8. To ensure that the accelerometer
provides an accurate measure, it must have a ﬂat response. Therefore, it is important
that the accelerometer is selected such that the upper limit of the measurement range
( fmax) is well below the resonance frequency ( fr) of the accelerometer ( fmax < 0.1 fr).
The accelerometer must be ﬁrmly attached to the measuring surface to obtain an
accurate measure of the vibration. The method of accelerometer mounting depends on
the location at which vibration is to be measured. Accelerometers are generally secured
to the measuring surface (e.g., ﬂoor) with a stud, or adhesive material. In WBVs measured
at the seat this is not practical, and a specially designed seat-pad is used consisting of a
ﬂexible, tapered disc (200 mm diameter 3 12 mm thick) in which a triaxial accelerometer is
embedded at the center [79]. The seat-pad is inserted between the operator and the seat
cushion.
The output from the accelerometer is input to a signal conditioning unit that both
powers the transducer and ampliﬁes the transducer output signal. The signal conditioning
unit may also provide ﬁltering of the accelerometer signal in accordance with the ﬁlter
speciﬁcations of ISO 2631-1 [48].
Traditionally data storage and analysis were accomplished using analog instrumentation: an analog tape recorder and vibration analyzer. Recently analog systems have been
replaced by digital storage and analysis methods. The output from the signal conditioning
unit is passed to an analog-to-digital (A=D) converter controlled by a computer and is then
stored in digital format for later analysis. Data analysis is normally performed in the time
domain to provide rms acceleration level, crest factor, and other measures such as VDV (see
Section 21.6.2).
Additional analysis may be performed in the frequency domain to determine the
power spectral density of the vibration signal. This is helpful in determining the source
of vibration, its waveform characteristics (frequency content), and in providing control
measures based on vibration isolation (see Section 21.7.3).

21.5.2 Measurement in the ﬁeld
The portability of equipment and independence from the main power supply are important
factors when collecting data in the ﬁeld. For WBV measures, a seat-pad accelerometer,
signal conditioner, A=D converter, and laptop computer are useful. This system can
be either battery powered, or supplied from a vehicle using 12 V DC to AC power
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inverter. Although custom designed hand-held vibration analyzers are also available,
these units generally process the raw data and display or store only the rms and peak
values. Thus, the actual signal is lost and cannot be recovered for more detailed analysis
in the laboratory without the addition of some auxiliary storage device. Recent developments in mass data storage now permit extended vibration data collection in the ﬁeld
using a miniaturized system consisting of a battery powered hand-held pocket computer
ﬁtted with an A=D card. Using this system, vibration data can be displayed in real
time, stored in memory for later analysis, or transferred over the internet via a wireless
connection.

21.5.3 Data sampling
When converting vibration data from the A=D format, the sampling rate at which the
signal is digitized must be chosen carefully. If the sampling rate is too low, the higher
frequency components of the signal may be missing or will not be accurately represented.
In addition, sampling may create low-frequency artifacts that do not exist in the original
analog data. This effect is known as aliasing.
Aliasing occurs when the sampled data contains frequency components greater than half
of the chosen sampling rate (known as the Nyquist frequency). These higher frequencies will
have one or less samples per cycle, and therefore will be ‘‘folded back’’ and appear as lower
frequencies below the Nyquist frequency. Thus, aliasing can lead to erroneous results and
misrepresentation of the true frequency content of the data. To avoid aliasing effects, the
original data should be low pass ﬁltered at or below the Nyquist frequency. As ﬁlters are
not rectangular in shape (having a ‘‘role-off’’ in output above the cut-off frequency)
normally the low pass ﬁlter should have a cut-off value <0.4 of the sampling frequency to
prevent aliasing.
Obviously the smaller the sampling interval Dt, the more accurate is the estimate of
the vibration signal, provided the raw data is accurate. However, a small Dt (high
sampling rate) may result in unnecessarily large data ﬁles that are cumbersome to store,
will slow data processing and require more expensive data analysis capabilities.
The optimum sampling rate will depend on both the maximum frequency ( fmax) of interest
and the type of analysis required. Although a sampling rate of twice fmax is sufﬁcient to
determine frequency content of the data, accurate analysis of amplitude requires a much
higher ratio. The sampling rate will affect ‘‘peak’’ amplitude values more than rms values.
Generally, the sampling rate should be at least 5 times fmax and for accurate amplitude
analysis of the highest frequencies a sampling rate of 20 fmax may be necessary.

21.6 Evaluation of whole body vibration and
typical levels in equipment
21.6.1 Introduction
There are three standards for evaluating human response to WBV:
1. International Organization for Standardization (ISO) 2631 Mechanical vibration and
shock—Evaluation of human exposure to WBV (various versions from 1974 to 1997)
[48]
2. Council of European Communities Directive (EEC No. C77, 1993) [80]
3. German Federal Ministry of Labour Occupational Disease No. 2110 and its medical
and occupational preconditions for vibration-induced spinal disorders [36]
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In this section, the various standards will be discussed and contrasted. Typical WBV
levels reported in the literature for various heavy equipment will then be compared with
the standards.

21.6.2 ISO 2631, Mechanical vibration and shock—evaluation of human
exposure to whole body vibration
The most recognized standard for WBV is the International Organization for Standardization
(ISO) 2631 Mechanical Vibration and Shock—evaluation of human exposure to WBV [48].
There are several parts:
.
.
.
.

Part 1 (1997) General requirements
Part 2 (2003) Vibration in buildings
Part 4 (2001) Evaluation of effects of vibration and rotational motion on passenger
and crew comfort in ﬁxed guideway transport systems
Part 5 (2004) Method for evaluation of vibration containing multiple shocks

One goal of the ISO 2631 is to simplify and standardize the reporting, comparison, and
assessment of vibration conditions. Vibration exposure is characterized by three biodynamic directions: x (side-to-side), y (fore–aft), and z (up–down). Measurements are of
weighted rms acceleration levels. Frequency weightings are provided in the standard for
health, comfort, and perception. There is also a frequency weighting related to motion
sickness and further weightings for seat-back measurements, measurement of rotational
vibration, and measurement of vibration under the head of a recumbent person.
If two or three vectoral components of a multi-axis vibration have similar magnitudes,
the effects on comfort and health of the combined motion can be greater than that of any
single component. In this case, a vector sum (A) is calculated from frequency-weighted rms
accelerations in each axis where 1.4 is the ratio of longitudinal to transverse acceleration
limits in the frequency ranges where humans are most sensitive:
A¼

p

[(1:4 axw )2 þ (1:4 ayw )2 þ a2zw ]

A crest factor is the ratio of maximum instantaneous peak value of the frequencyweighted acceleration signal to its rms value. The crest factor is used to investigate if the
basic evaluation method is suitable for describing the severity of the vibration on health
effects. With crest factors below or equal to 9.0, the basic rms method is recommended.
Where crest factors exceed nine, either the running rms or the fourth power VDV should be
calculated. The VDV in metres per second to the power of 1.75 (m s1.75) is deﬁned as

VDV ¼

8T
<ð
:

0

[aw (t)]4 dt

91=4
=
;

where
aw(t) is the instantaneous frequency-weighted acceleration
T is the duration of measurement
ISO 2631 [48] presents a ‘‘health guidance caution zone’’ in recognition of the increased
health risk to the lumbar spine due to WBV. The weighted rms acceleration is determined
for each axis and comparison with the health guidance caution zone is made with respect
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Figure 21.11 Health guidance caution zone from ISO 2631-1, 1997. (ISO Copyright. Permission for
the reproduction of Figure B.1—Health guidance caution zones from ISO 2631–1:1997 has been
granted according to License #06=07-UBC012 dated January 04, 2007. With the sole exceptions
noted above, no other part of the referenced ISO standard may be reproduced or utilized in any
form, or by any means, electronic or mechanical, including photocopying and microﬁlm, without
permission in writing from SCC. Permission for use of the ISO standard has been granted by
Standards Council of Canada in cooperation with HIHS Canada. Referenced standard can be
purchased through HIS Canada.)

to the highest acceleration, or the vector sum where two or more axes are comparable.
The health guidance caution zone is shown in Figure 21.11. For exposures below the zone,
ISO states health effects have not been clearly documented and objectively observed. In the
zone, the standard states caution with respect to potential health risks is indicated. Above
the zone, health risks are considered likely. The rms-weighted acceleration is compared
with the zone at the duration of the expected daily exposure. The VDVs corresponding to
the lower and upper limit of the health guidance caution zone are 8.5 and 17, respectively.
Recent work investigating the probability of lumbar syndromes caused by occupational
exposure to WBV has suggested that the current limit value for daily reference exposure of
0.8 m s2 is too high [81]. Signiﬁcant increases in lumbar syndrome were found with daily
vibration exposures of 0.6 m s2.

21.6.2.1 ISO 2631 Part 5—Method for evaluation of vibration
containing multiple shocks
The purpose of this standard is to deﬁne a method of quantifying WBV exposures containing
repeated shocks [82]. It is based on the assumption that the rms measure of acceleration
described in ISO 2631-1 [48] will underestimate the health effects of vibrations containing
large amplitude acceleration peaks due to shocks. The adverse effects on the lumbar spine
are considered to be the dominating health risk of long-term exposure to shocks. Therefore,
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ISO 2631-5 [82] is basically concerned with lumbar spine response. The standard contains
human lumbar acceleration response functions for the x, y, and z axes. These response
functions allow the peak value of lumbar acceleration to be calculated for each shock event.
A daily acceleration dose, D, is calculated based on the sum of the sixth power of the
individual acceleration peaks and the exposure duration. An informative annex to the
standard is provided for guidance on assessment of health effects of multiple shocks.
Biomechanical data and the material fatigue theory described in Section 21.4.8 are used
to calculate an equivalent lumbar stress level (lumbar compression dose, Se measured in
MPa) from the acceleration dose D. Se can be extrapolated to obtain a lifetime exposure and
a corresponding health risk, R that is dependent on the age of the operator and years of
exposure. A value of R < 0.8 indicates a low risk of lumbar injury and R > 1.2 indicates a
high probability of an adverse health effect.

21.6.3 European Economic Community Council Directive (93=C77=12)
The EEC Directive references three levels [80]:
1. Ceiling level: the exposure value giving rise to risks for an unprotected person;
exceeding this level is prohibited and must be prevented through the implementation
of provisions of the Directive
2. Action level: the value (between threshold and ceiling levels) above which one or
more of the speciﬁed measures must be undertaken, such as measures to reduce
exposure, worker information, and training
3. Threshold level: the ideal WBV value that provides a goal
Whole-body vibration exposure is determined using the vector sum (rms) of the values
of x, y, and z axis vibration as deﬁned by ISO 2631-1 [48]. The threshold, ceiling, and
action levels are 0.25, 0.5, and 0.7 m s2, respectively. The ceiling level in the EEC
Directive of 0.7 m s2 falls within the caution zone of the new ISO 2631-1 (1997) [48]
exposure limit for 8 h.

21.6.4 German Federal Ministry of Labour recommended occupational
preconditions for vibration-induced spinal disorders
The health risk for Occupational Disease No. 2110 depends on the total occupational
vibration dose which is a product of vibration magnitude, hours of exposure per day,
and number of days and years [36]. The acceleration related to an 8 h daily reference
exposure is calculated using the ISO frequency-weighted rms acceleration level in the z axis
and the daily vibration exposure duration. Only days with equivalent vibration exceeding
0.8 m s2 are considered for calculation of the total vibration dose. However, if the worker
is exposed to shock-type vibration or constrained to a poor body posture (twisted, bent, or
leaning to the side), exposure days with acceleration of 0.6 m s2 must also be considered
in the calculation. This infers that WBV containing shocks is recognized to be more harmful
than steady-state WBV, and that poor posture lowers the threshold for health effects in
response to WBV exposure. The cut-off below 0.8 m s2 infers that there is a threshold
above which WBV becomes harmful.
The occupational dose corresponding to increased risk of occupational back disorders is
based on a daily dose (7 h=day) of 0.8 m s2 for 10 years (220 working days of exposure=year)
resulting in a limit dose value of 1400. Less than 10 years of exposure can result in limit dose
values of 1400 or more if the acceleration amplitude is sufﬁciently large.
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Figure 21.12 Representative WBV levels az (m s2 rms) for various vehicles and heavy equipment
compared with the lower and upper limit of the ISO 2631-1, 1997 Health guidance caution zone for a
typical day operating (about 7 h). WBV levels were reported in Palmer and Grifﬁn (2000) and each is
a median of several measured and reported values.

21.6.5 Levels of whole body vibration commonly encountered
in heavy equipment operation
There are many reports documenting the level of vibration in a variety of on-road vehicles
(cars, trucks, buses), off-road vehicles (tractors, skidders, tanks, construction equipment),
air transport (helicopter, ﬁxed wing), water transport (ship, hovercraft, hydrofoil), and
other miscellaneous equipment (amusement park rides, motorcycles, bicycles, subways).
Studies have reported vibration measurements in various ways, including minimum
and maximum amplitudes and averages for each axis, as a vector sum of three axes, and
more recently as VDV. Measures will vary according to the measurement procedure
(including duration of measurement), type of terrain, speed of travel, experience of the
driver, instructions given to the driver, whether the equipment was loaded or unloaded,
and the total number of measures taken. Figure 21.12 shows typical levels of WBV
measured as az (m s2, rms) in a variety of vehicles and heavy equipment compared with
the upper and lower limit of the Health Guidance Caution Zone of ISO 2631-1 [48]. Each
WBV level represents the median of several measured and reported values [1].

21.7 Whole body vibration control measures
The goal of WBV control measures is to reduce the amplitude (magnitude) of vibration and
the transmitted forces to acceptable levels in order to prevent adverse health effects.
Vibration control can be done at the source, along propagation paths, and at the receiver.
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The following represents a general hierarchy of control measures, however the best
controls will likely be a combination of methods:
.
.
.
.
.
.

Elimination
Substitution
Engineering control (at the source or in transmission)
Administrative control and Education
Health monitoring
Personal protective equipment

21.7.1 Elimination
Elimination of the vibration exposure through use of a different process is the most
effective control option. For example, using conveyor transport in an open pit mine to
move crushed rock, rather than haulage vehicles eliminates exposure. Another example
would be the use of remote-controlled load–haul–dump machines in underground mining
where the operator is not in contact with the machine.

21.7.2 Substitution
Substitution involves selection of vehicles or machinery and components (e.g., seating,
suspension) that minimize exposure to WBV. Two databases containing large numbers of
measurements of WBV for comparative purposes in selecting vehicles and equipment are
located at the Institute of Occupational Safety in Germany and the National Institute for
Working Life in Sweden. Any vehicle comparisons must ensure that measures are taken on
the same road surfaces and at the same speeds and vehicle loadings.

21.7.3 Engineering controls
Engineering controls can have an effect at the source or in the path of vibration transmission.
For example, improving the balance of rotating equipment reduces vibration, as does
modifying equipment by reducing impacts, friction, velocities of parts, and by isolating
the internal components from outer casing or isolating machinery from the ﬂoor surface.
Increasing the system mass, use of tuned absorbers and adjusting the amount of damping
can also reduce vibration. Detuning the system can achieve a resonant frequency outside
the range of excitation frequencies. Engineering controls along the path of transmission
include use of ﬂexible connections and vibration isolators (anti-vibration mounts). Tire
type and inﬂation pressure can affect WBV transmission. Generally larger tires with lower
inﬂation pressure reduce transmission. Vehicle suspension between the wheel and chassis
or cab suspension can also reduce transmission of vibration. Seating suspension can be
effective or can increase transmission of WBV depending upon the combination of vehicle
vibration characteristics, the stiffness and damping of the seat-suspension, mass of the
operator, and the road conditions. In one study of various ﬁeld combinations of eleven
seats, 17 out of 24 (71%) of the vehicle-seat combinations resulted in attenuation of
vibration, the remainder ampliﬁed the vibration and there were no differences between
conventional suspension and air suspension [83]. Engineering controls can also include
leveling and maintaining of the road surface, elimination of potholes, and paving.

21.7.4 Administrative control and education
Administrative controls for WBV generally aim to limit the duration of exposure or focus
on avoiding rough terrain. Providing education and training is also an administrative
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solution. The duration of exposure can be reduced by adding tasks other than driving to an
operator's job, such as maintenance, inventory, or administration. Rotating drivers to other
jobs, or rotating high-vibration equipment with low-vibration equipment can be helpful.
Ensuring that breaks are taken away from the source of vibration can also reduce overall
exposure. Controlling vehicle speed and instigating vehicle and road maintenance schedules reduces vibration. For example, the fall freeze-up and spring thaw are known to be
rougher, so a company might decide to reduce hours of work during these periods or
provide more grading of roads. Some companies either enforce slower driving speeds or
lock out the gears in second gear to reduce speed and therefore WBV transmission.
Workers who are exposed to WBV should be provided education as to the health effects
related to WBV as well as ways of minimizing exposure. Workers should learn why and
how to adjust the seat and the seat-suspension system. They should also be encouraged to
report any problems with seat or suspension maintenance to ensure it is working properly.
It is essential that the seat height feature of the chair can adjust independently of the
suspension system so workers can beneﬁt from the suspension system. Workers should be
encouraged to recline the seatback approximately 208 and use the armrests so the
chair supports their weight and reduces spinal compression. If the chair back has inadequate support for the lumbar curve, they should add a small lumbar support to maintain
their lumbar curve. They should avoid twisting or bending of their neck and back as much
as possible when exposed to WBV. Workers should be encouraged to take frequent breaks
when exposed to vibration and to stand and stretch. It is also important to not bend, jump
from the vehicle, or lift directly after WBV exposure. Workers should stand, stretch, and
walk for 1 or 2 min before lifting. Drivers can also be taught ways to drive that minimize
WBV, such as speed control and route selection to avoid potholes. They should also be
encouraged to maintain general exercise, health and ﬁtness off the job, and minimize
nonwork vibration exposure.

21.7.5 Health monitoring
A good health monitoring program to minimize WBV-related problems would include
education so workers can recognize early symptoms related to WBV such as back pain,
loss of motion or strength, or tingling in the legs. Workers should be encouraged to report
symptoms early and to monitor increased problems. Should symptoms continue, workers
may need to reduce exposure and get medical advice. If problems persist they may need to
switch to a vibration-free job. Consideration of WBV exposure is important when returning
an injured worker back to work following a back injury. Operating a vehicle or heavy
equipment may further aggravate a previous back problem.

21.7.6 Personal protective equipment
Personal protective equipment for reducing WBV exposure, such as back belts has not been
shown to be helpful. These may actually stiffen the posture so workers cannot ‘‘ride’’ the
motion. Lumbar supports or cushioned inserts for seating, however can help provide
additional postural support and may increase comfort.

21.7.7 Conclusions about WBV control measures
Few controlled studies have been performed that evaluate the effectiveness of the various
control measures at reducing WBV or back pain. In one small study among forklift
workers, the intervention group received a lumbar support and training for how to use it
and a physical exercise regime for the prevention of LBP [84]. Almost 16 months later a
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second intervention was introduced involving improvement in seats and tires of forklifts to
reduce WBV exposure. The study found that the prevalence of LBP in the forklift workers
decreased signiﬁcantly after the two interventions while remaining unchanged in the other
blue-collar and white-collar workers. The reduction in prevalence was small after the
lumbar supports and exercise, however a larger reduction was realized 9 months later
when WBV exposure was reduced. It appears that the best approach to reducing WBV
exposure and minimizing health effects may be a combination of several control measures.
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22.1 Introduction
The number of global job-related accidents and injuries is on the rise likely due to rapid
industrialization in several developing countries (ILO 2005). Each year there are some 268
million nonfatal workplace accidents where the victims miss at least 3 days of work. The
International Labour Organization (ILO) has also estimated that workplace accidents and
illnesses are responsible for 4% loss in global gross domestic product (GDP). The problems
of accidents and injuries are too common in all jurisdictions. Bureau of Labor Statistics in
the United States reported a total of 4.3 million nonfatal injuries and illnesses in 2004 (BLS
2005). These cases occurred at a rate of 4.8 cases=100 equivalent full-time workers (BLS
2005). Goods producing industries as a whole had an injury and illness rate of 6.5 cases=100
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equivalent full-time workers, while this number for the service industry was 4.2 cases=100
full-time workers. On the Canadian scene, though up-to-date statistics are not readily
available, an average of slightly less than 1,000,000 occupational injuries have been
reported each year between 1970 and 1997. Considering the total population of 30 million,
it represented a signiﬁcant portion of the total population.
Regardless of statistics, it is clear that occupational accidents and injuries have occupied
a common place in our industrial society. The fact is that these are unplanned, undesirable
incidents for which varying efforts are made to avoid them. Clearly, our inability to control
them indicates the fact that either these injuries are unavoidable or our strategies are
inadequate. Kumar (2001) argued that human beings did not evolve to become industrial
workers. The process of human evolution has taken 250–275 million years. None of the
evolutionary pressures that guided human speciation to the current form and function
were modulated by the modern industrial circumstances. On the other hand, the development of the current industrial society with all its sophistication has taken a maximum of
300 years. This development is insigniﬁcant when compared to the evolutionary span. As a
consequence human beings are ill adapted to perform the occupational activities in industrial regime. Clearly, this renders the situation beyond correction. However, given the
socioeconomic order of the society it is also not possible to return to nomadic life of hunters
and gatherers. Such a predicament necessitates that we understand the phenomenon of
occupational accidents and injuries as solely as possible to develop strategies for its
prevention.

22.2 Cumulative load deﬁnition
The term ‘‘cumulative load’’ is a descriptive one. There has not been enough discussion
over it either in the literature or informally in the scientiﬁc community. The term ﬁrst
appeared in published scientiﬁc literature in 1990 (Kumar 1990). In this publication cumulative load was described as accumulated lifetime exposure to load. However, no formal
deﬁnition was proposed. Scientiﬁc inertia took roughly a decade before it was mentioned
again (Norman et al. 1998). In any case, the deﬁnition for this term is being proposed as
‘‘Accumulated load exposure given by load and time product over the working life.’’

22.3 Cumulative load description
The common and universal experience of load and loading has both advantage and
disadvantage in grasping the concept of cumulative load. Generally, the workers have
considered the magnitude of load alone as the occupational hazard. As a matter of fact, the
same approach has been taken by large standardizing organizations such as ILO, National
Institute of Occupational Safety and Health, United States, and other such organizations.
These agencies have set up a load limit for workers. Numerous workers in the ﬁeld have
evaluated the hazards for workers by calculating the peak load on human joints (Hult 1954;
Evans and Lissner 1959; Sonoda 1962; Magora 1970, 1972, 1973; Chafﬁn and Park 1973;
Snook 1978; Andersson 1981; NIOSH 1981; Heliovaara et al. 1987; Kumar 1990; Statistics
Canada 1991). Bernard (1997) published an extensive review of literature showing load and
injury relationship. The concept of cumulative load is a departure from this paradigm.
Whereas it is conceded that the peak load is a hazard in itself but it is emphasized that the
critical magnitude can be signiﬁcantly modulated by the history of load exposure. Whereas
every tissue has an ultimate failure strength, it can be signiﬁcantly modiﬁed by the state of
the tissue. Cumulative load will have a considerable effect both in short and long terms of
its state. For the foregoing reason, an understanding of cumulative load is important.
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If a tissue is subjected to a ﬁxed load over a discrete time once, the single cycle
cumulative load can be given by the expression:
CL ¼ Load (N)  time (s) N s (Newton second)

(22:1)

where CL is the cumulative load and N is the Newton
This is also presented in Figure 22.1A. However, if during the single cycle the load
varies, then the cumulative load of the cycle has to account for the time varying load
(Figure 22.1B) and can be expressed as follows in a uniform time varying load exposure.
CL ¼ x(a þ b þ c) þ y(a þ b) þ z(a) N s

(22:2)

where
CL is the cumulative load
x is the load 1
y is the load 2
z is the load 3
a is the time segment 1
b is the time segment 2
c is the time segment 3
The exposure represented is an idealized expression and in real life the magnitude
of load and duration of its exposure vary according to the nature of activity and its
variation. An example of this is demonstrated in Figure 22.1C. In such cases, the single
cycle cumulative load is obtained as the area under the curve in terms of Newton second.
To obtain this Kumar (1990) divided the entire duration of the activity in equal 200 ms
segments and calculated the average load during that period. All these load-duration
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Figure 22.1 Cumulative load of a single cycle under three conditions. (A) Cumulative load of a ﬁxed
load, (B) cumulative load of a uniform time varying load exposure, and (C) cumulative load of an
irregular time varying load exposure.
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segments were summed to get the cumulative load of a single cycle. This procedure was
represented as below:
CL ¼

X

0:2 (s) L1 (N) þ 0:2 (s) L2 (N) þ    þ 0:2Ln N s

(22:3)

where
CL is the cumulative load
L1 is the average load of the ﬁrst time segment
L2 is the average load of the second time segment
Ln is the average load of nth time segment

22.4 Cumulative load and occupational musculoskeletal injuries
Study of cumulative load in relation to occupational musculoskeletal hazard is still in its
infancy though the ﬁrst study demonstrating their relationship was published in 1990
(Kumar 1990). In a recent study, researchers (Waters et al. 2006) performed an extensive
search on the topic and identiﬁed a total of 13 studies. What is also of interest is that given a
lack of methodological standardization, many studies have concerned themselves with
sorting out methodology (Kumar 1990; Norman et al. 1998; Callaghan et al. 2001; Andrews
and Callaghan 2003; Kumar and Narayan 2005; Newell and Kumar 2005). It is also worthy
of note that in spite of the fact that the biomechanical principles are universal, all
investigations reported so far are only for low back pain problems.
Historically the relationship between biomechanical hazards and low back pain has
largely concerned themselves with the peak load of the activity cycle (Chafﬁn and Park
1973; Ayoub et al. 1983). The logic of the magnitude of peak load has been extensively used
in literature to support this approach is vast. Not only that it has been a topic of extensive
investigation but it has also served as the criterion of various control strategies (e.g., ILO,
NIOSH 1981 and 1993). The basic engineering principle and a matter of common observation that all physical materials undergo degradation and fatigue as a result of repeated
exposure has been largely ignored by the scientiﬁc community. Inanimate objects, by
repeated use wear out and by repeated loading undergo fatigue fracture. This is largely
due to the fact that repeated load exposure begins to weaken both inter-molecular and
intra-molecular bondage and over time reduces their tolerance to load, leading to fracture.
Actually, such a phenomenon is also observed among human structures such as Marcher’s
fracture. However, when it comes to occupational activities, we generally lose sight of it. In
Chapter 1 a description of the cumulative load theory of injury causation is based on this
fact. Essentially, the viscoelastic biological tissues undergo deformation with loads and
more so with repeated loading. As the viscoelasticity is a time-dependent property the
tissues require time to recover the deformation. The recovery time available is reduced
with repeated loading. It is considerably reduced with industrial pacing to meet the
production quota. Two very signiﬁcant effects ensue. The ﬁrst, due to lack of recovery
time and the deformation undergone causes a redistribution of mass within the tissue to
conform to the deformity. This clearly reduces the cross-sectional area of the tissue
increasing stress concentration for the subsequent loading cycles. As the tissue is mechanically less capable of bearing the load than it initially was, lowering the tolerance threshold.
Whereas one may assume the tissue retains the same structure and property as it initially
had, it is not true. The tissues are composed of numerous molecules that are chemically
bonded as well as mechanically attached. With repeated loading and deformation the
chemical bonds are also stretched out reducing the tolerance to load of the tissue. These
changes in the tissues render them vulnerable to rupture (Figure 22.2). Generally when a
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Figure 22.2 Forces on L5=S1 due to gravity. FT, FA, and FH (trunk, arm, and head force) and t, a,
and h (distances from the center of gravity of the trunk, arm, and head to L5=S1). (After Newell, T.M.
and Kumar, S., Clin. Biomech. 20, 130, 2005.)

rested tissue is subjected to maximal or supramaximal load the resistance of tissue to
failure is large due to the viscoelasticity. The latter, entirely due to its physical form and
property, resists the load due to incompressibility and slow deformability of the ﬂuid
contained in the tissue. Thus infrequent peak loads are likely less hazardous. In contrast, a
submaximal load maintained on a tissue for a long time or repeated frequently renders it
likely to failure or at least injury (not total failure). Examples of such cases are also
numerous, and attention will be drawn to some of those in the next paragraphs.
Evidence of cumulative load as a risk factor for low back pain was ﬁrst presented by
Kumar (1990). With a 92.6% participation rate among 17.7% of all institutional aides
approached and employed in Alberta, researchers reported a point prevalence of 62% for
low back pain. Of the experimental sample, 42.8% men and 64.6% women reported back
pain. The pain and no-pain groups had no signiﬁcant difference between their age, body
weight, height, and recreational physical activity. The study revealed that the cumulative
years worked in pain groups was greater than those with no-pain group (p < .01). The
cumulative load exposure for compression and shear at thoracolumbar and lumbosacral
levels in both men and women was signiﬁcantly different (p < .05) between the pain and
no-pain groups (Table 22.1). The cumulative spinal compression load exposure of the pain
group was signiﬁcantly higher than that of no-pain group. The mean duration of work
before the onset of the ﬁrst back pain episode was higher than the mean duration of work
for the no-pain group. The mean generic load of the pain group was also signiﬁcantly
higher than that of the no-pain group (Table 22.2). In this study the loads, both compression and shear (Table 22.3), were integrated with time in 200 ms chunks and lifetime
exposure was calculated using biomechanical analysis (Table 22.4).
After a lapse of 8 years the next paper on the subject appeared (Norman et al. 1998). The
time and labor intensive nature of determination of cumulative load had generally
been considered a deterrent. Thus, the researchers of this study took the peak load and
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Table 22.1 Cumulative Compressive Shear Loads in Mega Newton second (MN s)
at the Thoracolumbar and Lumbosacral Regions among Male and Female Institutional
Aides with and without Pain

Gender

Group

Parameter

Males
(n ¼ 14)

No pain
N¼8
Pain
N¼6
No pain
N ¼ 52
Pain
N ¼ 95

Mean
SD
Mean
SD
Mean
SD
Mean
SD

Females
(n ¼ 147)

Thoracolumba
Compression
Shear
(MN s)
(MN s)
4.3
3.1
11.1*
4.3
6.0
5.4
7.9***
5.2

Lumbosacral
Compression
Shear
(MN s)
(MN s)

0.9
0.9
2.0**
0.4
1.5
1.3
2.0
4.3

6.6
5.5
15.6*
5.0
9.3
7.7
14.5*
12.1

1.0
1.0
2.5*
0.9
1.6
1.5
2.2
4.2

Source: From Kumar, S., Spine, 15, 1311, 1990. With permission.
*p < .01
**p < .02
***p < .05

multiplied it with the duration of the task and number of cycles in a shift to derive
cumulative physical work exposure. Researchers set out to determine the relative importance of peak spinal load, load in hands, trunk kinematics, and the cumulative spinal loads
as risk factors for precipitation of low back pain in 130 randomly selected controls and 104
cases from an automotive industry using factor analysis. Researchers reported that the
integrated lumbar movement over a shift, hand force, peak shear force, and peak trunk
velocity were four independent risk factors. There was also a strong correlation between
compression and shear and substitution of one for the other had no signiﬁcant effect.
Moreover, it is not clear why researchers chose shear over compression especially when the
magnitude of shear and order of magnitude are lower. All of the cumulative loading
variables were found to be signiﬁcantly higher for the cases than for the controls (Table
22.5) and shared substantial univariate odds ratio. Researchers found that workers in the
top 25% of loading exposure on all risk factors were at about six times the risk of reporting
low back pain when compared with those of the bottom 25%.

Table 22.2 Mean Generic Loads Borne in One Sequence of Tasks Performed Daily in Previous Jobs

Gender

Group

Parameter

Total Time
Worked (mo)

Males
(n ¼ 14)

No pain
N¼8
Pain
N¼6
No pain
N ¼ 52
Pain
N ¼ 95

Mean
SD
Mean
SD
Mean
SD
Mean
SD

75.8
53.9
163.8*
4.3
69.9
56.2
100.5**
84.8

Females
(n ¼ 147)

Thoracolumbar
Compression Shear
(N)
(N)
11,531.7
7,772.9
7,847.8
0.4
5,478.4
6,094.7
5,576.3
7,020.3

Source: From Kumar, S., Spine, 15, 1311, 1990. With permission.
*p < .05
**p < .01

1,088.7
408.1
732.6
5.0
368.5
422.5
485.3
506.5

Lumbosacral
Compression Shear
(N)
(N)
13,710.6
8,391.1
9,146.9
0.9
6,018.5
6,498.3
6,423.6
7,698.9

1,094.6
401.7
1,112.8
646.1
572.9
660
608.8
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Cumulative Exposure to Generic Loads (MN) during the Previous Jobs if the Identiﬁed
Activities Were Performed Only Once a Day

Gender

Group

Parameter

Males
(n ¼ 14)

No pain
N¼8
Pain
N¼6
No pain
N ¼ 52
Pain
N ¼ 95

Mean
SD
Mean
SD
Mean
SD
Mean
SD

Females
(n ¼ 147)

Thoracolumbar
Compression
Shear
(MN)
(MN)
26.58
17.61
533. 71*
32.68
11.64
12.95
17.04
5.2

2.51
0.91
49.78*
3.04
0.78
0.89
2.0
4.3

Lumbosacral
Compression
Shear
(MN)
(MN)
31.61
18.77
622.05
35.61
12.79
13.81
14.5*
12.1

2.52
0.89
75.67*
3.40
1.37
1.21
2.2
4.2

Source: From Kumar, S., Spine, 15, 1311, 1990. With permission.
*p < .001
**p < .05
***p < .001
****p < .02

Other than the foregoing study on automobile industry workers, the majority of studies
seem to be conducted on health care workers. Village et al. (2005) measured Electromyography (EMG) over the full shift of care aides in intermediate care facilities to determine the
cumulative workload. They reported signiﬁcant correlation between the peak and cumulative compression and lost time musculoskeletal injuries (p < .01). Other health care
professionals investigated are orthodontists and x-ray technologists. Newell and Kumar
(2005) investigated orthodontic profession due to their frequent low back and other
musculoskeletal problems. They studied the entire population of orthodontic graduate
students at the University of Alberta (n ¼ 9). To compare transferability of results from
students to practicing orthodontists a validation subject from private clinic was also tested.
The validation subject had over 15 years of full-time clinical experience. Using a small
wide angle micro-camera all activities of research subjects were recorded. Subject and joint
angle data were fed to a specially developed biomechanical models to calculate spinal
loads. The instantaneous loads on low back and neck are presented in Table 22.6. The
single male validation subject did not show any signiﬁcant differences from the male
students. The cumulative load values for the low back and neck regions are presented in
Table 22.4 Past Exposure Index in kilo Newton Years (kN Y)

Gender

Group

Parameter

Males
(n ¼ 14)

No pain
N¼8
Pain
N¼6
No pain
N ¼ 52
Pain
N ¼ 95

Mean
SD
Mean
SD
Mean
SD
Mean
SD

Females
(n ¼ 147)

Thoracolumbar
Compression
Shear
(kN Y)
(kN Y)
70.68
48.26
107.12
89.55
31.91
35.50
46.70*
48.79

Source: From Kumar, S., Spine, 15, 1311, 1990. With permission.
*p < .05
**p < .01
***p < .02

6.67
2.50
9.99
8.34
2.14
2.46
4.06**
4.74

Lumbosacral
Compression
Shear
(kN Y)
(kN Y)
84.04
51.43
124.85
97.56
35.05
37.85
53.73*
64.47

6.70
2.51
15.18***
9.32
3.76
3.33
5.53*
5.09
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Table 22.5 Comparisons of Peak and Cumulative Load Variables Including Mean, Standard
Deviation (SD), and Probability Level for Case versus Control Differences (Prob).
Integrated Load Variables Are Calculated over a Complete Shift
N

Variable
Peak compression (N)
Peak moment (N m)
Peak shear (N)
Peak hand force (N)
Peak ﬂexion (deg)
Peak trunk velocity
(deg s1)
Integrated compression
(MN s)
Integrated moment
(MN m s)
Integrated shear (MN s)
Usual hand force (N)
Average moves (min1)
Average ﬂexion
(deg min1)

Cases
Mean

SD

N

Controls
Mean
SD

104
104
104
104
104
104

3423
182
465
222
51.2
41.5

1421
84.3
176
201
22.4
15.14

130
130
130
129
130
130

2733
140
353
134
39.3
34.1

104

21.0

4.72

130

19.5

t Value

Probability

4.10
4.15
5.10
3.87
3.94
3.42

0.0001
0.0001
0.00001
0.0002
0.0001
0.0007

3.84

2.68

0.0079

1073
62.7
159
123
23.3
17.2

104

0.55

0.24

130

0.47

0.15

2.96

0.0036

104
104
104
104

1.52
86
2.9
307.5

0.64
67
2.1
137

130
129
130
130

1.32
56
2.3
252.3

0.45
52
2.3
133.3

2.61
3.85
2.08
3.11

0.0097
0.0002
0.0384
0.0021

Source: From Norman, R., Well, R., Neumann, P., Frank, J., Shannon, H., Kerr, M., and Ontario Universities Back
Pain Study Group, Clin. Biomech., 13, 561, 1998. With permission.
MN s, mega Newton seconds per shift; MN m s, mega Newton meter seconds per shift.

Table 22.6 Mean Instantaneous Compression and Shear Load Values

Gender
Male (n ¼ 7)

Task average
Female (n ¼ 2)

Subject
Male (n ¼ 1)
Task average

Posture

Parameter

P1
P2
P3
P4
P5

Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean

P1
P2
P3
P5
P1
P3
P5

Lumbosacral
Compression
Shear
(N)
(N)

Cervicothoracic
Compression
Shear
(N)
(N)

1,302.4 (308.3)
1,250.0 (418.3)
1,635.2 (364.5)
1,579.1 (256.5)
1,149.4 (292.1)
1383.2 (212.6)
1,016.0 (54.7)
865.8 (27.6)
1,071.6 (792.0)

140.2 (67.3)
117.2 (91.7)
171.1 (87.4)
140.3 (50.5)
96.0 (66.6)
133.0 (28.2)
131.7 (6.6)
100.8 (5.8)
136.4 (74.8)

149.4
137.5
136.8
136.7
140.2
140.2
93.5
80.0
68.5

936.3 (129.7)
1,300.8
1,320.3
1,102.2
1,241.1 (120.7)

110.9 (28.8)
146.3
105.6
90.1
114.0 (29.0)

81.0 (10.2)
136.4
137.5
136.2
136.7 (0.7)

Source: From Newell, T.M. and Kumar, S., Clin. Biomech. 20, 130, 2005. With permission.
Note: Values in parenthesis represent standard deviation.

(25.3)
(24.0)
(22.0)
(22.1)
(27.0)
(5.4)
(5.7)
(2.4)
(82.1)

66.8 (10.3)
62.4 (12.2)
69.7 (5.7)
70.0 (7.8)
53.2 (14.8)
64.4 (6.9)
48.9 (0.7)
36.6 (5.2)
46.7 (35.7)
42.0 (6.8)
65.8
66.4
49.9
60.6 (9.3)
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Table 22.7 Mean Daily, Weekly, Monthly, and Yearly Cumulative
Compression and Shear Load Values

Gender
Male
(n ¼ 7)
Female
(n ¼ 2)
Validation subject Male (n ¼ 1)

Cumulative
Perioda
CDL
CYL
CDL
CYL
CDL
CYL

Lumbosacral
Compression
Shear
(MN s)
(MN s)
14.5
3,480.0
9.9
2,452.3
8.6
2,764.2

1.4
339.7
1.2
302.7
1.2
288.5

Cervicothoracic
Compression
Shear
(MN s)
(MN s)
1.5
352.8
0.81
200.9
0.9
216.2

0.7
163.5
0.45
110.9
0.4
96.5

Source: From Newell, T.M. and Kumar, S., Clin. Biomech. 20, 130, 2005. With permission.
CDL, cumulative daily load; CYL, cumulative yearly load.
a
Numbers are lower for validation subject because only three of the ﬁve postures could be recorded and
calculated.

Table 22.7. It was not apparent with the review of the instantaneous loads that the
orthodontic profession was physically demanding. The maximum lumbosacral compression of 1635 N for men and 1072 for women are lower than the recommended action limit
of 3400 N by NIOSH (1981, 1993). However, these tasks were quite repetitive with an
average frequency of 200 times a day. Furthermore, due to the duration of the task cycles
the cumulative compression rose to 842 and 932 MN s. Assuming a 63% of shift in these
dental procedures the yearly cumulative compression would be 3480 MN s for males and
2450 MN s for females, respectively. Similarly, the cumulative shear loads in the sample of
orthodontic profession rose to 340 MN s for males and 303 MN s for females. Clearly, these
values are far in excess of threshold range suggested by Kumar (1990), which was suggested based on a much lower frequency of activity. The preponderance of low back and
cervical problems among orthodontists presents the evidence that cumulative load is a
signiﬁcant risk factor for musculoskeletal problems in this occupational group as well.
Another group of professionals who have been plagued by the effects of cumulative loads
are x-ray technologists. Whereas several studies have reported risk of low back pain and
musculoskeletal afﬂictions among x-ray technologists due to job-related factors (Miller and
O’Brien, 1991; Moore et al., 1992; Wright and Witt 1993; May et al., 1994; Rossi et al., 1999). A
systematic questionnaire study of this group revealed that generally this group consisted of
young people ranging between 20 and 54 years of age and 8% of them indulged in physical
activities and 44% indulged in physical recreation activities (Kumar et al., 2005). Despite
such young and healthy proﬁles, 83% of x-ray technologists had backaches, about 39% had
neck pain, and 28% had shoulder pain (Kumar et al., 2005). The same study also reported
that a majority of technologists suffered multiple episodes of pain. Almost 50% of the
technologists also suffered from upper extremity pain (Kumar et al., 2005).
X-ray technologists were studied for the cumulative load of single cycle of most representative tasks they performed all day long (Kumar and Narayan, 2005). Researchers
identiﬁed nine different tasks: loading a small cassette in the multiloader, loading a large
cassette in the multiloader, repositioning the patient on his side on the x-ray table,
pushing=pulling x-ray tube, slider board patient transfer, repositioning patient upright in
bed, lifting patients from wheelchair from armpit, repositioning cassette under patient, and
lifting patients from a wheelchair holding legs. The cumulative biomechanical loads in
these tasks were calculated using the Michigan model and Kumar (1990) algorithm.
The initial and ﬁnal posture compression loads of each activity and different cumulative
compressive lumbosacral loads are presented in Table 22.8.

8.0

4.5
8,335

4,927

5,203

6,778

5,251
7,557

5,089

5,654

60,452

22,901

25,441

1,745
3,052
15,113

873
1,357
3,023

724
571
2,910
6,104

655
971
6,621

655
648
2,649

864
7.3
4,944

104,700
183,128
906,750

39,270
58,275
397,275

5,496,120

6,105,780

418,800
732,510
3,627,000

157,080
233,100
1,589,100

65,953,440

73,269,360

5,025,600
8,790,120
43,524,000

1,884,960
2,797,200
19,069,200

136,950

684,749

2,738,998

32,867,970

725,424 3,627,120 14,508,480 174,101,760

274,806 1,374,030

305,289 1,526,445

20,940
36,626
181,350

7,854
11,655
79,455

Source: From Kumar, S., Moro, L., and Narayan, Y., Erognomics, 47, 189, 2004b.
Assumption: (a) Task is performed 12 times a day and (b) the mean of initial and ﬁnal load represents mean loading for the entire duration.
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4.5

1,021
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3,135
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Estimated average if performed once each day

Loading small cassette
Loading large cassette
Repositioning patient on
side on x-ray table
Pushing=pulling x-ray tube
Slider board transfer
Repositioning patient
upright in bed
Lift patient from wheelchair
from armpit
Repositioning cassette
under patient
Lift patient from wheelchair
holding legs

1
2
4

5
6
7

Task Description

Task

Initial
Final
Simpliﬁed Cumulative Compressive Lumbosacral Load
Task
Posture
Posture
Average
Duration Compression Compression Compression Single Task Daily
Weekly
Monthly
Yearly
(s)
(N)
(N)
(N)
(N s)
(N s)
(N s)
(N s)
(N s)

Table 22.8 Simpliﬁed Cumulative Compressive Load on Lumbosacral Disc due to Some Representative Tasks Performed by X-Ray Technologists
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22.5 Mechanism of injury and pain
The common and obvious mechanical model of large load or force application and
resulting deformation, which may lead to injury, fails to explain injuries that result
from smaller and submaximal loads. It is perhaps due to this reason that lower level
exertions are generally not immediately associated with injuries. Such perceptions are not
only largely prevalent among workers but also seem less likely to be proven scientiﬁcally
in a convincing manner at a ﬁrst look. However, there is an increasing body of knowledge, largely based on epidemiological studies that make a convincing case of injury
application among people in less-demanding occupations. Kumar and Scaife (1979)
reported that the workers involved in threading core memories for computer manufacturers were plagued by neck, shoulder, and wrist problems. Researchers measured
(subjects simulating these tasks) that the leads on their neck and shoulders were low
but prolonged and lasted through four shifts of an hour and are half or longer. The wrists
of the workers were also constantly ﬂexed for the same periods of time while they
threaded the memory cores. Subsequently Armstrong and Chafﬁn (1979) published the
biomechanical rationale of association of such activities and carpal tunnel syndrome.
Also, they reported cumulative trauma disorders in poultry processing plant. These
ﬁndings were followed by extensive work in the area establishing the signiﬁcant role
played by submaximal contractions when repeated frequently (Silverstein et al., 1986;
Kumar 1990; Jensen et al., 1993; Schibye et al., 1995; Bernard 1997; Finson et al., 1998;
Norman et al., 1998; Kumar et al., 2004a,b; Kumar and Narayan 2005; Newell and Kumar
2005). Collection of the foregoing studies and many more not referenced here provides
overwhelming evidence for musculoskeletal injuries to be associated with low and submaximal levels of contraction.

22.5.1 Injuries to muscles
The submaximal contractions of varying intensities are largely static in nature. However, if
there is a motion, it is generally of low magnitude. Regardless of the low magnitude of
contraction and small amplitude of motion, frequently the rate of these contractions may
range between fast and very fast due to the repetitive nature of tasks. This is illustrated by
around 200,000 keystrokes a day by keyboarders. Clearly due to strain-rate dependence of
the material properties of biological tissues, it may represent a signiﬁcant effective load on
tissues. Furthermore, an increase in intramuscular pressure is also reported with muscle
contraction (Sjogaard et al., 1986). Repeated and rapid contractions are likely to merge into
a prolonged sustained rise in intramuscular pressure due to the viscoelastic nature of the
contracting tissue. The pressure may vary due to the changing magnitude and velocity of
contraction. However, it is safe to say that, depending on the contraction force, the lowest
level will be maintained on a prolonged basis and higher pressures will be superimposed
upon them. Thus a continuous rise in intramuscular pressure will act as an occlusive force
for blood circulation impeding circulation. Sjogaard et al. (1986) reported that at low blood
ﬂow velocities it is the diastolic pressure rather than the mean blood pressure, which is
responsible in maintaining the circulation. Additionally, these researchers also observed
that with prolonged muscle contraction its water content increases. With limited space in
the muscle compartment an increase in water content is likely to increase the intrinsic
pressure of the tissue further interfering with blood ﬂow. Even at a contraction intensity of
5%–10% of maximal voluntary contraction, the intramuscular pressure of 40–60 mm Hg
has been reported (Jensen et al., 1995). Intramuscular pressures in excess of 30 mm Hg for a
period of 8 h have been shown to induce necrotic changes even if no contractions were
performed and metabolism remained at the basal level (Hargens et al., 1981). Sustained
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pressure on peripheral nerves and nerve endings are also likely to induce sensory perception dysfunction leading to neuromuscular disorder of the tissues involved.

22.5.2 Eccentric contractions
In the context of cumulative load modulated injuries, while lengthening contraction injuries
are common to muscle tissues they do not conform to the classical picture of cumulative load
injuries. However, this is also true that single eccentric contractions do not result in injury,
prolonged and repeated contractions do result in muscle injury causing force deﬁcit. Also, it
must be recognized that a passive lengthening of the muscle is not deleterious. It has been
shown that tibialis anterior and extensor digitorum longus of mice when subjected to a 30
min passive stretch showed no force loss. However, when the same muscles were made to
undergo eccentric contraction for the same time period they recorded a clear force loss
implying injury (Faulkner et al., 1985a,b). This force decrement was also reported not to
recover implying injury (McCully and Faulkner 1985). Based on an experimental study on
human elbow ﬂexors undergoing maximal voluntary eccentric contraction when electrically
stimulated underwent a force loss demonstrating damage to the contractile tissue (Newham
et al., 1987). This experiment elucidated the mechanical etiology of force loss.
Apart from continuous contraction, repeated contractions in eccentric mode have also
led to injury to muscles as shown by numerous experiments. Rodenburg et al. (1993, 1994)
and Saxton et al. (1995) demonstrated injuries to the elbow ﬂexors due to eccentric
contraction. Similar observations have been reported for calf and biceps (Jones et al.,
1986). In most of the human studies it has been found that tolerance to injury due to
eccentric contractions varied and it ranged from 10 to 180 repetitions for regional exercise
studies. For whole body exertions such as downhill stepping a 20 min exposure was
sufﬁcient to cause muscle injury (Newham et al., 1983). Repeated eccentric contractions
that varied from 225 to 900 times at a ﬁnal length of 100% of the original resting muscle
length have been shown to result in ﬁbrillar damage and resulting force loss (Brooks and
Faulkner 1990; Lieber et al., 1994). Thus the amount of loading has an effect on muscle
performance as well as muscle injury. However, it is also worthy to note that the force loss
and ﬁbrillar damage is short lived (lasting days) and is also accompanied by muscle
soreness (Armstrong 1990). Healing and recovery from eccentric muscle injury is reasonably rapid. It takes about 10 days for both recovery of performance and remodeling of the
disrupted muscle ﬁbers (Geronilla et al., 2001).

22.5.3 Injuries to connective tissues
Connective tissues include a whole host of tissues including cartilages, bones, aponeuroses,
etc. In connection with the occupational cumulative load injuries, however, only the
collagen based tissues, ligaments and tendons, are of greatest relevance. The mechanics
and properties of ligaments and tendons, and the ligament sprains are discussed in
Chapters 1, 5, and 6 separately. Additionally, the cumulative load theory of injury causation described in Chapter 1 largely deals with the relevant mechanical factors and
mechanism of injury to these tissues. (It is, therefore, not essential to repeat those descriptions when readers are referred to those chapters.)

22.5.4 Measurement of cumulative load
22.5.4.1 Principles and nomenclature
The determination of stresses will altogether be meaningless if not able to provide information regarding tissue’s resistance to stress. In laboratory testing, when tissue samples
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are subjected to successively increasing known forces until they rupture, this force necessary to cause rupture is called ultimate load. By dividing this force by the original crosssectional area of tissue we obtain ultimate strength (stress).
Load
¼ Load=unit area
CSA

(22:4)

Depending on the mode of loading, tensile, or compressive, it is called ultimate tensile
strength or ultimate compressive strength per unit cross-sectional area. In engineering
construction the objects are designed to endure the allowable stress. The latter in turn is
considerably lower than the ultimate stress in order to avoid plastic deformation or
fracture. Even the engineering materials cannot withstand ultimate stress if the force is to
be applied repeatedly and it has to come on and off. In such cases, the ‘‘ultimate strength’’
of the component depends on the number of times the force is applied and its magnitude as
a fraction of the ultimate strength. Engineering materials endure higher number of loading
cycles with lower fraction of the ultimate strength and lower cycles with higher fractions of
ultimate strength. Laboratory tests to obtain these characteristics are called ‘‘fatigue tests’’
and the corresponding curves are called S–N (stress–number) diagrams. For some strong
materials, such as metals, the S–N curve for low stresses becomes horizontal indicating the
material can withstand inﬁnite (large number) number of cycles before tailing. The limiting
stress at which this occurs is called endurance limit of the material. Fatigue properties of
materials are of utmost importance in mechanical devices.
From the ultimate strength equation one can deduce that the product of the ultimate
strength and the cross-sectional area results in force. Therefore, the ultimate stresses and
allowable stresses can be used to determine the ultimate force that a tissue can resist. This
leads to derivation of factor or safety:
Ultimate load for a tissue
¼ Factor of safety
Allowable load for a tissue

(22:5)

In order for the system to be safe this ratio must be more than one. Higher the number is,
safer is the system. However, in biological systems, signiﬁcant variability coupled with the
trait of recovery and self-healing the picture gets obscure. Lack of uniformity in the
constitution and construction of tissues, variations due to health among people, and also
variations due to varying conditioning render a standardized quantitative treatment of
these tissues and structures very imperfect. Anatomical and anthropometric variations add
another level of complexity. In spite of these factors many studies have been conducted to
report the ultimate strength of tissues and their biological variation. However, their fatigue
strength and S–N curves are virtually absent.
In practical life, rarely does one perform activities that reach the levels of ultimate
strength. However, all activities we indulge in are submaximal but require repeated
exertion, in some more than others. It is this variability and variable S–N relationship of
different tissues among different people, which provide hard to analyze and understand
data. Nonetheless, ultimate strength is rarely a concern, it is important to understand the
relationship between cumulative load and likelihood of injuries. Therefore, measurement,
interpretation, and understanding of the cumulative load are the essential ﬁrst step in
unlocking the mystery of musculoskeletal injuries.

22.5.5 Measurement
The consideration of cumulative load and its measurement is in its infancy. Therefore, a
standard methodology accepted universally has not been proclaimed. However, a ﬂurry of
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activity in this area has occurred in the recent past to investigate various aspects. The very
concept of cumulative load and method of its measurement was ﬁrst reported by Kumar
(1990). He argued that signiﬁcance of biomechanical stresses can be gauged only through
quantiﬁcation. Whereas several biomechanical models have been published (Chafﬁn 1969;
Schultz and Andersson 1981; Chafﬁn and Andersson 1984; Cheng and Kumar 1992), they
have all been designed to calculate instantaneous load. The cumulative load is a signiﬁcantly different item and requires very different quantitative approach. However, to date,
no model has been developed which may render quantiﬁcation of this variable. Therefore,
Kumar (1990) employed a biomechanical model to calculate instantaneous load at a
preselected frequency during the course of an activity, integrating load and time and
representing it by a new unit (Newton second) which he coined.
In his retrospective study Kumar (1990) established the task variables and postural
details of carrying it out. The individual anthropometric variables were measured and
recorded. The progression of posture in the execution of task was taken to be smooth and
continuous from the initial to the ﬁnal posture. The intermediate postures were taken to be
proportional to the time lapsed. The joint angles were calculated at 200 ms intervals. These
angles along with the magnitude of the load and the anthropometric variables were fed to
a biomechanical model (Chafﬁn and Andersson 1984), which was modiﬁed to yield
compressive and shear forces at thoracic lumbar and lumbosacral disc. However, this
was a static model and did not account for the inertia. In any case, the overall stress of
the static posture was obtained simply by multiplying the compressive and shear forces
with the duration of activity in small chunks of 200 ms. Thus, the overall load (OL) of the
activity (compression or shear) was given as follows:
X
(22:6)
OL ¼
0:2L1 þ 0:2L2 þ    þ 0:2Ln (N s)
where
OL is the overall load
0.2 is one ﬁfth of a second (200 ms)
L1, L2, . . . , Ln are the loads in Newton (N) of the 1st, 2nd, and nth segments
The next study appearing in the literature regarding cumulative load is Norman et al.
(1998). They also used a biomechanical model, albeit a different one, to obtain highest
spinal load estimate resulting from all of the task peak instants identiﬁed for one job. They
calculated the cumulative load due to each task identiﬁed in a job by multiplying the peak
load value with the duration of the task and the frequency of its execution during the shift.
The integrated load experienced by the worker over the course of the complete shift was
calculated by summing the cumulative loads of individual tasks. The rationale for such an
approach was that calculating cumulative load according to Kumar (1990) was too timeconsuming. By this research, however, the authors determined that cumulative biomechanical variables were independent and important risk factors in low back pain reporting.
As indicated earlier measurement of cumulative load, though proven to be quite
valuable, is extremely time and labor intensive process. Given a proportional relationship
between stress and recorded EMG, it may be a useful tool in determination of cumulative
load using this logic (Village et al., 2005). Researchers considered direct measurement of
tissue load to be preferable due to its objective nature.
Based on the reports of Wells et al. (1994) and Mientjes et al. (1999) the authors indulged
in long-term continuous monitoring of low back physical exposure through measurement
of continuous EMG from erector spinae and relate it to compression. This technique was
validated in short duration tasks with 14% overprediction by Mientjes et al. (1999) and
claimed to be accurate for industrial ﬁeld testing. The linear regression between the EMG
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scores and biomechanical model calculated compression was used to derive the stress on
the low back. They also increased the cumulative compression for any part of the shift
where EMG was not recorded in proportion to the recorded values.
In the foregoing studies all jobs studied and reported were concerned with freely
moving workers, which has its signiﬁcant challenges. However, there are many sedentary
occupations (e.g., ofﬁce, banks, dentists, etc.) where back problems are also prevalent. For
these occupations measurement of the cumulative load poses different problems. To
overcome some of these difﬁculties Newell and Kumar (2005) developed a model applicable to seated posture. They further reﬁned the measurements by classifying different tasks
performed in the orthodontic occupation and evaluated them separately for calculating
cumulative loads. These tasks were adjustments, banding, debanding, and examination=
screening=consultation. They videotaped the entire work shift of orthodontists. They
reported that orthodontists’ work was largely static and symmetrical for the ﬁrst three
tasks, which were also the most exacting and demanding. Thus using this observation they
developed a two-dimensional (2-D) model (Newell and Kumar 2005) to calculate instantaneous compression and shear loads on lumbosacral and cervicothoracic discs. The following section describes the model.
Lumbosacral load. Three external forces are acting on the L5=S1 segment of the spine
while sitting: FT, FA, and FH (trunk force, arm force, and head force due to gravity), shown
in Figure 22.2.
The primary internal force acting on the L5=S1 segment is generated from the muscle
tension of the erector spinae, FE, depicted in Figure 22.3.
Given that torque ¼ force 3 distance (6 cm is the moment arm of the erector spinae
muscle (Kumar, 1988; Hall, 1995), the following equation results (Figure 22.1):
FE ¼ [(FT  t) þ (FA  a) þ (FH  h)]

(22:7)

where t, a, and h are the moment arms of the trunk, arm, and head.

Muscle
tension

Load
of
torso

FE

Shear
reaction
force
Joint
center

6c

m

Compression
reaction
force

Figure 22.3 Forces on L5=S1 due to the erector spinae muscle. (Hall, S.J., Basic Biomechanics, Mosby,
St. Louis, 1995.)
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Expanding Equation (1) adds to the following:
FE ¼ [9:81(TBM)(TBH)=6{(9TM%)(TL%)
 (TCL%)(sin u1) þ (AC%)[(ACL%)
 (AL%) sin u3 þ (TL%) sin u1}] þ (HM%)
 [(HCL%)(HL%) sin u2]

(22:8)

where
TBM and TBH are the total body mass in kilogram and height in centimeter
TL%, AL%, and HL% are the trunk, arm, and head length as percentages of TBH (Hall, 1995)
TM%, AW%, and HM% are the trunk, arm, and head mass as percentages of TBM
(Hall, 1995)
TCL%, ACL%, and HCL% are the trunk, arm, and head center of gravity location
relative to segment length (Hall, 1995)
Lumbosacral compression and shear can be calculated by substituting calculated
elements into ﬁnal FC compression and FS shear equations:
FCL5=S1 ¼ [9:81(TBM)(TM% þ AM% þ HM%)
 cos u1] þ [9:81(TBM)(TBH)=6]
 {(TM%)(TL%)(TCL%)(sin u1)}
þ {(AM%)[(ACL%)(AL%) sin u3}
þ {(TL%) sin u1}] þ {(HM%)[(HCL%)}
 {(HL%) sin u2} þ {(TL%) sin u1}]
FSL5=S1 ¼ 9:81 (TBM)(TM% þ AM% þ HM%) sin u1

(22:9)
(22:10)

Cervicothoracic load. Using the logic and notations described for lumbosacral disc the
cervicothoracic compression and shear forces can be expressed by the following equations:
FCC7=T1 ¼ 9:81(TBM)(HM%) cos u2 þ [9:81(TBM)(HM%)(HCL%)(HL%)
 (TBH) sin u2]=5

(22:11)

where 5 cm is the moment arm of the cervical musculature.
FSC7=T1 ¼ 9:81ðTBMÞðHM%Þ sin u2
Calculation of cumulative load. For static postures the overall load (OL) of a given task was
obtained simply by multiplying the instantaneous compressive and shear forces with the
duration of activity. The overall loads (compression or shear) for each of the dynamic
activities were obtained separately as follows:
X
OL ¼
0:2L1 þ 0:2L2 þ 0:2Ln (N s)
(22:12)
where
OL is the overall load (compression or shear) of a single task
L1 is the average compression or shear force of the ﬁrst frame of the posture
L2 is the average compression or shear force of the second frame of the posture
Ln is the average compression or shear force of the nth frame of the posture
0.2 is the time interval (fraction of a second, 200 ms) between frames
N s is the unit of overall and cumulative load ‘‘force time’’ product (Newton second).
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The cumulative biomechanical loads (of all tasks) for each task and posture
of each subject were determined by summing the overall loads of all tasks in following steps:
1. Identiﬁcation of stressful tasks 1n.
2. Determination of compression and shear instantaneous loads (FC and FS) for tasks
1n.
3. Determination of the frequency (F) per day of tasks 1n.
4. Calculation of the cumulative compression and shear loads of all tasks combined per
day (by adding) overall loads according to the following equations:
CDC ¼
CDS ¼

X
X

(FC1  F1 ) þ (FC2  F2 ) þ    þ (FCn  Fn ) (N s)

(22:13)

(FS1  F1 ) þ (FS2  F2 ) þ    þ (FSn  Fn ) (N s)

(22:14)

where CDC and CDS refer to cumulative daily compression and shear loads.
5. Deduction of the cumulative loads for other time periods can be calculated by
multiplying the daily cumulative load with the relevant exposure time of the period
of interest.

22.5.6 State of the art of cumulative load methodology
As is evident from the published papers that the measurement of cumulative load is
fraught with numerous problems regardless of the technique used to determine. Measurement of lifetime exposure will clearly be onerous with time and effort required for such
determination being prohibitive. It is this primary concern that had different workers try to
employ shortcuts with least inaccuracies and hopefully most validity. The methodologies
reported in literature are (a) electromyography, (b) postural and load log=recall, and (c)
videography. The strengths and weaknesses of each of these techniques will be discussed
separately.

22.5.6.1 Electromyography
This is a convenient technique in terms of handling data acquisition. The subjects are ﬁtted
with electrodes on relevant muscles and the train of EMG signals are continuously
recorded on a portable lightweight mass storage device worn by the subject. Periodically
the collected data are downloaded and analyzed by the software designed for the purpose
to provide, what is called, EMG normalized compression. The operation of the system is
simple but the technology and various considerations are complex.
The major concerns with this method are as follows:
i. Duration of test: This method has been tested for a short duration test of a quasi-static
and generally symmetrical task (Mientjes et al. 1999) providing approximately 14%
consistent overprediction. It is well established that with prolonged exertion the
muscles undergo fatigue, changing the relationship between the stress and EMG.
This relationship is variable but generally generates signiﬁcantly greater EMG for
much lower stress borne. Thus over a prolonged period how this EMG magnitude is
altered in the subjects and jobs-studied remains unknown and unaccounted for. This
clearly renders the interpretation regression line more or less useless and the data
obtained quite unreliable.
ii. Symmetry: Industrial activities are kinesiologically complex and do not get executed
in sagittal plane. The authors of the paper (Mientjes et al. 1999) reported considerably

Kumar/Biomechanics in ergonomics, second edition

7908_C022 Final Proof page 614

614

26.10.2007 11:56pm Compositor Name: JGanesan

Biomechanics in ergonomics, second edition

greater inaccuracy when axial rotation was involved. With such asymmetrical activity though the muscle response may be drastically altered the compression may
remain the same. The generation of compression is a mechanical reaction force. By
Newton’s third law of motion every action will have an equal and opposite reaction.
Thus, if the load remains unchanged the compression developed in sagittal and
asymmetrical plane will have the same compression, as the mechanical work has
not changed. Furthermore, even the physiological cost of those activities will remain
the same (Kumar 1983). However, due to the asymmetry of the activity there is likely
to be differential load on different muscles causing some muscles to contract more
strongly. Other muscles that contribute towards the stability of the joints concerned
will also be recruited. This altered pattern of synergism and coactivation will considerably alter the EMG magnitude and compression even in short term. The long-term
magnitude relationships could be modiﬁed so signiﬁcantly as to render the data
unusable.
iii. Length–tension EMG relationship: While the excitation–contraction coupling does
occur in muscle ﬁbers (Vander et al., 1975), the force of contraction is not linearly
related to the electrical signals recorded. With increasing length of the muscle ﬁbers
there are progressively lesser number of actin myosin bonding sites available for
generating force. Because it is not possible to determine the actomyosin overlap in
different activities the relationship between EMG score and the force generated
begins to lose validity to various degrees that cannot be accounted for and hence
corrected for.
The limitations of EMG are well established. It is for this reason that its use in clearly
deﬁned and rigorously controlled circumstances is acceptable. With changing and ill-deﬁned
and poorly controlled circumstances, EMG methodology can introduce large unrecognized
errors leading us to make erroneous conclusions.

22.5.6.2 Postural load log=recall
Due to the obvious complexity of measurement of cumulative load, posture and load recall
technique has been used to obtain their value (Kumar 1990). Such a method does not involve
experimental measurement and hence it can be open to uncontrolled errors, if caution is not
exercised. In order to determine the accuracy of cumulative spinal load using self-reported
duration and frequency two methods were tested by Azar et al. (2005). In this study, the
authors tested eight male and eight female subjects who reported their perceived loads,
both, immediately after completing the task (log) or after a lapse of 2 h (recall). Randomly
assigned subjects to log or recall methods were assigned common tasks. The log subjects
carried the data sheet with them recording the required information continuously as they
went through the work stations. The recall subjects received their data sheet only after
completion of a 2 h session when they were required to recall and write down the required
information. The authors also videotaped a session. The videotape was used for calculating
compression and shear using a biomechanical model. The cumulative loads for each task of
each subject was calculated using rectangular integration of the force–time histories. The
authors found that the cumulative loads calculated by model were highly correlated with
those estimated (r ¼ 0.89–0.96). They also found that the mean error between the estimated
and calculated cumulative loads was generally less 10% and was greater for recall than the
log. They also reported high correlation between estimated and calculated cumulative
moments in log subjects (r ¼ 0.989) but only moderate correlation with recall subjects
(r ¼ 0.403). As such they considered log method superior to that of recall.
It is obvious that a record of activity as one is going along will be more accurate than
that is based on recall alone. The latter is likely to become even more unreliable if the
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activities, one is required to record, are unfamiliar and have been performed for the sake of
the experiment. In most industrial circumstances when one has to determine the lifetime
exposure, it can only be done retrospectively by recall. It is worthy to note that workers
who have done their jobs repeatedly over a considerable length of time, their recall as well
as simulation of tasks are less likely to suffer the degree of unreliability which can be
experienced if the subjects were to recall the details of unfamiliar short-term experimental
activities. In fact, Kumar (1993) studied recall immediately after the completion of experimental session followed by assessments on the next day, the next week, and after a month.
His ﬁndings demonstrated very good assessment of load, posture, and duration of the
activity and their recall immediately after the session, next day and next week. However,
after a lapse of a month, the accuracy of recall dropped. The subjects used in the study were
not industrial subjects repeating and recalling their usual tasks. It is likely, therefore, recall
of the industrial subjects and their simulation of tasks of interest may be a valuable method
to determine the lifetime cumulative load in the current and previous occupations.

22.5.6.3 Videography
A biomechanical assessment of loading and integration of these loads are clearly the most
accurate method of measurement of load and duration of exposure, and thereby allowing
the most accurate method of calculating the cumulative loads. Whereas this is a good
standard method of measurement, it too has signiﬁcant limitations. The limitations are
dependent on the analysis methodology used. The inaccuracies are largely due to (a)
technique of analysis chosen and (b) the frame rate chosen for the analysis of the task.
There are three studies that have addressed these issues and have tried to develop a
solution to the problem (Andrews and Callaghan 2003; Callaghan et al., 2001; Kumar
and Narayan 2005).
Callaghan et al. (2001) and Andrews and Callaghan (2003) investigated error in calculation of cumulative loads by using different techniques of estimation and using different
frame rate for calculation of cumulative load. The authors used three male subjects to lift
three loads. These activities were videotaped, digitized and a biomechanical model executed on the data to obtain lumbosacral compression and shear in addition to moments.
They calculated cumulative load by executing the model on each frame and summing the
values and called it the gold standard. Against this value they compared the cumulative
load calculated according to Kumar (1990) technique of reducing the sampling frequency
to 5 Hz. In addition, they also calculated cumulative load by four other techniques. The
ﬁrst technique was executed by taking the peak load and multiplying with the duration of
the task; the second by taking the loading at the beginning of the task and multiplying it
with time and the rest loading during standing and multiplying it with the remaining time
and ﬁnally summing the two values; the third technique by taking the load at the initiation
of the task and multiplying it with only the work duration; and, the fourth technique by
dividing the task into its work component and taking the peak value of each component
and multiplying it with the component duration and ﬁnally adding the cumulative loads of
all components. They reported no signiﬁcant difference between cumulative loads calculated at 60 and 5 Hz justifying a drastic reduction in time and effort with no signiﬁcant
loss in accuracy of the results. However, the other four methods were found to be
signiﬁcantly inaccurate. The methods of multiplying peak load with duration of the task
were most inaccurate with mean error of 69% overestimation. The work=rest method
underestimated the cumulative load by 20%, while the work alone method underestimated
the cumulative load from 30% to 40%. Finally, the component peak load multiplied by the
duration of the component and summing all components overestimated the cumulative
load by over 30%. Thus between the four techniques employed the mean inaccuracies
ranged from 30% to 40%, to 69% providing a range of mean inaccuracies of over 100%.
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In their investigation of optimal frame rates for sampling task activities with a view to
calculate cumulative load, the authors investigated 30, 20, 15, 12, 10, 6, 5, 3, 2, and 1 frame=s
sampling of lifting of 2.3, 8.8, and 15.9 kg at 0.2, 0.4, and 0.8 m=s velocities. They reported
mean relative error in cumulative loads of all conditions to be below 8% at 1 fps and
less than 3% at 2 fps. Based on their ﬁndings the authors suggested that video analysis at
2–3 fps is suitable for determining cumulative loads. However, results of Kumar and
Narayan (2005) disagree with this recommendation.

22.5.7 Current state-of-the-art
The principles of mechanical properties of materials as well tissues have a strong and
irrefutable rationale, which suggest that the lifetime exposure to stresses is important in
modulating failure. Whereas the exact impact of stress (S) and number of cycles (N) of
exposure may be different in inanimate and animate objects, the trend is consistent in both.
The effect of load history on injury causation has been shown by various authors (Kumar 1990;
Norman et al. 1998; Newell and Kumar 2005; Kumar and Narayan 2005; Village et al., 2005).
There is consensus in the literature that the cumulative load is an independent risk factor
in causation of musculoskeletal injuries. The scientiﬁc rationale of the modulation of
these injuries due to the cumulative loads is described by Kumar (2001) in Chapter 1
of this book. However, the difﬁculty in obtaining these data has been universally stated.
Clearly it is time-consuming and difﬁcult to obtain these data. It is for this reason that
several papers have been published to address this issue (Kumar 1990; Norman et al., 1998;
Andrews and Callaghan 2003; Azar et al., 2005; Callaghan et al., 2005; Kumar and Narayan
2005; Newell and Kumar 2005; Village et al., 2005). However, though many of the complexities have been resolved, many remain. This section is going to describe the hurdles we
have overcome.
The current challenge is determining the best technique for the measurement of the
cumulative load and the optimum frequency of sampling. Even with these problems
resolved the concern of time and effort involved will still remain. An investigation into
these problems and resolutions thereof have been reported by Kumar and Narayan (2005).
The following description is that of their work.
If the data acquisition and analysis techniques, which show agreement with the accurate
value, can be found it will allow an acceptance of the cumulative load concept. This
scientiﬁc irony, that accurate determination is less adopted due to its tediousness, is
discouraging. To overcome the foregoing inertia, at least to some extent, Kumar and
Narayan (2005) looked into eight jobs in the ﬁeld of health care sector (x-ray technologists)
examining them with ﬁve techniques at seven different frame rates to obtain the cumulative load. The calculated values were compared against area under the load curve determination at 10 fps value for ﬁnding percent difference. Finally, these eight jobs were chosen
for additional regression analysis. Regression equations were developed by using four jobs
and were validated against the remaining four.
They studied nine x-ray technologists from two large teaching hospitals who volunteered for the study through their employers. The subjects were marked with reﬂective
tapes along the axes of their forearm, upper arm, torso, thighs, and legs. Such prepared
subjects performed eight selected tasks (Figure 22.4). These tasks were
1. Loading a small cassette in the multiloader: Subjects picked up a small cassette (x-ray
plate) weighing 10 N from the storage area. This cassette was used for an x-ray
picture. The x-ray technologist subjects brought the cassette from the x-ray room
and loaded into a central multiloader for development of the x-ray plate. The actual
task of loading the multiloader was videotaped in proﬁle for further analysis.
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Loading large cassette

Pushing/pulling x-ray tube Repositioning patient upright
in bed

Repositioning cassette
under patient

Repositioning patient on side
in bed

Two persons patient lifting
from wheelchair

Single person patient lift from
wheelchair

Figure 22.4 Postures assumed in performing eight different tasks. (After Kumar, S. and Narayan, Y.,
Int. J. Indus. Erg., 35, 889, 2005.)

2. Loading a large cassette in the multiloader: This task was identical to the previous
task except the cassette was bigger weighing 26 N.
3. Repositioning the patient on his side on x-ray table: The x-ray technologists are often
required to handle patients by repositioning them on the x-ray table to align the x-ray
beam with the x-ray plate with the required part of the body of the patient being in
between. In this case, the part of the patient body repositioned was 622 N. While the
technologist performed this task she was videotaped from the side.
4. Pushing=pulling x-ray tube: Frequently, after laying down the patient on x-ray table
in an appropriate position, the x-ray tube has to be pulled down from the ceiling and
brought over the patient’s appropriate part of the body to align with the x-ray plate
for an x-ray. So while the x-ray technologists were struggling with the alignment
process the subjects were videotaped in proﬁle.
5. Repositioning patient upright in bed: For very sick people the technologists are
required to go to the ward of the patient with mobile x-ray unit. Subsequently, the
patients have to be pulled up by technologists from behind the patient after interlocking the technologists’ arms from under the arm of the patient. The activity of
pulling patient upright was videotaped from the side of the technologist.
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6. Lifting patient from wheelchair (food end): When weak or disabled patients arrive in
their wheelchairs, they have to be lifted from it and placed on the x-ray table. It
requires coordinated movement from two technologists (one lifting the trunk and the
other patient’s legs). Again, this task was videotaped in proﬁle.
7. Repositioning cassette under patient: Frequently, once patient has been laid on the
x-ray table and x-ray tube aligned, the technologists are required to lean over patient
and lift them with one hand and place the x-ray plate under the patient’s body in
alignment with the x-ray tube. Again, the technologists were videotaped in proﬁle
analysis.
8. Lifting patient from the wheelchair (head end): This task is identical to job (point 6)
above with the difference that the technologist will be lifting the head end of the
patient, which is much heavier.
A video camera and VCR was used to shoot the activity at 60 fps and recorded on VHS
tape. The videotapes were played back on peak performance system for autodigitization.
From these digitized frames (every sixth frame) the input angles for the University of
Michigan three-dimensional (3-D) static models were extracted. These angular values
along with the subject’s height, weight, and weight-in-hand were input into the model to
calculate instantaneous compressive, anteroposterior shear and mediolateral shear loads.
The calculation of compression and shear was done using the University of Michigan
biomechanical 3-D static model. The model was executed on all selected frames of the
video shot for all eight jobs to obtain lumbosacral compression, anteroposterior and
mediolateral shears. The outputs of the model were used to calculate the cumulative
load of the task according to Kumar (1990).
Frame rate: The videotape was played back and frames representing 0.25, 0.5, 1.0, 2.0,
3.0, 5.0, and 10.0 fps were marked for analysis. Some activities were short in duration
as such 0.25 and 0.5 fps rates could not be obtained. The results obtained by the analysis
at 10 fps were considered the reference value and the results obtained by all other
frame rates were compared against it to determine the magnitude (percent) and direction
(positive=negative) deviation with respect to it.
Measurement techniques: A total of ﬁve different techniques were employed to determine the cumulative load at each of the frame rate analyzed (Figure 22.5). These techniques
are described below:
i. Peak force and duration product: After analyzing each of the tasks at each of the
preselected frame rates the peak value of force (compression or shear) in Newton
was multiplied by the duration of activity in seconds to provide a composite value in
Newton second (N s).
ii. Half of peak force and time product: Based on the rationale that the activity loadings
do not follow a square wave pattern, it is thought that peak 3 time product will
always overpredict the load and many times by a large margin. Hence, if the peak is
halved before multiplying with duration it will signiﬁcantly reduce the error perhaps
bringing it within acceptable limits.
iii. Average force and time product: Because halving the peak is also likely to provide
variable result depending on the magnitude and slope of the peak it is likely to
systematically over=under predict based on the shape of the trace. Therefore, multiplication of average force with the duration of the time is likely to produce more
representative value and hence the calculation.
iv. Half of the sum of initial and ﬁnal force and time product: As the name implies the
initial and ﬁnal forces were summed and divided by two to obtain an average value.
A product of the latter and time was considered cumulative load in Newton second.
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Figure 22.5 Representation of data extraction according to ﬁve techniques studied. (After Kumar, S.
and Narayan, Y., Int. J. Indus. Erg., 35, 889, 2005.)

v. Total area under the force curve: The total area under the force curve was determined
at seven frame rates ranging from 0.25 to 10 fps. The value of the force was multiplied
by the duration of that segment to yield the cumulative load of the segment in
Newton second. Similarly the cumulative loads of all segments were calculated and
summed to yield the total cumulative load of one cycle of the activity in question.
Cumulative load: The cumulative biomechanical compression and shear per day for
overall loads were calculated according to the following equations (after Kumar, 1990):
CDC ¼ (CC1  F1 ) þ (CC2  F2 ) þ    þ (CCn  Fn ) (N s)

(22:15)

CDS ¼ (CS1  F1 ) þ (CS2  F2 ) þ    þ (CSn  Fn ) (N s)

(22:16)
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where
CDC is the cumulative daily compression
CC1 is the cumulative compression of the task 1
F1 is the frequency of the task 1, and so on for tasks 2–n
CDS is the cumulative daily shear
CS1 the cumulative shear of the task 1
N s is the compound unit Newton second
The cumulative weekly, monthly, and yearly loads can be obtained by simply multiplying the daily cumulative load with appropriate time period as follows:
CWL ¼ (CDL  5) cumulative weekly load

(22:17)

CML ¼ [(CDL  5)  4] cumulative monthly load

(22:18)

CYL ¼ [(CDL  5)  4  12] cumulative yearly load

(22:19)

Using the above formulae, various cumulative compression and shear loads were
calculated with ﬁve techniques described at frame rates of 0.25, 0.5 Hz (where appropriate)
and at 1, 2, 3, 4, and 10 Hz. These results were subjected to analysis of variance to
determine if there were signiﬁcant differences between ﬁve techniques and various
frame rates and their combination. Finally, the compressions and shear within the conditions were correlated for possible relationship.
For regression analysis out of eight jobs, four were chosen to develop equations that were
validated on the remaining four. The tasks of loading small cassette, repositioning the patient
upright in bed, repositioning the patient upright, and lifting patient from a wheelchair were
used to develop the prediction equations. Subsequently, the cumulative loads for the tasks of
loading a large cassette, pulling=pushing x-ray tubes, repositioning cassette under the patient,
and lifting another patient from another chair by different technologists were calculated
through measurements and predicted by the regression equations developed. These values
were compared with the observed values to determine the magnitude of differences.
The single cycle cumulative compression and shear loads of all eight tasks using ﬁve
different calculation methods at seven different frame rates are presented in Figures 22.6
and 22.7. The same pattern and relationship of single cycle cumulative compressive load
with ﬁve techniques at seven frame rates and six techniques using two biomechanical
models are presented in Tables 22.9 through 22.11. A similar pattern of relationship is also
seen with the cumulative shear loading. The single cycle cumulative compression load
shows a wide variance when calculated by different techniques (Table 22.9). The difference
was as pronounced as 100%. However, it also clearly demonstrated these differences are
not the same in different tasks (Figure 22.8).
Also, the frame rate at which data are collected and analyzed can inﬂuence the magnitude
of results signiﬁcantly with some techniques and not at all with other (Table 22.10). Using the
peak compressive load at 0.25 Hz and time product the cumulative compression was
calculated to be 58,678 N s, but the same task at 10 Hz yielded 78,498 N s, a difference of
roughly 30%. If one were to consider the combination of techniques and the frame rates
the values could differ up to 250% when calculating with reference to the highest value
(Table 22.11). It is also interesting to note that there was a general trend for the single cycle
cumulative compression difference to decline with increasing frame rate. However, it was
not consistent at every stage. In some tasks the frame rates of 2–3 fps as recommended before
(Callaghan et al., 2001) resulted in errors of 20%–40% in one task (Table 22.11). In most other
tasks at this frame rate the errors were up to 8.9%. The speciﬁcity of appropriateness of frame
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Figure 22.7
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Mean single cycle cumulative lumbosacral shear for the eight tasks studied. (After Kumar, S. and Narayan, Y., Int. J. Indus. Erg., 35, 889, 2005.)
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Table 22.9 Cumulative Compressive Loads at 10 Hz by Five Techniques (N s)

Tasks
Small cassette
Large cassette
Repositioning
patient on side
Pushing=pulling
x-ray tube
Repositioning patient
upright in bed
Lift patient from
wheelchair
Repositioning cassette
under patient
Lift patient from
wheelchair

Load in
Hand
(N)

Peak
Compression
3 Time

Average
Compression
3 Time

(Initial
Load þ
Final
Load)=2
3 Time

Peak
Compression=2
3 Time

Total
Compression
Area

10
26
342

867
1,208
7,350

643
897
5,403

451
937
5,610

434
604
3,675

662
894
5,395

—

2,758

1,891

1,890

1,379

1,891

166

21,951

17,872

16,458

10,975

17,901

314

25,460

19,434

22,338

12,730

19,369

314

26,902

25,051

23,389

13,451

25,088

578

78,498

56,158

53,945

39,249

56,185

Source: Kumar, S. and Narayan, Y. 2005. Int. J. Indus. Erg. 35, 889, 2005. With permission.

rate to be employed for a given task is demonstrated by the observation that the error rates
were less than 2%. Repositioning patient on side in bed at 2 fps had 1% error but at 3 fps had
an error of 8.9%. These speciﬁcities have very much to do with the shape of load=force trace
and the peaks and valleys in them. In order to take a systematic look at the frame rate FFT
analysis was carried out of the loading signals in all studied tasks and the frequency value at
3 dB (Table 22.12) was determined. Most tasks came up with different values and thus
suggesting different minimum sampling rates for different tasks.

Table 22.10 Cumulative Lumbosacral Compressive Loads (N s) due to Lifting a Patient from a
Wheelchair at Different Frame Rate of Sampling by Five Different Techniques

Frame rate
0.25
0.50
1.00
2.00
3.00
5.00
10.00

Cumulative Compressive Load Assessed at 10 Hz by Various Techniques (N s)
Peak
Average
(Initial Load þ
Peak
Total
Compression Compression
Final Load)=
Compression=2 Compression
3 Time
3 Time
2 3 Time
3 Time
Area
58,678
66,400
77,253
77,253
77,253
78,498
78,498

47,813
50,857
55,345
56,043
55,475
56,211
56,158

53,945
53,945
53,945
53,945
53,945
53,945
53,945

29,339
33,200
38,626
38,626
36,626
39,249
39,249

Source: From Kumar, S. and Narayan, Y. Int. J. Indus. Erg. 35, 889, 2005. With permission.

44,747
50,084
55,520
56,174
55,539
56,268
56,185
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Table 22.11 Difference in Single Cycle Compression (%) of Eight Tasks at Seven Frame Rates
When Compared against the Gold Standard (% of the Gold Standard)
Tasks
Loading small cassette
Loading large cassette
Repositioning patient on side in bed
Pushing=pulling x-ray tube
Repositioning patient upright in bed
Lift patient from wheelchair 1
Repositioning cassette under patient
Lift patient from wheelchair 2

0.25

0.5

—
—
—
—
22.2
3.7
16.4
20.4

—
—
13.3
0.0
23.4
16.7
13.6
10.9

Frame Rate (fps)
1.0
2.0
3.0
31.8
38.3
18.4
13.1
3.5
13.5
11.2
1.2

0.4
45.3
1.0
1.7
0.2
0.9
0.0
0.0

3.4
20.6
8.9
2.0
0.5
4.9
4.0
1.2

5.0

10.0

0.9
7.5
5.1
0.6
0.6
3.0
2.2
0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Source: From Kumar S. and Narayan, Y., 2005. Int. J. Indus. Erg. 35, 889. With permission.

Examining the combination of frame rate and the technique in one task (lifting patient
from wheelchair), it was evident that a comparison with gold standard, i.e., total area
measured at 10 fps, the error rates were signiﬁcant with peak force 3 time, Z|x peak 3 time,
signiﬁcant and erratic with average force 3 time. With Z|x (initial þ ﬁnal force) 3 time has a
constant error through all frame rates. Even with total area with 3 fps errors could be
signiﬁcant. It was only after the frame rates of 4 fps and above the errors were consistently
low (Table 22.12).
The erratic behavior of error with frame rates and also the technique used for calculation
is largely due to unpredictable and irregular shape of load=force trace. This trace in
symmetrical lifting of a ﬁxed load to a ﬁxed point (as tested by Callaghan et al., 2001)
will be of a ﬁxed shape, even if the load is changed, unlike the irregular and unstructured
industrial tasks and the tasks performed by x-ray technologists. Though minimum frame
rates for sampling are presented in Table 22.12, it is indicated that those may not be
optimum. If the peaks of variation in forces are not adequately tracked, as observed with
several low frame rates there is a high likelihood of inaccuracies (Table 22.13). As the
pattern of traces can be highly variable depending on the tasks, it is suggested that as a
general rule 5 fps should be considered optimal for faithful representation of the loads as
demonstrated before (Kumar, 1990; Callaghan et al., 2001).
The analysis of variance revealed that the two variables tested had a signiﬁcant main
effect on single cycle cumulative compressive loads: frame rate (p < .005) and technique of
calculation (p < .005). Similarly for the single cycle cumulative shear load both variables
(frame rate and technique of calculation) had signiﬁcant main effect (p < .001). There were
no interaction effects for both cumulative compression and cumulative shear. The signiﬁcance level for the compressive forces is p < .01 whereas for shear load it was p < .03 or
better.
Regression and validation analysis: The frame rates of 3, 5, and 10 fps were chosen for
analysis. The regression equations developed for each of these frame rates for single cycle
cumulative compression were signiﬁcant (p < .001) with R2 ¼ 1.0. These equations were
developed using data from the following conditions: (a) loading small cassette, (b) repositioning patient on side in bed, (c) repositioning patients upright in bed, and (d) lifting a
patient from a wheelchair. These regression equations are described below.
Regression equations for single cycle cumulative compression at frame rates were
3 fps CC ¼ 75:061 þ 1:002 Av comp  time (N s)

(22:15)
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Figure 22.8 (A) Lumbosacral compression values obtained at different frame rates in lifting patient
from a wheelchair and (B) Lumbosacral compression values obtained at different frame rates in
repositioning a patient upright in bed. (After Kumar, S. and Narayan, Y., Int. J. Indus. Erg., 35, 889,
2005.)

p < .001, adjusted R2 ¼ 1.0
5 fps CC ¼ 38:109 þ 1:006 Av comp  time  0:072 peak comp=2  time
 0:012(I þ F)=2  time (N s)

(22:16)

p < .001, adjusted R2 ¼ 1.0
10 fps CC ¼ 15:004 þ Av comp  time (N s), p < :001; adjusted R2 ¼ 1:0

(22:17)
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Table 22.12 Frequency Response of Compressive Load at 10 fps to Determine Minimum
Acceptable Sampling Rate for Different Tasks

Under 3 dB Frequency
Tasks
Loading small cassette
Loading large cassette
Repositioning patient on side in bed
Pushing=pulling x-ray tube
Repositioning patient upright in bed
Lift patient from wheelchair (two person)
Reposition cassette under patient
Lift patient from wheelchair (one person)

3 dB
Frequency (Hz)

Minimum Sampling
Frequency (Hz)

1.20
0.80
0.75
0.80
0.70
0.35
0.30
0.25

2.40
1.60
1.50
1.60
1.40
0.70
0.60
0.50

Source: From Kumar, S. and Narayan, Y., 2005. Int. J. Indus. Erg. 35, 889. With permission.

Regression equations for single cycle cumulative shear at frame rates were
3 fps CS ¼ 2:142 þ 1:006 Av shear  time (N s)

(22:18)

p < .001, adjusted R2 ¼ 1.0
5 fps CS ¼ 0:672 þ 1:001 Av shear  time 0:022(I þ F)=2  time (N s)

(22:19)

p < .001, adjusted R2 ¼ 1.0
10 fps CS ¼ 0:665 þ 1:002 Av shear  time þ (I þ Fi)=2  time þ peak
shear  time (N s)

(22:20)

p < .001, adjusted R2 ¼ 1.0

Table 22.13 Technique versus Frame Rate (Lifting Patients from Wheel Chair). Percentage (of Total
Area under the Curve) Error Observed in Calculating the Single Cycle Cumulative Compression
of Lifting a Patient from Wheelchair to the x-Ray Table Using Different Techniques and Frame
Rates Error as Obtained by Different Techniques (%)
Frame Rate
(fps)
0.25
0.50
1.00
2.00
3.00
5.00
10.00

Peak
3 Time
4.4
18.1
37.5
37.5
37.5
39.7
39.7

Percentage Error Obtained by Different Techniques
Average
Initial þ Final
Peak=2
3 Time
Load 3 Time (%)
3 Time
14.9
9.4
1.4
0.2
1.2
39.7
0.0

39.0
39.0
39.0
39.0
39.0
39.0
39.0

47.8
40.9
31.2
31.2
31.2
34.1
30.1

Source: From Kumar, S. and Narayan, Y., 2005. Int. J. Indus. Erg. 35, 889. With permission.

Total
Area
20.3
10.8
1.2
0.0
1.1
0.1
0.0
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where
fps is the frames per second
CC is the single cycle cumulative compression in N s
Av comp is the average compressions
(I þ F) is the initial compression þ ﬁnal compression
CS is the single cycle cumulative shear in Newton second
Av shear is the average shear
Pk shear is the peak shear
The compressive loads predicted for the foregoing four conditions when compared
against the experimentally obtained data demonstrated a good agreement at all three
frame rates. The goodness of the ﬁt for 10 Hz sampling was best. Using these equations
the single cycle cumulative compressions of the following tasks were calculated for (a)
loading large cassette, (b) pushing=pulling x-ray tube, (c) reposition cassette under patient,
and (d) lifting patient from wheelchair.
Experimentally obtained data for these conditions at 3, 5, and 10 fps were compared
against the predicted values (Table 22.14). The difference between the predicted and
actually experimentally obtained (observed) data was generally under 1% but sometimes
going as high as 3.99%. The predicted and calculated data for cumulative shear were in
signiﬁcant agreement also. The prediction of single cycle cumulative shear loads of the jobs
not entered into the regression equation and their comparison with experimentally calculated values are presented in Table 22.15. In majority of the conditions the differences
obtained were less than 1% and none was 2.5% or more. Therefore, the regression equations for predicting single cycle cumulative compression and shear loads were deemed
valid.
All regression equations developed for both compression and shear were signiﬁcant.
However, it was clear from the results that equation for 5 fps was most acceptable for
compression. For shear however, the equation at 10 fps was the best. Because the shear
values are an order of magnitude lower than compression, a compromise of selecting 5 fps

Table 22.14 Validation of Single Cycle Cumulative Compression Regression Equations
by Comparing Observed Value to Predicated One

Tasks
Loading large cassette

Pushing=pulling x-ray tube

Repositioning cassette under patient

Lift patient from wheelchair

Frame
Rate (fps)

Observed
Cumulative
Load (N s)

Predicted
Cumulative
Load (N s)

Percent
Difference

3.00
5.00
10.00
3.00
5.00
10.00
3.00
5.00
10.00
3.00
5.00
10.00

894.27
894.27
894.27
1,890.62
1,890.62
1,890.62
25,087.83
25,087.83
25,087.83
56,185.36
56,185.36
56,185.36

894.68
929.95
910.18
1,936.77
1,909.25
1,901.83
25,039.09
25,298.76
25,015.8
55,661.47
56,148.95
56,060.39

0.05
3.99
1.78
2.44
0.99
0.59
0.19
0.84
0.29
0.93
0.06
0.22

Source: From Kumar, S. and Narayan, Y., Int. J. Indus. Erg. 35, 889, 2005. With permission.
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Table 22.15 Validation of Single Cycle Cumulative Shear Regression Equation Comparing
Observed Value to Predicted One

Tasks
Loading large cassette

Pushing=pulling x-ray tube

Repositioning cassette under patient

Lift patient from wheelchair

Frame
Rate
(fps)

Observed
Cumulative
Load (N s)

Predicted
Cumulative
Load (N s)

Percent
Difference

3.00
5.00
10.00
3.00
5.00
10.00
3.00
5.00
10.00
3.00
5.00
10.00

364.11
364.11
364.11
500.68
500.68
500.68
2421.76
2421.76
2421.76
5016.57
5016.57
5016.57

356.32
367.21
364.4
501.64
501.02
500.68
2374.18
2371.29
2367.55
5048.74
5039.24
5010.02

2.14
0.85
0.08
0.19
0.07
0.00
1.96
2.08
2.24
0.64
0.45
0.13

Source: From Kumar, S. and Narayan, Y., Int. J. Indus. Erg. 35, 889, 2005. With permission.

is suggested. Using these equations the percentage between observed and predicted
compression and shear did not generally vary more than 1% and in some exceptions up to 2.5%. As these equations were developed using data from other four tasks
(different from those predicted) the agreement between the observed and predicted is
considered good.

22.5.8 Paradox of paradigm—the remaining challenges
There is a considerable need (for practical purposes) that the determination of cumulative
load should not be prohibitively labor and time intensive, lest it will not be used. However,
the convenience of determination of peak load does not make it an optimum parameter.
The viscoelasticity of biological tissues render them far more affected by time and ratedependent properties. This renders the peak load paradigm less appropriate unless it
happens to be a single maximal or supramaximal effort (Kumar, 2001). Therefore, if we
are to succeed in control of the musculoskeletal injuries we will have to pay much greater
attention to cumulative load (Kumar, 2001, 2004). Constrained by these considerations, a
constant effort to determine a reliable and valid method of assessment of cumulative load
may be an important strategic goal. However, it must be pointed out that unless validated
for a job in question, it should not be accepted as a tool of choice.
The methodology for the measurement of the cumulative load described anywhere
(including the state-of-the-art section in this chapter) has approached the problem in a
simplistic manner. The value of the cumulative load as we can determine today provides
us an independent risk factor for possible prediction of injury. If, through epidemiological
studies, we are able to develop large databases and are successful in determining threshold range for different kinds of loading (sedentary work, heavy work, and mixed work),
we may be able to predict the injury precipitation among workers in future based on the
rate of progression of cumulative load. It is also possible that there may be an interaction
between the rate of cumulative load progression and age=physical conditioning of the
workers. Thus given the accuracy and resolution of data such prediction may not always
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be correct. However, such information will allow one to design jobs such that the accumulation of cumulative load is retarded for a better control of musculoskeletal injuries.
The foregoing signiﬁcance of the cumulative load is considerable, but we must also be
cognizant of some other relevant factors. Our knowledge of the impact of the timedependent properties and strain-rate dependent properties on injury causation in the
context of the cumulative load is virtually absent. Let us consider these and examine
their effect on cumulative load.

22.5.9 Time-dependent properties
As stated in Chapter 1, all biological materials are viscoelastic. As most of the consequential injuries occur to the connective tissues, we will focus our discussion only on the
ligaments and tendons, which are predominantly collagenous. As shown in Figure 1.4
of Chapter 1 the recovery of these tissues require time. If adequate recovery is not allowed
the deformation continues to build up reducing the cross-sectional area of the tissue
reducing its stress-bearing capacity quite signiﬁcantly. Given the work regimes of most
occupations, it is unknown whether the tissue is allowed adequate rest between the cycles
for it to return to its baseline. If not, what is the residual deformation and how does it build
over the shift. Whether the recovery is complete by the next day when the workers report
for duty again. We also do not know in reliable terms as to how this chronic residual
deformation plays out in the biological milieu. It is possible that due to the mechanical
stimulation there may additional collagen ﬁbers get laid. On the contrary, the mechanical situation may be unstable due to large motion that this may be difﬁcult to happen. In
life there is evidence for both, but we do not know the critical factors and optimal
conditions, which may steer the system one way or another. Under these circumstances
we may be able to calculate the overall cumulative load, but we are unable to account for
the rest periods (intra-cycle, inter-cycle, and structured rest periods for coffee and lunch),
let alone their effect on cumulative load and workers’ vulnerability for injury.

22.5.10 Strain-rate dependent properties
Viscoelasticity is the basis for strain-rate dependence. As the ﬂuids are incompressible they
cannot be immediately deformed. Their deformation depends on the viscosity of the ﬂuid
and the diameter of the aperture for deformation. This property is illustrated in Chapter 1
(Figure 1.4). From the foregoing ﬁgure it is evident that as one increases the strain rate the
tissue becomes more rigid. Also, when the strain rate reaches a critical value the tissue
ruptures. The role of the submaximal strain rate on tissue tolerance and cumulative load is
not known. Currently we do not have data that may describe this relationship. However,
one is warned the absence of data does not herald inconsequence.
Thus in ﬁnal analysis, there is a signiﬁcant parallax between well-understood valid data
of the cumulative load and the one we are able to calculate using one of several methods
described. In spite of the state-of-the-art technique described here, we have additional
signiﬁcant advances for us to understand and to interpret cumulative load in occupational
context. The challenges are daunting for both discovery as well as practical application. We
have a fair distance to go and have interesting work ahead of us.
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23.1 Introduction
Posture will be considered ‘‘the conﬁguration of the body's head, trunk, and limbs in
space.’’ This chapter considers the following: nonperfect bodies, measuring=recording
posture, static posture, dynamic posture, and external factors.

23.2 Nonperfect bodies
Everyone does not have a perfect body.

23.2.1 Spine
The spine is concave backward in two areas (cervical and lumbar) and concave forward in
one area (thoracic). Lordosis is an increase in lumbar curvature—a swayback posture, with
the stomach protruding. (Pregnancy temporarily increases lordosis, leading to standing
farther from a work surface, but compensating by bending the torso forward and extending the arms more.) Kyphosis is an increase in thoracic curvature—shoulders roll forward,
the person slouches, becomes a hunchback. Scoliosis is a bending of the spine to the side
(i.e., from a front view).

23.2.2 Legs
Leg length discrepancy (LLD) is the technical name for differences in leg length in the same
person. Contreras et al. (1993), summarizing studies with N ¼ 2377, reported that 40% of
people had LLD  5 mm, 30% had LLD  9 mm, 20% had LLD  11 mm, and 10% had
LLD  14 mm.

23.2.3 Joints
Other imperfections can affect posture. These problems can come from many causes
(injuries, disease, aging, etc.).
For the hip and knee, see Nordin et al. (1997, Chapters 38 through 41).
For the foot and ankle, also see Nordin et al. (1997, Chapters 43 through 47).

23.3 Measuring=recording posture
The effects of posture include body orientation in space, muscle force to maintain that
orientation, and duration of the orientation is held. Table 23.1 describes the terminology.
There are two general applications: laboratory and ﬁeld.

23.3.1 Laboratory
A laboratory has the characteristics of precision, repeatability of standard situations, and
organization of data gathering. Relatively elaborate equipment can be used.
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Table 23.1 Terminology for Body Position Descriptions

Planes
Sagittal: Divides the body into left and right
Medial (Y): Close to the centre
Lateral (þY or Y): Away from the medial on left (þY) or right (Y)
Coronal: Divides body into front and back
Anterior (þX): Front or ventral side
Posterior (X): Back or dorsal side
Transverse: Divides body into top and bottom
Superior (þZ): Closer to head
Inferior (Z): Closer to feet
Limbs
Proximal: Closer to the torso
Distal: Farther from the torso
Wrist=Hand Motions
Flexion (bend hand down; palm toward front of wrist) vs. Extension (bend hand up: palm tilted up)
Radial deviation (bend horizontal hand toward thumb) vs. Ulnar deviation (bend horizontal hand
toward little ﬁnger)
Pronation (rotation toward thumb down) vs. Supination (rotation toward thumb up)

Views can be either two-dimensional or three-dimensional. Generally, the photos
are made with a video camera. Generally, markers are placed on the person to aid in
identifying speciﬁc body locations for the analysis. The digitized marker locations will be
entered into a computer and various angles calculated.
Goniometers give the angle directly. The simple units have two arms and the experimenter visually reads the included angle. The more complex units operate electronically
and give continuous readouts—allowing data collection during movement with minimal
distraction of the subject.

23.3.2 Field
Ergonomists and engineers usually are not as interested in precision as getting data for
real-world situations with minimal interference of the job.
There are two approaches: (a) make a video of the job and analyze it in the ofﬁce or
(b) observe the job without equipment, estimate the relevant angles, and manually put
them on a form. A number of forms have been developed which give simple categories.
RULA, for example, gives a score of 1 for a forearm angle with the horizontal between 608
and 1008 and 2 for a forearm angle above or below that. There is an additional þ1 if the
forearm goes across the body midline or out to the side (Konz and Johnson, 2004).
When multiple angles need to be recorded, visual recording will tend to be inaccurate.
Use of a videotape with a number of cycles and frontal and side views is recommended. The
videotape also permits estimation of the duration of a posture as well as its orientation.

23.4 Static posture
23.4.1 Standing
Chapter 2 gives some anthropometric dimensions of US adults. A large portion of the
variation in stature is in leg length; the torso is relatively constant in height. Weights of
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various adult male body segments (as a percent of total weight) are: head ¼ 7.3%,
torso ¼ 50.7%, one total arm and hand ¼ 4.9%, one total leg and foot ¼ 16.1%.
The mean distance between the inside of the two feet, when standing, is about 100 mm,
between foot centerlines is about 200 mm, and between outside edges is about 300 mm (Rys
and Konz, 1994). Yet mean male height is 1750 mm. Thus there is a base of only 200–300 mm for
a structure of 1750 mm. The base can be increased if the person stands with one foot forward;
this also reduces twisting stress if a turn is made to the side opposite the forward foot.
This structure has two supports up to the waist and then one support (the spine). There is
sway—especially front to back. Sway is increased by lack of vision and by certain noise
frequencies (Sakellari and Soames, 1996). When standing, the centre of gravity passes from
the ear opening forward of the spine (even L4–L5) so the body normally has a forward bending
moment, counteracted by ligament and back muscle forces and soleus muscles of the calf.
‘‘Quiet standing’’ is actually a highly dynamic event as there is incessant weight shifting
from side to side. Satzler et al. (1993) recorded foot movements for 120 min of standing;
people moved a foot approximately every 90 s.
Venous pressure in the ankle of sedentary people is about equal to hydrostatic pressure
from the right auricle. Pollack and Wood (1949) reported 56 mm Hg for sitting and 87 mm Hg
for standing; Nodeland et al. (1983) reported 48 mm Hg for sitting and 80 mm Hg for
standing. Walking about 10 steps drops venous ankle pressure to about 22 mm Hg.
Table 23.2 lists risks for various postures as a function of angle and duration. Table 23.3
gives stressful postures for sitting or standing. Use the form for either the left or right
side of the body but not both simultaneously. Hidalgo et al. (1992) gave the following
values for neck postures. For ﬂexion (bending forward=back), neutral ¼ 158  A  158,
moderate ¼ 158  A  458, and severe ¼ A > 458. For extension (tilt head toward shoulder),
Table 23.2 Posture Checklist for Neck, Trunk, and Legs
Job Studied

Percent Time Posture Used in Job
Never
<1=3
1=3

Neck
Mild forward bending (>208)
Severe forward bending (>458)
Backward bending (>208)
Twisting or lateral bending (>208)

0
0
0
0

0
X
X
X

X
*
*
*

Trunk
Mild forward bending (>208)
Severe forward bending (>458)
Backward bending (>208)
Twisting or lateral bending (>208)

0
0
0
0

X
*
X
X

*
*
*
*

0

0
0
0
X
0

X
0
*
*
*

General body=legs
Standing stationary(no walking or learning)
Standing, using foot pedal
Knees bent or squatting
Kneeling
Lying on back or side
Total X ¼ _____ Total * ¼ _____

0
0
0

Source: From Keyserling, M., Brouwer, M., and Silverstein, B., Int. J. Ind. Ergon., 9, 283, 1992.
Note: A zero indicates insigniﬁcant risk. An X indicates a potential risk. An asterisk indicates a
signiﬁcant risk.
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Table 23.3 Posture Checklist for One Arm=Hand
for Either Sitting or Standing

Department: Task: Operator:
Analyst name: Date:
Joint

Class (8)

Score

Motion

Class (8)

Score

0–20
20–60
>60
0–10
10–30
>30

1 _____
2_____
5_____
1_____
3_____
6_____

Extension

0–20
20–45
>45
0–10
10–20
>20

1_____
2_____
7_____
1_____
3_____
7_____

0–45
45–120
>120
0–70
>70

1_____
2_____
5_____
2_____
7

Supination

0–90
>90

2_____
7_____

0–45
45–90
90–150
>150
0–10
10–30
>30
0–30
30–90
>90

1_____
3_____
6_____
11_____
1_____
2_____
8_____
1_____
2_____
7_____

Extension

0–20
20–45
45–60
>60
0–30
30–90
>90
0–10
10–30
>30

1_____
4_____
9_____
13_____
1_____
3_____
10_____
1_____
3_____
7_____

0–20
20–45
>45
0–30
30–45
>45

1_____
3_____
5_____
1_____
3_____
10_____

Extension

0–30
30–60
>60
0–30
30–60
>60

1_____
6_____
12_____
1_____
2_____
8_____

0–20
20–60
>60
Lateral
0–10
bending
10–20
20–30
>30
Total postural load score_________

1_____
3_____
10_____
1_____
3_____
9_____
13_____

Extension

Not included

Rotation

0–20
20–30
30–45
>45

Wrist

Motion
Flexion

Radial
deviation
Elbow

Flexion

Pronation
deviation
Shoulder

Flexion

Adduction

Medial
rotation
Neck

Flexion

Lateral
bending
Back

Flexion

Ulnar

Abduction

Lateral
rotation

Rotation

1_____
2_____
7_____
11_____

Source: Kee, D. and Karwowski, W., in Fundamental and Assessment Tools for Occupational Ergonomics,
Marras, W. and Karwowski, W. (eds), Taylor & Francis, Boca Raton, Florida, 2006.
Note: If the total score is 5, no corrective actions are needed. If the score is 6–10, immediate intervention is
not needed but further investigation should be made during the next check. If the score is 11–15,
corrective action is needed soon. If the score is >15, immediate action is needed.
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Table 23.4 Selected Male (mean height ¼ 1752 mm)
Body Dimensions (mm) for Common Working Conditions
Dimension
Overhead reach
Breadth
First height
Maximum height
Horizontal length
Knee bent
Knee straight
Supine
Arm reach
Bent knee height
Height
Squatting
Kneeling height
Bent torso
Breadth
Bent torso
Maximum squatting
Leg length, kneeling

Mean

Std. Dev.

Mean=Height

377
2141
2240

17.3
82.9
85.9

22
122
128

1484
1778

53.6
59.7

85
101

747
502

32.6
22.9

43
29

1117
1304
1309

49.3
45.0
70.1

64
74
75

448
562
672

22.4
54.1
33.5

26
32
38

Source: Adapted from Annis, J. and Mcconville, J., in Occupational Ergonomics,
Bhattacharya, A. and McGlothlin, J. (Eds.), Marcel Dekker, New York, 1996.
Note: Mean age ¼ 29 years, weight ¼ 73 kg.

neutral ¼ B  158 and moderate ¼ B > 158. For rotation (rotate nose toward shoulder),
neutral ¼ C < 158.

23.4.2 Sitting
The concept that people sit with back straight and head up is ﬁctional. People sit with the
head forward (head over center of thighs), middle (head over buttocks), and backward
(head behind buttocks). Head position was not constant but changed about 10 times per
hour (Graf et al. 1995). In addition, head posture varies greatly with task (assembly, ofﬁce,
listening).

23.4.3 Other postures
Table 23.4 gives dimensions for some other working postures.

23.5 Dynamic posture
23.5.1 Walking=running
When walking, the activity of one leg has a shorter swing phase (when the foot is passed
forward) and a longer support (stepping, contact) phase (when the foot is on the ground).
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The support phase starts at heel strike and ends at toe-off; it has an earlier passive
section and a later active (propulsion) section. Since the swing phase is shorter than the
support phase, heel strike of the opposite limb occurs during the propulsion section of
the support phase. During a slip, instead of stopping, the heel continues to move and the
leading foot moves out in front of the body.
The length of stride (L) divided by stature height (h) varies linearly with velocity:
L=h ¼ 0.67 at n ¼ 0.8 m=s and L=h ¼ 0.9 at 1.7 m=s.
Walking changes to running, for normal size adults, at about 1.5 m=s (5.6 mi=h) since it
uses less energy (for the same speed). In running, both feet are off the ground for part of the
stride. Peak force is about 3 3 body weight at about 0.1 s after contact.

23.5.2 Stepping
Descending stairs has a quite different gait than that for ascending. Most stair falls occur
while descending.
For descent, the leading foot swings forward over the nosing edge and stops its
forward motion when it is directly over the tread below; the toe is pointed downward.
Meanwhile the heel of the rear foot begins to rise, starting a controlled fall downward
toward the tread. The heel of the forward foot then is lowered and the weight transferred
to the forward foot. The rear foot then begins to swing forward. Problems are overstepping
the nosing with the forward foot, catching the toe of the forward foot, and snagging the
heel of the rear foot on the nosing as it swings past.
For ascent, the leading foot has a toe-off, swing, and ﬁrst contact with the upper step.
The foot is roughly horizontal. The ball of the foot is well forward on the tread. The rear
foot then rises on tiptoe, pushing down and back. The rear leg then begins the swing phase.
The primary problem is catching the toe, foot, or heel of either foot on the stair nosing.
Another problem is slipping by the rear foot when it pushes backward.

23.5.3 Falls
Falls can occur from slips (unexpected horizontal foot movement), trips (restriction of foot
movement), and stepping-on-air (unexpected vertical foot movement).
Slips occur primarily during foot pushoff and heel strike. During pushoff, the person
falls forward (less common and less dangerous). If a slip occurs during heel strike, the
person falls backward. During a slip, there normally is a lubricant (water, oil, grease, dust,
ice) either on the surface or on the shoe heel.
Outdoor trips often occur from uneven surfaces which the person expects to be
even. Indoor trips tend to be from objects on the ﬂoor or stairs. Usually there is a visual
problem.
Stepping-on-air can occur on steps with unequal riser distances, when there is a hole in
the ground, and when there is ‘‘no ground.’’ Often it occurs with single steps (small
changes in elevation) such as curbs and one-step changes in ﬂoor level. Often steppingon-air has a visual cause.
Falls that occur when the person is carrying something are especially dangerous.
The object carried decreases stability as a function of the torque above the ankle (weight 3
object height above ankle). Other problems are that the arms cannot be used for balance (to
prevent a fall), to grab a railing, or to break the fall impact.
Table 23.5 gives tips on fall prevention.
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Table 23.5 Minimization of Slips and Slip Effects

Eliminate the lubricant
Avoid presence=spilling of the lubricant.
Quickly clean up lubricant. The lubricant (water, mud) could be on the shoe. ‘‘Lubricants’’ can be
solid objects (coins, paper clips, hairpins, screws, and metal clips).
Don't add lubricants during cleaning (e.g., don't use an oil mop to clean a waxed ﬂoor).
Improve drainage of rain=snow on exterior walks and stairs.
Choose good ﬂooring
Carpet is best (high-friction, low effect of lubricants).
Of hard surfaces, stainless steel and ceramic are worst as they are the smoothest. Grooved or porous
ﬂoors reduce lubricant problems but are hard to clean.
Use mats and duckboards (elevated slatted ﬂooring) for local areas where wet ﬂoors are common.
Building entrances often are wet because of water and snow tracked in. Machines using oil or
coolant can be a problem. Mats should have beveled edges to reduce tripping and holes to
encourage drainage. Use nonslip ﬂoors for showers and bathtubs.
Choose good shoes. The heel is critical
Bevel the rear of the heel (reduce the contact angle during heel strike to 0 from 108–158.
Penetrate (squeeze out) the lubricant. This can be done when the tread or high surface roughness (the
minute peaks, known as asperities) of footwear and ﬂoor make contact (Chang et al., 2001).
Have soft material to increase contact area, and, thus, grip. Slip resistance of shoes increases after
about 5 km of walking so don't test new shoes.
Realize a slip may occur (be alert)
Walk carefully (short, slow steps)
Keep the body's center of gravity within the stride.
Reduce heel angle at heel strike (i.e., shufﬂe).
If there is a slip, eliminate the fall (e.g., use handrails)
If there is a fall, reduce consequences of the fall
Less distance to fall.
Lower impact force=pressure (use soft surfaces such as carpet; minimize sharp objects).
Source: From Konz, S. and Johnson, S., Work Design: Occupational Ergonomics, Holcomb-Hathaway, Scottsdale,
2004. With permission.

23.5.4 Manual handling
Manual handling leads to back problems. There is a hierarchy of back problems:
.
.
.
.

Low-back
Low-back
Low-back
Low-back

pain
impairment (reduced ability to perform)
disability (lost time)
compensation (reimbursement)

Ergonomic risk factors are discussed for carrying, pushing=pulling, and lifting=lowering.

23.5.4.1 Carrying
Carrying indicates poor job-design; replace with pushing or pulling (e.g., carts, conveyors,
hoists). Consider a short section of a roller or belt conveyor (perhaps portable); trucks often
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are loaded=unloaded using an extendable belt conveyor. Within a workstation, consider
balancers, manipulators, and robots.
Carrying objects up and especially down stairs and ladders is dangerous as the hands
are not free and the object may impair vision. Consider hoists and elevators. If the object
must be carried on a stair=ladder, keep the hands free (e.g., use a tool belt or backpack).

23.5.4.2 Pushing=pulling
Pushing=pulling on a level does not have to ﬁght gravity and therefore is better than
lifting=lowering; three people can push a car but they certainly cannot lift it! In general,
pushing is better than pulling.
For pushing=pulling horizontally, perpendicular to the shoulders
.
.
.
.
.

Two hands are better than one.
Force capability goes down as it is used more often.
Females (generally) are weaker than males—especially in pushing.
Push at waist level rather than shoulder or knee level. (Two vertical handles on a cart,
rather than one horizontal handle, allows all sizes of people to use optimum posture.)
Pull at knee level rather than waist or shoulder level. If a two-wheel cart is pulled
over curbs or steps (as in retail delivery of beverages), larger diameter wheels (i.e.,
larger lever arm) are better.

Arms and shoulders (not the lower back) tend to be limiting when
.
.

Activity is repetitive (local muscle fatigue)
Posture is poor
. Pushing with arms fully extended (arm strength is greatest at 0.5 (reach distance),
drops at 0.75 (reach distance), and is lowest at 1.0 (reach distance) (Kumar, 1987);
. Pushing or pulling with one arm;
. Pushing or pulling above the shoulder or below the hip;
. Kneeling (vs standing) reduces capability about 20%;
. Seated (vs standing) reduces capability about 40%.

Capability is reduced by lack of a resistant force for the foot (e.g., a vertical surface to
brace against or nonslip shoes or ﬂoor). For horizontal transfer in and out of a machine,
replace frictional contact (e.g., boxes on polished metal tables, pallets on rails) with rolling
contact (rollers, wheels, balls).
For horizontal pushing parallel to the shoulders, assume force capability is 50% of
perpendicular to the shoulders. For vertical pushing=pulling, sitting decreases capability
about 15% vs standing.

23.5.4.3 Lifting=lowering
Table 23.6 gives general guidelines for lifting=lowering.
There are three more speciﬁc numerical guidelines, based on populations.
Snook and Ciriello (1991) developed manual handling tables for men and for women,
for lifting, for lowering, for pushing, for pulling, and for carrying. Liberty Mutual has put
them on the web at www.libertymutual.com=researchinstitute. For a speciﬁc set of input
values, the result might be ‘‘Greater than 85% of males.’’ This means the load is safe for
those conditions for over 85% of the male industrial workers tested in Liberty's Boston lab.
Mital et al. (1993), using Snook and Ciriello's data as partial input, developed tables for
various conditions. The user, without calculations, just looks up the relevant value in the
relevant table.
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Table 23.6 Guidelines for Occasional Lifting

Guideline
Select individual
Select strong people based
on tests.
Teach technique
Bend the knees.

Don't slip or jerk.
Don't twist during the move.

Design the job
Use machines.

Move small weights often.

Get a good grip.

Put a compact load in a
convenient container.
Minimize spinal torque.

Work at knuckle height.

Comment
Antidiscrimination laws have made personnel selection
difﬁcult to implement.
The squat lift is difﬁcult to implement. Workers actually use
the ‘‘free-style’’ lift (1358 angle between upper and lower
legs, 108 back angle vs ﬂoor) as it uses less energy.
Minimize peaks of force and torque on body.
Twisting while erect is bad but the legs and hips can move.
Worst is twisting while the torso is at or below the hips.
Move the feet.
Eliminate stress on the body by using a machine. At a
workstation, use balancers, manipulators, turntables, hoists,
scissors-lifts and robots. Between workstations, use
conveyors, carts and lift trucks.
Large loads occasionally put too much stress on the skeletalmuscular system. Reduce the container weight. Weights
stress less when using gravity (e.g., gravity-aided conveyor;
lowering instead of lifting).
Minimize stress on the wrists and shoulders. The NIOSH
lifting guideline reduces permissible load by 10% for poor
grips.
Minimize torque from the load on the spine. The container
should have the short dimension perpendicular to the spine.
Hold it close to the body.
Expanding the previous guideline by considering the weight
of the torso, head, and arms. Thus consider bending of the
body as well as object weight and distances.
Fixed heights above the ﬂoor are poor as people vary in
height. Avoid loads below the knees—especially on the
ﬂoor. Also avoid loads above the shoulders (stress on
shoulders and arms as well as back).

Source: From Konz, S. and Johnson, S., Work Design: Occupational Ergonomics, Holcomb-Hathaway, Scottsdale,
2004.

The NIOSH lifting guide (Waters, 2006) gives a single recommended maximum weight
determined by the user inputting relevant values into various equations of a computer
program. It basically adjusts a weight of 23 kg by multipliers that penalize material
handling not at knuckle height, not close to the body, and with twisting.
The most targeted approach gives speciﬁc numerical risk based on a speciﬁc person
doing a speciﬁc job (Marras and Allread, 2006). But it requires an ‘‘instrumented worker’’
(e.g., lumbar motion monitor). Then values of lift rate, average twisting velocity, maximum
moment, maximum sagittal ﬂexion, and maximum lateral velocity are entered into a math
model to estimate the ‘‘average probability of low-back disorder risk’’.
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23.5.5 Posture variability
Low-back pain is high for both sedentary occupations (due to prolapsed discs) and for heavy
work (muscle strain and ligament injury). The optimum posture has two dimensions: static
and dynamic.

23.5.5.1 Static
If a joint is not moved, it has a static load. This not only restricts supply of nutrients and
oxygen but also restricts removal of metabolic waste products. Thus encourage dynamic
activity. Static sitting tends to lead to low-back pain, so when on the job, encourage
occasional standing and walking (getting the mail, making copies, get supplies). Sedentary
vehicle drivers should adjust the seat position and occasionally walk. Off the job, encourage an active life style.

23.5.5.2 Dynamic
The minimum stress of a posture is at the neutral joint position. Table 23.3 shows that the
farther from neutrality, the greater the penalty. Table 23.3 also shows that the penalty of
departure from neutrality varies with the speciﬁc joint.

23.6 External factors
23.6.1 Clothing support
23.6.1.1 Back belts=braces
There has not been an extensive literature on back belts (lifting belts), but what evidence
there is indicates little support for the use of back belts (Marras, 2006). There may be some
beneﬁts for those already suffering a lower-back disorder. If used, belts should only
be used for a limited period of time.

23.6.1.2 Joint braces
There are a variety of braces for the wrist, elbow, knee, and ankle. They support the joint
until it has healed (typically from an injury); they are a temporary, not permanent, solution.

23.6.1.3 Shoes
Boots provide ankle support and protection, typically for outdoor use on uneven ground.
Cowboy boots have a large heel to prevent the boot from going through the stirrup; they
are not designed for walking. High heels for women are designed to have women arch
their back; if it was to increase height, platform shoes could be used. Shoes without heels
(deck shoes) give greater contact with the ﬂoor to reduce slipping.

23.6.2 External support: standing
23.6.2.1 Standing aids
A key concept is posture variability. As previously pointed out, as few as 10 steps of
walking will cut ankle venous pressure to 22 mm Hg (from 83 mm Hg for standing and
51 mm Hg for sitting). Another possibility is to alternate sitting and standing, either within
the same task or by rotating tasks.
For standing jobs, have a ‘‘bar rail’’ or a 100 mm high platform, either ﬂat or angled at
158. This permits the standing person to alternate leg posture. When a leg is on the
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platform, the large back muscles on the side of the body are relaxed and receive a ﬂow of
blood (bringing nutrients and removing waste products).
A nonchair alternative is a sit=stand stool (a leaner). The adjustable height (65–85 cm)
upholstered seat should tilt forward 158–308; it will support about 2=3 of body weight. The
stool needs to be supported so it doesn't slide backward.

23.6.2.2 Mats=carpets
Cushioning the ﬂoor can be done everywhere (carpets) or locally (mats). Carpets or mats
act as a frictional surface reducing slips. In summary
.
.
.
.
.

Mats improve comfort over hard-surfaced ﬂoors. Comfort may increase in the back as
well as the legs. A typical mat is 24 in. deep by 36 in. wide.
Mats should compress but not too much. Optimum is 3%–7% under the shoes of a
70 kg adult.
Mats should have beveled edges to reduce tripping.
Mats should not slip on the ﬂoor.
Mats that have to be cleaned periodically (e.g., in food service environments) should
be smaller for ease of handling.

23.6.3 Chairs
A chair supports the body vs gravity. A stool (i.e., no arm or back support) primarily
supports the legs (about 32% of body weight). It is difﬁcult to quantify the beneﬁt of a
back rest but common experience indicates they are beneﬁcial. Support of the hands=arms
is about 10% of body weight; this decreases as the hands are used in assembly or
keyboarding.
Although it is obvious, it will be emphasized that chair selection should consider the
task being done while in the chair as well as the individual in the chair.

23.6.3.1 No hand=arm manipulation
For passive sitting, sitting height is not very critical. The arms usually can be supported by
arm rests on the chair. The legs need to be supported, usually by resting on the ﬂoor but
perhaps by a footrest. If the knees are ﬂexed, hamstring length decreases, thus decreasing
lumbar lordosis. Thus all seats should allow for bending the knees; knee angle is especially
important for those who are less supple. Thigh clearance probably is not relevant.
Although there are some advocates of forward tilted seats, the vast majority of seats tilt
to the rear 18–48. The seat front should not exert sharp pressure on the underside of the
thighs. The seat should not be contoured as contour seats restrict movement and thus
posture variability. The backrest can be tilted back as desired since hand position is not
critical.

23.6.3.2 Hand=arm manipulation
For active sitting, the hand position is important. Hand position determines the vertical
seat location and also the horizontal backrest location. Seat and backrest location, in turn,
determine head position, both distance from the ﬂoor and gaze angle. The eyes typically
will focus on the hands (assembly) or an object (inﬁnity for driving). If the seat swivels,
hand position is more ﬂexible and body twisting is less. For even more hand position
ﬂexibility, use a sit=stand stool although this usually does not support the back.
If the arms are supported, the amount of movement affects the selected alternative. For
minimum movement (e.g., microscope work), the arms are supported by chair arms; the

Kumar/Biomechanics in ergonomics, second edition

Posture

7908_C023 Final Proof page 645

26.10.2007 11:59pm Compositor Name: JGanesan

645

chair arms move in and out and even pivot. Another alternative is support by a table;
avoid sharp edges and pressure points; the table may be slanted 108–158. Another alternative is driving with support by a wheel. For maximum movement while supported, the
arms can be supported by slings suspended by a mechanism.
Room for the lower body requires both vertical clearance for the thighs vs the underside
of the work surface and no barrier interfering with the horizontal location of the legs.

23.6.3.3 VDT chairs
The VDT task is a special case of the hand=arm manipulation task; it combines static
posture of most of the body with intense ﬁnger activity. The static load on the forearm
and shoulders can be reduced with an armrest. However, use of a mouse requires a
pivoting armrest, not just a vertically adjustable armrest.

23.6.4 Workstation design
The posture used by the operator is inﬂuenced by visual requirements or reach requirements.

23.6.4.1 Vision
Viewing angle depends not only on the line of sight of the eyes but also on the head
inclination (usually downward). The target should be 308–408 below the horizontal. Bifocal
users tend to tilt their head upward when using monitors; minimize this neck strain by
using work glasses (single vision lenses with a focal length of about 0.7 m).
Location of an object on a work surface is a compromise between visual requirements
(seeing the object comfortably) and hand requirements (work at elbow height). Sometimes
the visual requirements can be reduced by (1) improved lighting, (2) optical aids (magniﬁcation mounted on the work surface, the head, or even using video pictures), and (3)
modifying the task (improving size on a VDT screen or printed page, such as using 12
point type instead of 10 point; better contrast such as printing on white rather than colored
paper; more viewing time).

23.6.4.2 Reach
While standing, a surface perpendicular from the front of the workstation should not
intersect the foot. A 150 3 150 3 500 mm space on the far side of this perpendicular is
sufﬁcient for ‘‘toe space.’’
The object being grasped should be close (to reduce forward bending and thus back
stress). When reaching for objects on a conveyor, the objects should be on the closer
side of the conveyor; do this with a conveyor barrier (diverter). Assume a 70 kg person has
a head of 5.1 kg, two arms and hands of 6.9 kg, and torso of 35.7 kg. Assume a 0.3 m
reach moves the center of gravity of the head 0.15 m forward, arms 0.2 m forward and
torso 0.1 m forward. Then the head torque is 0.76 kg m, arm torque is 1.38 kg m and the torso
is 3.57 kg m—a total of 5.71 kg m, even with 0 torque from the object. Assume the
diverter causes the object to be 0.1 m closer. Then 0.05 (5.1) þ 0.1 (6.9) þ 0 ¼ 0.94 kg m
instead of 5.7 kg m.
Although the previous paragraph emphasized horizontal reach distance, the torque will
be excessive again if the conveyor is too low (due to excessive vertical distance). Modifying
vertical distance means adjusting operator height or conveyor height.
Adjust operator height with a platform for short operators; usually it would be a simple
wooden platform or two or three stacked ﬂoor mats. Conveyor height can be modiﬁed by
adjusting the leg height. For multiple-height workers, level sections can be connected by
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slanting sections (powered if uphill). For seated workers, conveyors need to have space for
the knees and thighs.
For the speciﬁc situation of keyboarding, vertical extension=ﬂexion movements of the
wrist present a great risk of carpal tunnel syndrome; minimize extension by having a ﬂat
key-top alignment.
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24.1 Introduction
History teaches us that seats and chairs have been designed, built, and used for thousands
of years. Seating arrangements at work and at home is something that increasingly
concerns everybody. The design of chairs and seats is not only related to ergonomic
aspects, such as safety, health, and well-being of the sitter and the creation of work systems
that promote productivity and quality. Chairs are also means of expressing status and
power. Further, chairs are also pieces of art and craftsmanship. Today's furniture industry
is well aware of esthetics and emotional design of chairs as factors that gain importance.
As with many consumer products, chairs are increasingly being used for expressing the
personality of the owner or user. These aspects can sometimes support and sometimes
counteract the use of ergonomically and biomechanically sound seating.
There are a large number of studies on the subject of ergonomics in seating, and also
many reviews in the ﬁeld, e.g., Åkerblom (1948), Schoberth (1962), Asatekin (1975), Eklund
(1986), Grieco (1986), Corlett (1989), Kroemer (1991), Lueder and Noro (1994), and
Harrison et al. (1999). These and other publications in ergonomics show that there are
many approaches and methods to assess the suitability of a seating arrangement. One
crucial aspect of seating is the work and activities performed on the seat. Biomechanical
evaluations of such activities are seldom reported in the literature. Neither is it fully
understood how work and other activities relate to seat design.
647
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Broadly, publications in the ﬁeld of seating tend to fall into three categories:
consequences, evaluation, and design procedures. This chapter gives an overview of the
literature on biomechanics in work seating design. Most publications in the ﬁeld fall into
three categories, namely, consequences, evaluation, and design procedures. It is concluded
that the analysis of the work-demands and activities is of major importance. A framework for
this analysis and a structure of how the tasks of the sitter relate to the seat-design features
are given. Based on the risk factors for musculoskeletal problems associated with sitting
at work, a generic seat-design recommendation is proposed.

24.2 Consequences
Publications dealing with consequences include epidemiological studies and other studies
that assess the risks for discomfort, health impairment, or accidents. In the above-mentioned
publications, a strong focus has been placed on musculoskeletal problems, in particular
back pain, as one of the most important problems related to sitting. There are also
studies reporting consequences for performance, including productivity and the quality
of work performed (see Smith and Bayehi, 2003; Berkhout et al., 2004).
As mentioned above, several studies have established a relationship between sitting and
back pain. High risks have been found for long periods of sitting, especially in vehicles
with vibration exposure (Magora, 1972; Kelsey, 1975; Lyons, 2002). It is considered that in
addition to vibrations, the most important risk factors for back pain are the load on the
spine (Andersson, 1981) and the spinal posture, especially the degree of kyphosis of
the lumbar spine (Keegan, 1953). Increased risk of neck and shoulder pain has also been
identiﬁed in several studies. Based on these, Kuorinka and Forcier (1995) proposed certain
generic risk factors, which can be interpreted for the neck and upper arms as highly
frequent movements, postures deviating from the neutral position, and postures held for
long periods. Excessive muscle activity is another risk factor, which refers to static,
medium, or peak levels (Jonsson et al., 1981). Long periods of sitting, especially if the
front edge of the seat creates a pressure in the popliteal region, can impair the venous
blood ﬂow, increase the blood pressure, and cause uncomfortable swelling in the feet and
lower legs, and even thrombosis in the lower legs. These effects are also related to inactivity
of the calf muscles (Haeger, 1966; Winkel, 1981). The sitting posture decreases the space in
the cavities of the trunk, resulting in increased pressure on internal organs such as the
lungs and the digestive system. This has been reported to cause impaired oxygen uptake
(Burandt, 1970) and stomach trouble, even colon cancer (Gerhardsson et al., 1986). It has
been shown that discomfort and pain also impair productivity and affect the quality of the
result. The mechanisms identiﬁed include compensatory activities, such as rest, lessening
of discomfort or pain, and avoidance of activities that provoke discomfort and distraction
from the main task (Corlett and Bishop, 1976; Lueder, 1985; Eklund, 1995). There are many
sources of decreased comfort (Table 24.1). Inappropriate pressure from the seat surface and
the pressure distribution are discomforting. Build-up of heat and moisture in the seat
contact area or too high a heat conductivity are other causes of discomfort (Andrén et al.,
1975; Elnäs and Holmér, 1981; Hänel et al., 1997).

24.3 Evaluation
A large number of methods and criteria proposed for evaluation of the appropriateness of
seating have been reviewed by Corlett (1989) and Kroemer (1991) among others. In some
cases these evaluations refer to only seating arrangements in general, and in other cases to
a speciﬁc work situation and context. Biomechanical and psychophysical methods have
been particularly inﬂuential in this respect.
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Table 24.1 Often Mentioned Sources of Impaired Safety, Health, Well-Being,
or Performance in Seated Work
High or prolonged load on passive structures (back, neck, arm, and wrist joints)
Static or high muscle activity (back, neck, shoulders, arms)
Increased venous blood pressure (feet, lower legs)
Increased pressure on internal organs (lungs, digestive system)
Seat surface pressure (buttocks, popliteal area)
Upholstery properties (heat conductivity and moist permeability)

Most methods for evaluation of seating that have been proposed are not standardized
and are thus used differently by different investigators. There are few quantiﬁed criteria
for interpretation of the results, but most criteria are on a qualitative basis. The methods
can largely be classiﬁed in four groups: (1) loadings of body structures and their effects,
(2) posture assessment, (3) perceived comfort, and (4) performance.
Some of the most commonly referred methods are listed in Table 24.2.

24.4 Design procedures
The design procedures deal with recommended procedures for the design of seating
arrangements. There is an obvious relation between the tasks and the design of the
workplace. Sometimes the tasks and workplace design are considered at the same time,
and sometimes these factors are given in the beginning of the seating design process.
Table 24.2 Some Methods for Evaluation of Seating
Loadings
Disk pressure measurements
EMG
Spinal shrinkage
Gravity load
Foot and lower leg volume
Seat surface pressure
Intraabdominal pressure
Blood pressure and blood ﬂow
Diagnostic measurements
Postures
Spinal curvature
Joint angles (in mid-range of motion)
Head, neck, arms, legs, and trunk positions
Comfort
Ratings of discomfort, pain, exertion
Disorders
Well-being
Pleasure, attitudes, and emotions
Preferences
Performance
Work productivity
Error rate
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Procedures for anthropometric design of chairs were proposed early and were one of
the ﬁrst criteria developed for the design of seating (Hooton, 1945). These have been
strongly developed over the years (Roebuch, 1995; Pheasant, 1996). Also, more general
design recommendations have been proposed as well as speciﬁc design procedures for
seated workplaces (Corlett and Clark, 1995). These include allowance for access, clearance
and maintenance, and even recommended dimensions and measures. More general
methods such as Quality function deployment and Kansei engineering have been developed (see Norell, 1992; Nagamachi, 1994), which can be applied to seating design.
In addition, speciﬁc methods for input to the design process, such as ﬁtting trials,
have been developed (Shackel et al., 1969; Drury and Coury, 1982). However, no
detailed and structured seat-design procedure based on the activities of the work has
been published.

24.5 Biomechanical aspects of sitting postures
An important reason for musculoskeletal problems is when the sitter is forced into a
constrained and awkward posture during work activities, and when there is no possibility
to get relief or change posture (van Wely, 1970).
In situations where the person has a free choice of posture, as in leisure sitting or
standing, a range of substantially varied postures will be adopted. Branton and Grayson
(1967) observed that passengers in trains showed a pattern of gradually slumping in the
seat, following which they sat up in their seat distinctly. This pattern of movements was
cyclically repeated approximately every 20 min. Maintaining the head straight means from
a biomechanical point of view that the head is balanced around an equilibrium and a
semistable position. When the neck is slightly ﬂexed, the extensor muscles in the back of
the neck exert a small force in order to counteract the resulting moment. If the person
feels a beginning discomfort or tiredness, he or she will make a small posture change to a
slightly extended neck, where the ﬂexor muscles start to work and give the antagonistic
extensor muscles an opportunity to relax. The same effects can be noticed in standing
postures for the lower back and the ankles, and the characteristic body sway in standing contributes to intermittent rest pauses and a more varied pattern of muscle activation
(Odenrick, 1985). The possibility to choose free postures gives opportunity to relax muscles
intermittently (see Wong et al., 2006).
There is another aspect of stability for relaxation. For tasks with hardly any lower arm
movements, armrests will decrease shoulder muscle load (Andersson and Örtengren, 1974).
To use armrests in tasks that demand hand and arm movements can cause increased
shoulder muscle load (Lundervold, 1951). In those situations, mobile armrests have been
proposed. The logic behind this is that an increased amount of lower arm support would be
possible to obtain during these movements and thus decrease the muscle activity. However,
if the sitter needs the armrests for support, e.g., when moving in the seat, mobile armrests
will not provide sufﬁcient stability. In a similar way, castors can increase the risk for
muscular tensions in the legs, but castors with some friction may offer sufﬁcient stability
and relaxation, and also provide opportunities to move around in the workplace (Lundervold, 1951; Hansson et al., 1984). A further example is the use of forward-sloping seats.
A high degree of forward tilt will put load on the feet. When the feet take more than 25% of
the body weight, this will result in static leg muscle activity and discomfort (Eklund, 1986).
A conclusion that can be drawn is that relaxation requires stability.
If the workplace design in combination with the work-demands requires, for example,
continuous visual attention downward, this will result in a ﬂexed neck and long-term static
muscle load on the extensor muscles of the neck and no opportunities to relax these

Kumar/Biomechanics in ergonomics, second edition 7908_C024 Final Proof page 651 9.11.2007 11:06am Compositor Name: VAmoudavally

Biomechanics in work seating design

651

muscles other than at intervals. This shows that the demands and restraints from work are
main causes of loadings on the body and also affect postures. In consequence, there will be
shorter work periods and longer pause intervals.
The postures adopted at work and in other activities are inﬂuenced by the concentration
level (compare the postures of someone who takes the ﬁrst driving lesson with the posture
of an experienced taxi driver), the interest and involvement, and the social interaction and
the emotional state, e.g., anger, fear, self-consciousness, discouragement, and aggression.
Many of these aspects are revealed by the body language and consequently by the postures
taken (Fast, 1970). The postures have also been shown to affect the mood (Haruki and
Suzuki, 1994). Also the climate will inﬂuence the posture, i.e., chill causes a tense posture
with raised shoulders and the extremities pressed against the body (compare Sundelin and
Hagberg, 1992). Appropriate seating arrangements should not only allow but also help
people to take the postures they prefer. Restrictions due to the task and the workplace
design should be avoided.
One of the most commonly discussed aspects of seating is the spinal curvature. Since
sitting ﬂattens the lumbar spine, the debate has concentrated on how to counteract this. This
is a difﬁcult problem especially in forward sitting, as when performing work on a bench
or work table. Åkerblom and Staffel (1883) (in Åkerblom, 1948) advocated the use of a
lumbar support to counteract kyphosis. Since the force from the backrest tends to push the
sitter forward, a backward inclination of the seat was proposed, in order to compensate for
this force. Another approach was to increase the angle between trunk and thighs, using sit–
stand stools (Laurig, 1969), forward inclined seats (Mandal, 1976) and various other shapes
of the seat to allow for forward sloping thighs. It has been shown that increased thigh–trunk
angles and also to a certain extent more acute knee angles contribute to preserving the
lumbar lordosis (Keegan, 1953; Eklund and Liew, 1991), but other problems of increased
surface pressure, shear forces on the skin, and sliding forward on the seat are introduced.

24.6 Analysis of the work situation
From the above, it is obvious that both the physical and mental requirements of the work
inﬂuence the behavior and thereby the desired properties of the seating arrangement. The
choice and design of seats starts with an analysis of the work and the activities to
be performed in the seat. The primary aspect is to be able to perform the tasks, i.e.,
to see the work object or what needs visual control, and to be able to reach and manipulate
the objects and to perform the physical activities needed, normally by using hands and
sometimes also feet. However, there is a built-in conﬂict between a comfortable viewing
direction and comfortable positions for the hands, since these areas do not coincide.
Important aspects in this analysis are presented in Table 24.3.
There may be many different purposes with the analysis. Sometimes only the seat
might be in focus while the work, workplace, and individuals are given beforehand, and
sometimes the purpose is to design a completely new situation for unknown workers.
Of course, the latter case offers possibilities to create a better total situation since there is an
opportunity for mutual adaptation.

24.7 Ergonomic seat-design features
The design is often related to a user population. The physical properties of this population, including body size and strength are deﬁned. The proportion of the population
for which the design should ﬁt is chosen, normally 90% or 95%. The work-demands
are identiﬁed, to form the basis for the design of the seat features (see Corlett and
Clark, 1995; Table 24.4).
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Table 24.3 A Basis for Analysis of Work-Demands in Seated Tasks
Visual demands
Viewing distances and directions
Detail size
Contrasts
Colour properties
Texture
Temporal pattern
Physical demands
Work object size, weight, shape, and position
Force exertion
Precision
Handgrips
Postures (head, arms, trunk, and legs)
Movements
Temporal pattern
Mental and social demands
Decision making
Concentration, prolonged attention
Time pressure
Social interaction, communication
Environmental conditions
Light (illuminance, luminance, glare, light sources)
Noise
Vibrations
Climate
Chemicals
Rest activities
Stability in resting
Ability to relax
Ability to stretch and change posture
Egress and entry
Workplace
Dimensions
Space
Layout
Controls
Technology
Aids
The sitter
Arousal
Education and training
Experience
Stress
Anthropometry
Clothing
Physical, mental, and social abilities
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Table 24.4 Seat Design Features and Design Recommendations
Seat height
Seat width
Seat depth
Seat angle
Seat shape
Seat padding
Backrest height
Backrest width
Backrest inclination
Backrest shape
Backrest padding
Lateral supports
Arm rests
Upholstery

Adjustable, front height correspond to lower leg length
Correspond to largest hip plus clothing
Adjustable, seated thigh length minus 1 dm, or the shortest thigh
Adjustable
Waterfall front edge
Corresponding to at least 2 cm ﬁrm padding
Depending on work task
Depending on work task
Adjustable, depending on work task
Lumbar support, shape depending on work task
Softer than the seat padding
Stabilizing the trunk and body for lateral forces
Adjustable to elbow height, padded
Friction to prevent sliding but not restrict movements, moisture permeability,
and not too high heat conductivity

There are a number of recommendations that cannot be listed in a short table. The
following text gives an example of how the work-demands inﬂuence the seat design.
In tasks that demand twisting of the trunk, it is important that the trunk rotation
can be distributed also along the spinal column, not only in the cervical region. Therefore,
the backrests should be relatively low or narrow in the upper part in order to let the
shoulder blades rotate without restriction above the upper edge of the backrest. Tasks that
demand forward directed forces of the hands should, on the contrary have a high backrest
above shoulder level in order to take up the reaction forces. Sometimes, pulling forces can
correspondingly be counteracted by a more inclined full-size backrest. Vehicle driving
which gives lateral forces on the sitter should increase the stability of the trunk and body
by lateral supports, possibly with softer padding. Wooden seats and other seats with low
surface friction do not allow for full use of a backrest or a lumbar support, since the
buttocks will slide forward. Armrests are suitable if the work does not require arm
movements, and they seem to function well also if there are small rotations in the elbow
joint but with the elbow otherwise in a ﬁxed position.
There is a built-in conﬂict between the advantage of increasing the trunk–thigh angle
and the disadvantages that this produces. One disadvantage is that the seat shapes often
used in this type of sitting changes the pressure distribution and decreases the weightbearing surface with higher surface pressures as a result, which tends to increase the rate of
discomfort from the buttocks. Another disadvantage is that it becomes more difﬁcult to use
a backrest since this tends to push the sitter forward on the seat.

24.8 A proposed generic seat-design recommendation
Based on the consequences that are commonly recognized in the literature, the following
mechanical risk factors can be identiﬁed:
1.
2.
3.
4.

Static loads
High load levels
Fixed postures
Lack of rest pauses and recovery opportunities
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5. Load on joints in the outer range of motion
6. Long-term exposure
7. Repetitive movements
There are also several other risk factors, all largely qualitative. Thus, many aspects need
to be considered in the design of work seats. Below, an attempt has been made to
summarize the most important criteria for seat design in four generic aspects, namely
1.
2.
3.
4.

Enhance stability
Keep joints in the mid-range of motion
Minimize gravity-induced moments on joints
Enhance variation

The concept of stability for the sitter has been referred to by many authors. Åkerblom
(1948) proposed a backward-inclined seat in combination with a backrest convexity in the
lumbar region in order to obtain increased stability for the trunk. Branton and Grayson
(1967) observed that train passengers had a tendency to cross their legs or to cross their
ankles, which is another means of obtaining better stability for the legs. Leg crossing was
found by Snijders et al. (2006) to decrease trunk muscle activity. Seats for vehicles often
have a longer seat pan and more pronounced lateral supports compared to other seats,
which increases the stability of the legs for sideways movements and thereby decreases
other compensations in the form of active muscle forces. The inclined full-size backrest
with lateral supports, often used in vehicles, has the same effect for the trunk and improves
the stability. Hence, increased stability is one precondition for muscle relaxation.
A commonly recognized risk factor for musculoskeletal problems is work postures
where the joints are held in their outer range of motion (van Wely, 1970). Not only are
certain structures, such as ligaments, substantially loaded then, but static muscle forces
must also counteract the moments, caused by these passive structures. However, if postures are held so that the joints are kept in their mid-range of motion, this will minimize
the load on the passive structures and also the need for active muscle force. Further,
movements around this position enable variation of the loads.
In certain postures, muscle activity is needed to counteract gravity-induced moments
around the joints. One example of this is upright sitting with a slightly ﬂexed neck, where
the extensor muscles resist the moment caused by the gravitational force on the head.
A balanced posture is taken when there is no need for active muscle force from neither the
extensor nor the ﬂexor muscles of the neck. In conclusion, postures with no or minimized
gravity-induced moment on joints decrease the level of static muscle activity.
Static loads and lack of rest pauses have frequently been mentioned as risk factors for
musculoskeletal loads. From a physiological point of view, muscles and other structures
have to be subjected to varied loads and movements (Kuorinka and Forcier, 1995). The
term variation cannot of course be deﬁned exactly. The concepts of repetitiveness, duration, and level of load have been proposed to describe variation (Winkel and Westgaard,
1992). Also, the pattern of pauses is considered to be of great importance, and methods to
describe this has been developed (Linderhed, 1991). In spite of the operational problems,
variation is a key factor for the appropriateness of seating.

24.9 Ergonomic signiﬁcance
The literature on biomechanics and seating often lacks considerations to the tasks
performed by the sitter. This paper provides practical recommendations for the analysis
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of seated work-demands, and recommendations of how to relate these demands to
appropriate design features of the seat.
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25.1 Introduction=background
Accidents and injuries resulting from climbing on ladders and stairs and walking on ramps
and irregular surfaces occur in both the occupational and nonoccupational environments.
General guidelines for the design and use of these systems have been developed to reduce
the chance of accident or injury, but considerable biomechanical stresses still exist. In this
chapter hand and foot forces, upper and lower extremity moments, low-back stresses,
physiological cost during ladder and stair use, and lower-extremity biomechanical stresses
when walking on uneven surfaces are reviewed and summarized.
During ladder use, upper extremity moment and hand forces are highest during the use
of vertical ladders. Lower extremity moment and foot force are highest when using ladders
slanted at 208. Foot slip potential, however, appears to be highest for vertical ladders. Peak
back stresses also appear to be relatively high when climbing vertical ladders at a fast
speed. Energy expended during ladder climbing is very high.
Both stair ascent and descent require joint moments considerably higher than those
required for level walking and signiﬁcant ranges of motion. Foot forces and body instability,
however, appear to be higher during stair descent than ascent. Back stresses during stair use
are not considerably greater than those during level walking. Energy expenditure requirements during stair ascent, although lower than ladder climbing, exceed that of any other
routine daily physical activity.
Ambulation over ramps and other irregular surface terrain changes normal gait parameters such as cadence, stride length, differences in stance and swing phases, and some
biomechanics of walking. The data available describing the differences in moments and
lower extremity joint forces are limited for walking over irregular surfaces; however, data
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from studies on uphill and downhill walking and running indicate deviations in ground
reaction forces and resulting lower extremity joint moments. The position of the center of
mass and behavior of upper extremities appears to be altered, but is not well understood.
Further research is needed to describe the kinematics and biomechanics of walking over
laterally sloped and other irregular surface terrains.

25.1.1 Accidents=injuries
25.1.1.1 Ladders
Climbing activities are performed as part of many occupational and nonoccupational
tasks. Injuries from slips and falls or overexertion during climbing activities on
ladders frequently result in signiﬁcant medical expenses and workers compensation
costs. Kari et al. [1] note that ladders account for 1%–2% of occupational related accidents.
In Oregon, falls from ladders accounted for 457 disabling workers compensation claims or
approximately 1.5% of the total claim amount for 1995 [2].
Injuries resulting from falls from ladders appear to be a serious problem in other
countries as well. In both Sweden and Germany, ladder accidents account for nearly 2%
of all reported occupationally related accidents [3]. In Sweden, with a population of
approximately 8.5 million, ladder accidents requiring hospital care relating to recreational
or leisure use are estimated at approximately 5000–6000 per year [4] and 2000 relating to
professional use [5].
In a study of ladder fatalities reported by OSHA from 1984 to 1998, it was determined
that 89% involved straight or extension ladders, 6% involved stepladders, 1% involved
ﬁxed ladders, and 4% did not specify [6]. In 2001 it was reported that 15,019 deaths
occurred by falls, of which 439 were attributed to ladders and scaffolding, an increase
from 10 years previous, representing approximately 1% of the total accidental deaths in the
United States during that year [7].
Although the injuries and deaths resulting from ladders have a variety of causes, it is
reasonable to assume that the ergonomic or biomechanical ‘‘match’’ between the task
requirements and the user capabilities is an important issue.

25.1.1.2 Stairs
It has been estimated that in 1975 there were approximately 2 3 1012 stair uses, 2.6 3 108
noticeable missteps, 3.1 3 107 minor accidents, 2.7 3 106 disabling accidents, 5.4 3 105
hospital treatments, and 3.8 3 103 deaths [8]. It has been estimated that nearly 1 million
people received hospital treatment from injuries resulting from stair accidents, and nearly
50,000 were hospitalized in the United States in 1990 [9]. Templer has estimated
that between 1.8 and 2.6 million people per year are disabled for at least 1 day from
stair accidents [10]. In Oregon, in 1995, approximately 2400 or 7.9% of total disabling
occupational claims were caused by falls down stairs or steps [2].
The National Safety Council has estimated that approximately 1462 deaths occurred in
2001 due to falls on stairs or steps [7]. According to the NSC, falls on steps or stairs
accounted for 10% of all falling fatalities in 2002 [7].

25.1.1.3 Ramps and other irregular surfaces
Little attention has been paid to work related musculoskeletal disorders affecting the lower
extremity, although the severity of injuries and resulting disability and costs associated
with lower extremity injuries are surprising. According to the National Bureau of Labor
Statistics (BLS) nearly 25% of all nonfatal occupational injuries and illnesses involving days
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away from work in 2002 affected the lower extremity, and the source of 18% of all injuries
was the ﬂoor or ground surface [11].
Biomechanics research in gait analysis has focused primarily on walking on horizontal
surfaces with little attention paid to irregular surfaces [12–17]. In a study performed with
mail-delivery workers it was found that 26% of all falls occurred on uneven ground [18].

25.1.1.4 Ramps
Ramp fall accidents represent only a small portion of the total injuries caused by slips and
falls each year. The construction of new ramps in existing structures (to comply with the
Americans with Disabilities Act [ADA]) has resulted in an increase in the number of ramps,
and these numbers appear to be on the rise. Falls on ramps typically occur because of a
failure to see an edge or a rapid change in surface slope causing imbalance. Many of these
injuries occur in the elderly, who are more likely to use pedestrian ramps, and have slower
reaction time to adjust their gait from a level to sloped condition [19]. It has also been
reported that an increase in surface inclination had a signiﬁcant detrimental effect on
balance over ﬂat surface standing [20,21].

25.1.1.5 Irregular surfaces
An irregular walking surface can be described as any surface suitable for walking that is
not regulated by a standard or design guideline, but is common in some occupational
environments. According to the BLS, workers in the construction and mining sectors have
some of the highest injury rates in the private sector. Nearly 42% of all reportable conditions involving slips, trips, and falls in the railroad industry in 2004 were attributed to
irregular surface conditions or ballast [22].
Some research has been published relating to walking on ballast, but the relationship
between musculoskeletal disorders of the lower extremities and walking on different types
and slants of ballast is still a matter of debate [23].

25.2 General design guidelines
25.2.1 Ladders
Ergonomic=biomechanical issues are certainly a contributing factor to ladder falls. ANSI
suggests that ﬁxed ladders be constructed so that the slant from horizontal is between 758
and 908 [24]. They suggest that there be a 30.5 cm (12 in.) distance between rungs, 40.6 cm
(16 in.) between side rails, a 17.8 cm (7 in.) toe clearance behind the rung, and a minimum
1.9 cm (3=4 in.) rung diameter. They also suggest that side rails be uniform and allow a
power grip along the length of the ladder. ANSI suggests a 75.58 ladder slant for portable
ladders, a 30.5 cm (12 in.) rung or step separation, and a minimum 30.5 cm (12 in.) distance
between the side rails [25]. Since portable ladders can be constructed of metal or wood with
varying strength characteristics, most other dimensions can vary depending on the type of
material used; however, a minimum rung diameter of 2.9 cm (11=8 in.) is required for
wood ladders [26]. Diffrient et al. [27] recommend that for rung ladders the optimum
slant is 758–858, with rung spacing of 17.8–30.5 cm (7–12 in.), and a rung diameter of 1.9–3.8
cm (0.75–1.5 in.).
There is considerable variation relating to the slant actually preferred by ladder users.
Irvine and Vejvoda found that the average slant preferred by 20 male subjects was 71.98
[28]. Häkkinen et al. [29] found that climbers preferred a slant of 668, and Bloswick and
Crookston found that male users preferred a slant of 73.58 for both 13 and 18 ft ladders [30].
Chang et al. [31] reported that the friction requirements at the ladder base are nearly
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doubled when reducing the inclination angle from 758 to 658. According to Chang, the
second most signiﬁcant factor for friction requirements was the climbing speed.

25.2.2 Stairs
The three critical issues relating to stair design include the step depth (tread), step height
(riser), and handrail size and height. The U.S. Department of Commerce recommends
a tread of 27.94–35.56 cm (11–14 in.) and a riser of 10.16–17.78 cm (4–7 in.). Diffrient et al.
[27] recommend a stair slant of 308–358, resulting in a range of 27.94 cm (11 in.) tread 3 17.145
cm (6.75 in.) rise to 25.4 cm (10 in.) tread 3 17.78 (7 in.) rise. Templer [10] suggests that tread
depth be at 27.9–35.6 cm (11–14 in.) and riser height be 11.7–18.3 cm (4.6–7.2 in.). Pauls [9]
notes that U.S. codes and standards are moving toward a requirement that tread depth be no
less than 27.9 cm (10.98 in.), and riser height be no more than 17.8 cm (7 in.).
Diffrient et al. [27] recommend that railings be 76.2–86.4 cm (30–34 in.) above the leading
edge of the step, with a maximum diameter of 6.7 cm (2.6 in.). Templer [10] notes
that although 76.2–86.4 cm (30–34 in.) is often required in codes and guidelines, stability
requirements would suggest a handrail height of 91–102 cm (36–40 in.) and a 3.8 cm (11=2 in.)
handrail diameter. The U.S. Department of Commerce recommends a 0.69–0.79 cm
(13=4–2 in.) diameter handrail [8].

25.2.3 Ramps and other irregular surfaces
25.2.3.1 Ramps
A ramp is considered any walking surface with a running slope greater than 1:20 [32].
Various standards and recommendations have been developed to specify the need for a
ramp in place of a staircase. Ramps are usually required for wheelchairs and wheeled
equipment access, but can also serve the purpose of pedestrian walkways. The purpose of
a ramp is to provide a smooth transition over a change in elevation. The Americans with
Disabilities Act (ADA) provides guidelines for their design. The maximum slope of a ramp
should be 1:12 (ANSI A117.1–1986). The maximum rise for any run should be 76 cm (30 in.).
The minimum width should be 91.5 cm (36 in.). A slope of 5% or a rise of 15 cm (6 in.) is the
maximum allowed before handrails are required [32,33]. No ramp should exceed about 8%
slope, in addition nonskid surfaces should be provided on all ramps [33].

25.2.3.2 Irregular surfaces
To the authors' knowledge, no generalized design criteria have been speciﬁed for irregular
surfaces. A number of irregular surface conditions exist that may be experienced during
both occupational and leisure activities. Research has suggested footwear design is an
important aspect to improve control while traversing irregular terrain [18,34–36]. Guidelines have been established by ASTM suggesting a standard practice for safe walking
surface conditions; however, there is limited application to outdoor conditions that may
be experienced by railroad, mining, and construction workers.
Andres et al. [23] concluded that in laboratory conditions with nonrailroad workers for
individuals with no experience walking on irregular surface conditions, there was greater
rear foot motion while walking on a laterally sloped ballast rock compared to a ﬂat, level
surface; however, no other kinematics or biomechanics information was provided about
force or alterations in lower extremity posture and joint loading.
Limited research has been published on hiking biomechanics, and alterations in gait
when walking uphill and downhill. Stride length and cadence are most affected, indicating
an alteration to lower extremity joint load transmission [20,37–39].
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25.3 Ladder biomechanics
Unless otherwise noted, all research discussed in this section deals with ladders with 28.0–30.3
cm (11–12 in.) rung separation. Ladder slant is deﬁned as degrees from the horizontal.

25.3.1 Body movement
25.3.1.1 General description
Dewar [40] deﬁnes that one complete climbing cycle or stride begins as one foot is put on a
rung and ends when that same foot is again placed on a rung. The stride for the opposite
side of the body is displaced in time by 50% of the cycle. During the normal climbing
activity the foot is placed on every other rung.
There is a wide variation in hand movements during ladder use. Dewar [40] deﬁnes a
‘‘lateral gait’’ as when the hands move in synchrony with the foot on the same side, and a
‘‘diagonal gait’’ as when the hands move in synchrony with the foot on the opposite side.
He notes that the diagonal gait is the ‘‘natural’’ movement pattern. Hammer and Schmalz,
however, indicate that the lateral gait is more prevalent, and McIntyre found that nearly
60% of his subjects applied the lateral gait [41,42]. Hammer and Schmalz [41] also note that
people frequently change their gait between climbing activities and even within the same
ladder ascent or descent.
Dewar [40] found that for males foot contact ranged from 61% to 63% of total cycle time,
independent of the climbing speed, and Lee et al. [43] found contact time for males to be
55%–58% of total cycle time. Both Dewar [40] and Häkkinen et al. [29] found that climbers
preferred to grip the ladder side or rail as opposed to the ladder rung.
ANSI notes that during use of portable ladders,
When ascending or descending the ladder the user shall face the
ladder and maintain a ﬁrm hold on the ladder,
and when using a ﬁxed ladder,
When ascending or descending a ladder, the user shall face the
ladder and maintain a three point contact at all times. Three point
contact consists of two feet and one hand, or two hands and one foot,
which is safely supporting a users weight when ascending or descending the ladder [25,26].
McIntyre notes, however, that there are extended periods in both diagonal and lateral
gait patterns when climbers have only two limbs in contact with the ladder [42]. Hammer
and Schmalz note that three point contact is a percent of total time ranges from approximately 37% of total cycle time at 608 ladder slant to approximately 52% of total cycle time
when the ladder is vertical [41].

25.3.1.2 Body center of mass=trunk
Dewar notes that for male subjects the body center of mass was approximately 7.5 cm (2.95
in.) further back (away from the ladder) when using the 75.28 ladder as opposed to the
70.48 ladder slant [40]. Kinoshita et al. [44] note that during vertical ladder use the body
center of mass was kept further from the ladder during ladder descent than ascent. Lee
et al. [43] note that for male subjects the climbing path varied less at a faster speed (106
steps per min) than at a slower (86 steps per min) climbing speed. They interpret this
as indicating that the individuals displayed less control while climbing at a faster speed.
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It would appear to this author that the opposite conclusion may be the case and that less
variation during the faster speed would indicate more control. McIntyre notes that the
movement of the body center of mass away from the point of support during use of
the steeper ladders indicates a decrease in stability [42]. Although this may be true for
the 708–758 ladder slants, the extension of this logic to more extreme ladder slants should be
avoided. For example, while climbing a vertical ladder the whole-body center of mass may
be some distance outboard from the points of support but the body is in a ‘‘stable’’ position
if the points of support do not slip. On the other hand, a ladder with an extremely shallow
slant, say 458, may be very difﬁcult to use because of the difﬁculty of balancing on the
rungs and reaching the side rails with the hands even though the whole-body center of
mass would be nearly over the points of support at the feet.

25.3.1.3 Extremities
Dewar found that, when using the opposite leg as a reference, the maximum hip ﬂexion
angle for males was approximately 558 and the maximum knee extension angle was
approximately 708 [40]. For both the 708 and 758 ladder slants the hip abduction angle
was approximately +58. He also found that for shorter subjects both the hip and the knee
had to ﬂex more to lift the foot onto the rung. This effect was approximately the same for
both ladder slants in the case of the knee but was less for the hip in the case of the 708
ladder slant.

25.3.2 Forces and joint moments=muscle activity
25.3.2.1 Hand=foot force
Lee et al. [43] found that for a 708–758 ladder slant the legs served to move the body
upward and the hand served primarily to balance the body, particularly when moving
from the double to the single foot stance phase. They found that for males the total
(two-hand) peak hand force was approximately 25% of body weight and that the peak
hand force was somewhat less at the 708 angle than at the 758 ladder slant. McIntyre et al.
[45] also found that the hands serve primarily to maintain dynamic stability for a 758
ladder slant but that as the space between the rungs increases, the hands are used more for
propulsive forces to assist the legs. He notes that the one-hand forces range from 4.2% to
9.6% of body weight and that the hand forces exerted by the short subjects were higher
than those of the tall subjects and that the hand forces of short subjects increased more
rapidly as rung separation increased. Ayoub and Bakken found that the pull force on one
hand ranged between 20% and 36% of body weight during vertical ladder ascent [46].
Bloswick and Chafﬁn found that for male subjects the average total force on one hand as
a percent of body weight was 9.3% for 708 ladder slant, 11.5% for 758 ladder slant, 15.6% for
808, and 24.5% for the vertical ladder [47]. They also found that the peak hand force was
approximately 30% of body weight during the one-foot stance when using a vertical
ladder. This approaches the estimate of 35% of body weight, which was found to be the
mean grip strength on a slippery handrail of 2.2 cm (0.875 in.) diameter [48]. Bloswick and
Chafﬁn also found that most subjects demonstrated an average preferred hand separation
of 32.3 cm (12.7 in.) but that short, heavy subjects preferred a signiﬁcantly wider hand
separation of 39.9 cm (15.7 in.) [47]. This suggests that the generally accepted ladder width
standard of 38.1 cm (15 in.) is adequate for all but short, heavy climbers. This agrees
with Chafﬁn et al. [49] who found that a ladder width of 40.6 cm (16 in.) would provide
adequate lateral stability for arm strength to resist the force of the wind.
McIntyre found that average foot forces for one foot range from 48% to 60% of
body weight [50]. Chafﬁn and Stobbe found that peak foot forces ranged from a high
of 40% in the horizontal direction to 170% of body weight in the vertical direction for
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vertical ladder climbing [51]. Bloswick and Chafﬁn found that for male subjects the total
one-foot forces, as a percent of body weight, were 63.7% for a ladder slanted at 708, 62% for
a ladder slanted at 758, 59.3% for 808, and 54.7% for a vertical ladder [47]. They also note
that while the peak foot force is highest (approximately 85% of body weight) during the
one-foot stance for a ladder slanted at 708, the foot slip potential is highest during the use of
vertical ladders where a coefﬁcient of friction in excess of 0.4 may be required to resist a
forward slip.

25.3.2.2 Upper extremity moments
Bloswick and Chafﬁn found that the average elbow and shoulder moments varied as a
function of ladder slant (as shown on Figure 25.1) [47]. In addition they note that during
vertical ladder use the peak elbow ﬂexion moment and shoulder extension moments were
45% and 15% of the maximum static moment. Lee et al. [43] note that there may be a
potential for localized fatigue at the elbow during long climbs since the peak hand force
reached nearly 25% of body weight.

25.3.2.3 Lower extremity moments
Bloswick and Chafﬁn also found that for male subjects the average hip, knee, and ankle
moment as a percentage of static maximum varied by ladder slant (as shown in Figure
25.2) [47]. They found that the peak hip extensor, knee extensor, and ankle plantar ﬂexion
moments were 30%, 15%, and 10% of maximum static moment, respectively, when climbing a ladder slanted at 708. Ayoub and Bakken contend that the knee is a limiting
articulation, as opposed to the hip [46]. They base this on the fact that hip moment
capability is greater than that of the knee and that the knee must assume signiﬁcant ﬂexion
and consequent reduction in moment generation capability. Chafﬁn et al. [49] note that
based on ankle torque (plantar ﬂexion strength) capability the minimum foot clearance
behind the ladder rung should be 16.5 cm (6.5 in.). Based on ankle plantar ﬂexion strength
capability, Bloswick and Chafﬁn note that this distance should be a minimum of 15.5 cm
(6.1 in.) [47].
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Figure 25.1

Relation of elbow and shoulder moments to ladder slant.
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Figure 25.2 Relation of hip, knee, and ankle moments to ladder slant in male subjects.

25.3.2.4 Back
Bloswick and Chafﬁn used integrated electromyographic (IEMG) activity of the erector
spinae as a measure of low-back stress during ladder climbing activities [47]. They found
that for males the erector spinae activity was approximately 65% of static maximum and
increased slightly as the ladder slant went from 708 to 908 (vertical). They also found that
peak erector spinae IEMG activity approached 100% of static maximum as climbing speed
increased when using vertical ladders.

25.3.3 Energy consumption=fatigue
Brahler and Blank note that the whole-body ladder-climbing exercise on a simulated
climbing machine elicited signiﬁcantly greater maximum oxygen consumption values
for collegiate oarswomen than did either treadmill running or rowing ergometry [52].
Lehmann found that a ladder slanted at 708 required the lowest energy demand per unit
of height [53]. Hammer and Schmalz also found that the time required per unit of height
climbed was lowest with a ladder inclination of 708 and consider this angle as ‘‘optimal’’
[41]. Chafﬁn et al. [49] propose that rung separations of greater than 35.6 cm (14 in.)
requires a ‘‘fatiguing’’ exertion. Kamon found that metabolic efﬁciency in climbing a 608
ladder was higher when using a foot-over-foot pattern than when moving both feet to the
same step [54]. Hoozemans also found that there were no signiﬁcant differences between
30 and 35 cm rung separation for energetic workload. The perceived exertion, discomfort,
and safety indicate that 35 cm rung separation was preferred [55].

25.4 Stair biomechanics
25.4.1 Body movement
25.4.1.1 General description
Templer provides what may be the most comprehensive discussion of stairways [10]. It has
been noted that gait on stairs must be deﬁned differently than the gait in level walking and
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can have a signiﬁcant effect on the forces transmitted through the lower extremity [56–58].
Taylor et al. [59] described these forces as considerably larger during stair climbing than
during walking. The anteroposterior peak shear components were 2.7 times greater for
stair climbing over normal walking.
On stairs, the ball of the foot, as opposed to the heel, tends to be the ﬁrst point of contact.
On stairs, the gait cycle must be considered as the cycle between foot contact (toe, foot,
or heel) and the subsequent foot contact of the same side of the body. This includes one
stance phase and one swing phase. The stance phase begins when the leading foot contacts
the step. At mid-stance the body center of mass is directly over this foot and starts to
become elevated or lowered by concentric or eccentric contractions of the muscles in that
leg. The stance phase continues until the weight transfer to the contra-lateral leg allows the
foot to be lifted from the step.
The stance phase during stair ascent, as a percent of gait cycle, has been determined to
be 65% [60], 64% (males) [61], and 50%–60% (females) [62]. The stance phase during
descent, as a percent of gait cycle, was 60% [63], and 55% of the cycle for stairs slanted at
16.88, 40% for stairs at 33.78, and 25% for stairs steeply slanted at 458. It has also been
reported that gait cycle duration, swing and stance phase durations, cadence, and velocity
are systematically related to height [62]. McFadyen and Winter note that it is conceivable
that one would change climbing strategies between and within the same stair climbing
activity [61].
Other points of interest relating to stair movement include that by Zachazewski et al.
[60], who note that stair descent is a more dynamic process with greater inherent instability
than ascent. Livingston et al. [62] note that shorter women climbed with a more rapid
cadence than did taller women and that stepping rate increased as stair slant increased.
Shiomi notes that a step pattern where both feet move to the same step before proceeding
to the next is more stable than the ‘‘normal’’ foot-over-foot step pattern [64].

25.4.1.2 Body center of mass=trunk
Krebs et al. [65] note that the deviation of the center of mass from the center of pressure is
greater during stair descent than ascent and that stair descent requires more balance than
ascent. McFadyen and Winter note, however, that the body is in a more ‘‘optimal’’ position
(center of mass closer to the point of support) while walking down stairs [61].
Krebs et al. [65] note that trunk abduction–adduction range of motion (ROM) and peak
trunk ﬂexion substantially exceeded those values during gait and that peak torso ﬂexion
during stair climbing was roughly parallel to the 338 stair slope. They also note that the
trunk frontal plane ROM during stair climbing was greater than that of gait and suggest
that it was to clear the swing foot over the step and minimize lower limb ﬂexion requirements. They observed that subjects descended stairs with considerably less maximum
trunk ﬂexion than during ascent in order to maintain stability. In an observation of
subjects on a stair ergometer, Asplund and Hall note that during stair climbing ergometry
the average trunk ﬂexion was approximately 188 forward from vertical [66]. Cooper et al.
[67] found that subjects ﬂexed the trunk approximately 128 with approximately 138 of
anterior pelvic inclination during stair climbing. Trunk ﬂexion and pelvic inclination were
approximately 08–38 and 08–58, respectively, during stair descent.

25.4.1.3 Extremities
Asplund and Hall note that during stair-climbing ergometry the hip range of motion was
15.28–51.48 ﬂexion, knee 12.78–72.88 ﬂexion, and the total ankle range of motion was 32.48
[66]. In a review of the literature, Livingston et al. [62] note that hip ﬂexion is approximately 428, knee ﬂexion 838–908, and ankle plantar ﬂexion 308–408 during stair climbing
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tasks. In their research, Livingston et al. [62] found that for female subjects the maximum
hip ﬂexion angle decreased as the slope of the stair decreased from between 388 and 458 on
a 458 slanted stair down to 278–358 on a 16.88 slanted stair. They also found that during stair
climbing, hip ﬂexion ranged from 478 to 568. They also found that subject height was an
important factor in determining knee motion during stair climbing. Short subjects had knee
ﬂexion angles ranging from 928 to 1058, whereas taller subjects had knee ﬂexion angles
ranging from 838 to 968. They found that subjects used 148–278 of dorsiﬂexion and 238–308
of plantar ﬂexion at the ankle during stair ascent. They observed that the subjects in their
study used approximately 208–358 of dorsiﬂexion and 208–308 of plantar ﬂexion to perform
stair descent as opposed to Andriacchi et al. [68], who observed that males used 408 of
dorsiﬂexion and 408 of plantar ﬂexion during stair descent. Livingston et al. [62] note that
subjects appear to adjust to different stair dimensions by varying the ﬂexion extension at
the knee rather than that at the ankle or hip.

25.4.2 Foot forces and joint moments=muscle activity
During normal stair ascent and descent the forces on the hands and moments in the upper
extremities are minimal. When these forces or moments do exist they tend to result from
recovery from slips and falls and are resisted by the grab rails discussed earlier.

25.4.2.1 Lower extremity moments=foot force
Shiomi notes that walking up stairs involves a shortening of the muscles during contraction in performing positive work against gravity and that walking down stairs results in
negative, or eccentric, work in which the leg extensors (quadriceps femoris) are stretched
while resisting gravity [64]. Asplund and Hall note that stair climbing ergometry also
produces concentric muscle contractions throughout the lower extremity [66]. McFadyen
and Winter found that, with the exception of the rectus femoris and gluteus medius
muscles, all muscles had greater mean activity for stair ascent compared to descent [61].
Andriacchi et al. [68] found that for male subjects the maximum moments for stair ascent
for the ankle, knee, and hip were 137.2 (101.2), 57.1 (42.1), and 123.9 (91.4) KN (ft lb) and
during stair descent 107.5 (79.3), 146.6 (108.1), and 112.5 (83.0) KN (ft lb), respectively.
These large hip- and knee-extensor moments peak early in the stance phase [56].
Lyons et al. [69] found that climbing stairs produced higher EMG activity in the upper
and lower portions of the gluteus maximus, gluteus medius, and extensor fasciae latae
muscles than did level walking. Descending stairs required lower muscles activity in
these muscles as well as in the semimembranosus long head of the biceps femoris and
adductor magnus muscles. They also found that the lower portion of the gluteus maximus is the primary hip extensor for ascending stairs. Shinno notes the importance of the
quadriceps, particularly the vastus lateralis during stair ascent [70]. He also notes that the
quadriceps is more active during stair ascent than descent. McFadyen and Winter indicate that the quadriceps are dominant and the vastus lateralis is most active during
propulsion up the stairs and conclude that the knee extensors play a dominant role in
stair climbing assisted by ankle plantar ﬂexion moment [61]. They note that walking up
stairs primarily involves concentric contractions of the rectus femoris, vastus lateralis,
soleus, and medial gastrocnemius and that walking down the stairs is achieved primarily
through eccentric contractions of these same muscles to control the force due to gravity.
Shinno also indicates the importance of the quadriceps muscle in supporting the body
weight during the single stance phase of the stair use [70]. He notes that the activity of the
extensors is smaller in stair descending than ascending but that the biceps femoris activity
is greater during stair descending than ascending. He found that the overall action of the
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quadriceps muscle is higher when going up than while going down stairs and that the
knee ﬂexor activity is relatively small in both directions. He also points out that the knee
joint is more unstable when going down stairs because the ‘‘screwing home’’ at the
knee joint becomes loose, the quadriceps muscle is passively stretched, and movement
speed may be increased by gravity. McFadyen and Winter note that the soleus is the
primary contributor to body elevation after foot contact, although some gastrocnemius
activity was observed [61].
Kowalk et al. [71] found that knee abduction moments ranged from 25 to 45 KN and
were statistically smaller than the knee extension moments of 60–85 KN both for stair
ascent and descent. They also found that the knee extension moments were greater during
stair descent than ascent and that knee adduction moments did not exist. Costigan et al.
[72] found that abduction moments were approximately 50% of the maximum found in the
study by Kowalk et al. [71]. Lyons et al. [69] indicate that limb support in descending stairs
depends on hip adduction but not hip extensor activity.
McFadyen and Winter note that during stair descent, energy is absorbed at both the
ankle and the knee during foot contact, primarily by the plantar ﬂexors [61]. Loy and
Voloshin found that males walking up and down stairs experienced induced impulsive
loading or ‘‘shock waves’’ in the tibia with an amplitude of 180% and 250% of level
walking values, respectively [73]. Zachazewski et al. [60] also note a rapid increase in the
vertical ground reaction force at foot contact.

25.4.2.2 Back
Cooper et al. [67] note that erector spinae muscle activity in males was approximately 25%
of MVC during stair climbing and 10% MVC during stair descent. This is compared to
approximately 13% MVC during level walking. Asplund and Hall note electric activity of
the lumbar paraspinal muscles did not change signiﬁcantly during 22 min of activity on a
stair-climbing ergometer [66].

25.4.3 Energy consumption=fatigue
Templer notes that the energy expended during stair climbing exceeds that of any other
routine daily physical activity and is comparable to heavy physical labor [10]. He notes
that for a 70 kg person, the total energy cost of using stairs, while dependent on stair
geometry, ranges from 0.548 to 1.12 kcal=m (vertical) for stair ascent and 0.098–0.280
kcal=m (vertical) for stair descent. He also notes that the total energy cost of vertical ascent
decreases as stair slant increases up to about 458. Steep stairs, however, are often perceived as being more fatiguing because the rate of energy expenditure is higher even
though the total energy expended for a given amount of vertical ascent may not be. Ward
and Beadling note that the rate of energy expenditure affects people's judgment more than
the total energy expended [74]. Bruce et al. [75], however, note that when normalized for
total vertical travel, shallow slanted stairs require less energy than steep stairs. It is also
not surprising that they found that the addition of a load to the climber increased the
energy consumption for both shallow and steep stairs. Karpovich and Shinning note that
the energy expenditure during stair descent was 1=3 of that during stair ascent [76]. Using
a climbing treadmill, Richardson found that energy expended during stair descent was
59% of stair ascent [77].
Shiomi proposes that, when normalized for total vertical movement per unit time, the
optimum stepping rate for males is 50–62 steps per min [64]. He also notes that oxygen
consumption increased as movement velocity increased during stair ascent and that
oxygen consumption increased with an increase in stepping rate during both stair ascent
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and stair descent. Shinno notes that stairs with a 308–358 slope are most convenient and
that optimal stair height, determined by oxygen consumption is deﬁned as the square root
of R2 þ T2 ¼ 33 cm, where R ¼ step height and T ¼ step depth [70]. He determined that the
optimum stair has a height of 16.6 cm (6.54 in.) and a depth of 28.6 cm (11.26 in.) with a
slope of approximately 308. Seidl et al. [78] found that for female subjects the efﬁciency in
stair use, as determined by oxygen uptake, increased approximately 5% over a 4 day
training period.
In studies of special populations, Benn et al.[79] found that for older men (age 64 + 0.6
year) stair climbing produced greater systolic blood pressure, heart rate, and rate pressure
product than did treadmill walking or dynamic weight lifting and that the increases in
heart rate, mean arterial pressure, and mean pressure product were extremely rapid and
reached very high levels. The rate pressure product was more than twice that recorded in
normal walking and 50% greater than during 4 min of uphill walking or weight lifting. In
a study of simulated ﬁreﬁghting tasks, O'Connell et al. [80] found that stair ascent with a
20.3 cm (8 in.) stair elevation at 60 steps per min for 5 min resulted in 45% of maximum
oxygen consumption and 71% of maximum heart rate. When carrying an 86.5 lb pack for 5
min, subjects averaged 80% maximum oxygen consumption and 95% maximum heart rate.

25.5 Ramps and irregular surface walking biomechanics
25.5.1 Body movement
25.5.1.1 General description
It is not unusual for workers to walk on inclined walkways, stairs, ladders, or other
nonhorizontal surfaces. For example, miners, construction workers, farmers, and outdoor
caterers constantly deal with irregular walking surfaces that can effect gait patterns and
alter lower extremity joint characteristics from a horizontal walking surface. Research has
been published describing the gait characteristics of up- and downslope walking and
running, where the greatest effects occur with smaller cadence and walking step length
[20,39,81–84]. There is very limited kinematics data describing gait dynamics on nonhorizontal surfaces including laterally sloped surfaces, and therefore further research is
needed to understand the effects of traversing irregular terrain and surface types.
To understand what a gait cycle is, it is important to deﬁne what is meant by normal
human gait. Whittle described normal human walking and running as ‘‘a method of locomotion involving the use of the two legs, alternately, to provide both support and propulsion
[85]. Gait describes the manner or style of walking, rather than the walking process itself.
A gait cycle is typically identiﬁed by four events:
1.
2.
3.
4.

Initial contact (heel strike)
Opposite toe off
Opposite initial contact (heel strike)
Initial toe off

More detailed descriptions of human gait can be found elsewhere [85–87]. These events
also subdivide the gait cycle into phases:
1. Stance phase (support or contact phase)
a. Loading response
b. Mid-stance
c. Terminal stance
d. Preswing
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2. Swing phase
a. Initial swing
b. Mid-swing
c. Terminal swing
These events can be analyzed and compared to what has been characterized as ‘‘normal’’
human gait to understand how the body reacts to sloped surfaces and other irregular surfaces.

25.5.1.2 Body center of mass=trunk
It is important when determining the task capabilities of workers to consider loading
biomechanics of the lower extremity. Analysis of a situation of carrying loads on irregular
surfaces showed altered kinematics of the lower extremity and the load transfer through
the musculoskeletal system. According to McIntosh et al. some factors that distinguish
walking on an incline from walking on the horizontal are the requirements to raise or lower
the body's center of mass, associated work requirements, the vertical displacement during
each stride, the altered friction demands, and foot clearance [88].
In an attempt to maintain balance, posture is altered, changing the location of the
center of mass to improve stability while navigating fore=aft slopes. The gluteus muscles
exhibit low levels of activity during level and uphill walking, but increases substantially in
activity during running. The gluteus muscles during walking function to support the
trunk during the support phase and decelerate the leg in the swing phase. There is no
implication that fore=aft slope walking substantially increases this activity compared to
level walking [89].

25.5.2 Foot forces and joint moments=muscle activity
With the development of technology, force platforms, muscle activity level (EMG), video
capture systems, and computers have facilitated the advance of knowledge with a more
complete understanding of normal human gait [85–87]. Typical ground reaction forces
during level walking acquired using six-channel force platforms are displayed in Figure
25.3 where Fz is the vertical ground reaction force vector. As the walking surface changes,
the ground reaction forces and resulting center of pressure used in an inverse dynamics
model to describe gait joint forces is also affected. Figure 25.4 illustrates the difference that
occurs in fore=aft slope (uphill=downhill) walking and medial=lateral (transverse) slope
walking compared to level walking for anterior–posterior force and Figure 25.5 illustrates
the changes of medial=lateral forces. These graphs were obtained through research at the
University of Utah, and are comparable to those found in the literature [83,88].
The differences in ground reaction forces observed with up- and downslope walking
were described by Lay et al. [83]. The anterior–posterior braking force increased dramatically while the propulsion component decreased. In upslope walking the mid-stance force
decreased, and the normal force component appeared similar to level walking [84]. The
peak normal force occurs earlier on inclines than on level surfaces leading to about a 5%
difference between the peak shear and normal foot forces.
Some investigation has been performed to describe footwear and the effects on
gait. Kersting et al. [36] indicated that footwear can change loading conditions in walking;
however, what changes occur in actual workplace situations has not been investigated [36].
A highly signiﬁcant difference was reported in the change of knee joint kinematics on an
incline greater than 108 compared to level walking and the ankle became more dorsiﬂexed
throughout the ﬁrst 50% of the gait cycle. The angle of incline is a factor that inﬂuences all
lower extremity angles to accommodate foot and pelvis kinematics as observed in previous
studies of level and inclined gait [81,88,90,91].
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Figure 25.3 Typical ground reaction forces (GRF) for level walking.

25.5.2.1 Back
In looking at the moment at the L5=S1 disk interface, it was determined that a 7%–10%
increase was noted while lifting on inclined surfaces. Both trunk ﬂexion angle and angular
trunk acceleration were identiﬁed as driving factors for this increase. The results of this
study suggest that sloped surfaces need to be considered when evaluating risk of low-back
injury where these conditions exist [92,93].
There was not a signiﬁcant change in erector spinae muscle activity during sloped
walking compared to level-surface walking; however, there does appear to be an increase
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Figure 25.4 Anterior–posterior GRF for fore=aft slope and median=lateral (transverse) walking.
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Figure 25.5

Median=lateral GRF for fore=aft slope and median=lateral (transverse) walking.

in trunk stabilizer muscle activity when traversing nonlevel surfaces [82]. It was also
observed that in anticipation of walking up a sloped surface there is an increase in trunk
forward ﬂexion that inﬂuences shear stress during manual material handling tasks [82,94].
When walking down a ramp, there is a greater slip potential. If the response time to
adjust gait to avoid a fall is short enough, there is still a possibility of causing overexertion
and noncontact injuries due to sudden, unexpected loading, especially in the low back [95].

25.5.3 Energy consumption=fatigue
Steeper upslope inclines require greater power generation and are more fatiguing, whereas
downslope walking appears to have greater overall energy demands and is more likely to
cause pain to the lower extremity, particularly the knee [39,96]. In downslope walking
there is a progressive decrease in metabolic demand until a minimum is reached, after
which further increase in slope magnitude causes an increase in metabolic demand [38,97].
During upslope walking, it was determined that metabolic cost of walking upslope in
men was less than for women. This may be explained by the fact that women are usually
smaller in size, and have a different distribution of body mass at the peripheries. This
variation may be due to greater movement of the upper limbs in women during walking,
but this relationship has not been clearly established [91].

25.6 Conclusions=recommendations
25.6.1 Ladders
When climbing a ladder, the whole-body center of mass moves further back (away
from the ladder) as the ladder steepness increases. In general, the legs provide power
and the hands provide support; however, as the ladder steepness increases hand force
increases as the hands provide more of the propulsive force. Hand force also increases as
the distance between the rungs (rung separation) increases. The force on one hand is a
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maximum (25%–30% of body weight) during the use of vertical ladders and this
approaches the 35% maximum grip strength on a slippery handrail, which indicates that
there may be some potential for hand slip in this situation. A ladder width of 38.1 cm
(15 in.) appears to be adequate to accommodate preferred hand separation for most
personnel and allow adequate lateral stability to resist wind force.
Foot force approaches a maximum of 85% of body weight when climbing a ladder
slanted at 708; however, foot slip potential is highest during the use of vertical ladders
where a coefﬁcient of friction in an excess of 0.4 may be required to resist a forward slip.
Average shoulder moment is relatively low (approximately 5% of static maximum) during
the use of ladders slanted at 708–908 (vertical). Average elbow ﬂexion moment increases
from approximately 5% of maximum for 708 ladders up to 35% for vertical ladders. When
climbing vertical ladders, peak shoulder extension and elbow ﬂexion moments were 15%
and 45% of static maximum. Peak hip extensor, knee extensor, and ankle plantar ﬂexion
moments reached 30%, 15%, and 60% of static maximum, respectively, when climbing
a ladder slanted at 708. Toe clearance behind the ladder must be approximately 16.5 cm
(6.5 in.) to allow adequate plantar ﬂexion capability during vertical ladder use.
It should be noted that the joint moments, and particularly the maximum joint
moments, were cyclic and of less than 1 s duration. This reduces the potential for localized
fatigue except in long periods of climbing.
Average erector spinae activity is approximately 65% of static maximum and increases
slightly as the ladder slant goes from 708 to 908 (vertical). Peak erector spinae activity
approaches 100% of static maximum during fast climbing of a vertical ladder. This suggests
that there may be some potential for low-back stress during some ladder climbing activities.
Ladder climbing is a fatiguing physical activity and has been found to be more stressful
than either treadmill running or rowing ergometry. Rung separations of 35.6 cm (14 in.)
are more fatiguing than rung separations of 30.5 cm (12 in.). Ladders slanted at 708 require
the lowest energy demand per unit of height and lowest climbing time per unit of height.
The foot-over-foot climbing pattern is more energy efﬁcient than when both feet are moved
to the same step during the climbing activity.

25.6.2 Stairs
There is no clear agreement as to whether the whole-body center of mass deviates
more from the foot center of pressure during stair ascent or descent. Foot forces are
higher during stair descent, however, and the impulsive loading may be 250% of level
walking during stair descent and 180% during stair ascent. This force is absorbed primarily
by the plantar ﬂexors. Trunk abduction=adduction range of motion exceeds those experienced during gait. Trunk ﬂexion can approach 308 (stair slant during climbing) but is
considerably less during stair descent. Hip ﬂexion ranges from 408 to 558 during stair
climbing and decreases as the stair slope decreases. Knee ﬂexion ranges from 838 to 1058
with shorter subjects demonstrating the greatest degree of ﬂexion. Ankle dorsiﬂexion and
plantar ﬂexion range of motion appear to range from 158 to 308 in each direction during
both stair ascent and descent. People appear to adjust to different stair dimensions by
varying the ﬂexion or extension at the knee rather than that at the ankle or hip.
Hand forces in normal use are minimal during both stair ascent and descent. Lower
extremity moments and muscle forces are quite complex during stair use. With the exception of the rectus femoris and gluteus medius muscles, all muscles have greater mean
activity for ascent as compared to descent and stair climbing produces higher EMG activity
in the gluteus maximus, gluteus medius, and extensor fasciae latae than does level walking.
Stair ascent primarily involves concentric contractions of the rectus femoris, vastus lateralis,
soleus, and medial gastrocnemius with the vastus lateralis playing the most important role.
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Stair descent is achieved primarily through eccentric contractions of these same muscles to
control the force due to gravity. Knee extension moments are higher during stair descent
than ascent. Knee abduction moments are somewhat smaller than knee extension moments
and knee adduction moments are minimal for stair ascent and descent.
Erector spinae muscle activity is in the same general range as that incurred during level
walking and it does not seem to be indicative of a high potential for back stresses during
normal stair use.
The energy expended during stair climbing, although not equivalent to ladder climbing,
exceeds that of any other routine daily physical activity. Although steeper stairs tend to be
more energy efﬁcient per vertical distance traveled, they are perceived as being more
fatiguing because the rate of energy expenditure is higher. The energy expended during
stair descent appears to be 1=3–1=2 of that expended during that of stair ascent. One study
found that the ‘‘optimum’’ stair from an energy standpoint has a height of 16.6 cm (6.54
in.), a depth of 28.6 cm (11.26 in.), and a slope of approximately 308.

25.6.3 Ramps and irregular surfaces
Up- and downslope gait has been studied with more intensity than other gait on irregular
surfaces; however, there is a dearth of information available describing the effects of
terrestrial locomotion on irregular surfaces with respect to lower extremity kinematics
and biomechanics. Walking on inclined surfaces changes some gait parameters, but not
all characteristics are affected. It appears that ankle support provided by footwear design
may help reduce the pressure distribution, rear foot movement and muscle activation in
the lower extremity. Metabolic costs increase slightly when walking upslope due to an
elevation of body center of mass.
Ramp design contributes to an altered gait pattern and changes lower extremity joint
loading, resulting in higher slip potential and a greater required coefﬁcient of friction.
Little has been published to describe the effects of walking on irregular surfaces with
respect to biomechanics and musculoskeletal disorders. The etiologies of these diseases are
difﬁcult to assess and further investigation is needed to describe the biomechanical forces
at the lower extremity during irregular surface ambulation.

25.7 Ergonomic signiﬁcance
Ladder climbing, stair use, and walking on ramps and other irregular surfaces generate
considerable biomechanical and metabolic stresses on the body. An understanding of
design guidelines, user preferences, and the biomechanical and physiological stresses
during ladder climbing, stair use, and traversing ramps and irregular surfaces will assist
in the minimization of stress and a reduction of injury potential.
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26.1 Introduction
Injuries are considered predictable entities with known extrinsic and intrinsic risk factors
(Smith, 1987). Although the intrinsic or individual risk factors appear to be a primary cause
of falls in older people (Tideiksaar, 1990; Simoneau et al., 1991), the extrinsic or environmental factors seem to initiate most falls among the healthy adult population under
65 years (Grönqvist, 1995). The latter includes problems with the walking surface such
as contamination, irregularities or obstacles, and deﬁcient footwear or inadequate illumination (Grönqvist et al., 2001a; Redfern et al., 2001). Water, oil, organic debris, soil, snow,
and other contaminants may act as contributing factors in as many as 80% of slip-related
injury incidents (Grönqvist, 1999; Leclercq, 1999).
Foot slipped or tripped are the most frequent unforeseen events triggering falls on the
same level and falls from a higher to a lower level, not to mention staggerings with recovery
of balance which may cause ‘‘overbalancing’’ injuries due to strenuous body movements,
resulting in low-back overexertion or body contact with moving or stationary objects
(Strandberg and Lanshammar, 1981; Manning et al., 1988; Grönqvist and Roine, 1993).
The question, whether the risk of falling and injury initiated by a slip or trip is more related
to a constantly low (slip) or high (trip) friction or an unexpected, sudden change in friction or
surface state is not always clear. Collins et al. (2006) identiﬁed in a case follow-back ﬁeld
study at hospitals that ﬂoor contaminants and surface transitions, such as stepping from a
dry and clean to a wet ﬂoor surface, were important risk factors for slip, trip, and fall injuries.
A nominating factor in slip, trip, and fall-related injuries is that the victim's postural
control mechanisms fail to restore balance and stability before injury occurrence (Grönqvist
et al., 2001a). Slipping, by deﬁnition, is caused due to poor grip or low friction between the
foot (footwear) and the substrate (ﬂoor, pavement, icy spot, etc.). A trip may occur when
the foot is suddenly interrupted during the swing phase (Redfern and Bloswick, 1997). The
swinging foot may fail to adequately clear the ground, or it may encounter an obstacle
or irregularity on the ground surface (Winter, 1991). Grabiner et al. (1993), who studied
the kinematics of recovery from an anteriorly directed stumble induced by an obstacle to
healthy young males, found that the perturbation caused an increase in the maximum
trunk ﬂexion angle. This was signiﬁcantly associated with walking velocity and
maximum hip and knee ﬂexion angles, which increased due to the perturbation.
Manning et al. (1988) differentiated between various initiating events for falls and used
the term ‘‘underfoot accident’’ for fall injuries and some special types of injuries (e.g., to the
lumbar spine) initiated by slipping (62%), tripping (17%), twisting of foot or ankle (12%),
trodding on air (2%), etc., where the ﬁrst unforeseen event was an interaction between the
victim's foot and the substrate. Sacher (1996) made an attempt to deﬁne some common
misstep mechanisms during human walking from the viewpoint of forensic biomechanics.
He distinguished these by the mode of initiation (slip, trip, or stumble) and termination
(e.g., direction of fall and nature of injury).
A fact is that an unexpected fall is a very hasty event which lasts only 0.6–0.7 s until an
outstretched hand, or the pelvis or trunk will be impacting the ground (Robinovitch et al.,
1996). Risk factors to slips, trips, and falls are manifold and related to, for example,
inadequate illumination; uneven surfaces; poor design of stairs and ﬂoors; unsatisfactory
orderliness and housekeeping; and incomplete maintenance, deicing, and sanding of
pavements and walkways. Other causes of falls are load carrying, pushing and pulling,
lost control of posture, aging, dizziness, vestibular disease, peripheral neuromuscular
dysfunction, diabetes, osteoporosis, alcohol intake, and use of antianxiety drugs (Waller,
1978; Davis, 1983; Honkanen, 1983; Templer et al., 1985; Pyykkö et al., 1988; Sorock,
1988; Tideiksaar, 1990; Saarela, 1991; Alexander et al., 1992; Sorock and Labiner, 1992;
Malmivaara et al., 1993; Nagata, 1993; Fothergill et al., 1995; Jackson and Cohen, 1995;
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Figure 26.1 Extrinsic and intrinsic factors affecting slips, trips, and falls accidents.

Era et al., 1997). Many of the risk factors for slip, trips, and falls are interrelated and can
have cumulative effects.
The causality of slips, trips, and falls is without doubt not yet fully understood. But
before effective prevention strategies can be put into practice, one needs to clarify the
accident and injury mechanisms involved. The chain or network of events—constituting of
exposure to hazards, initiation of hazardous incidents, and ﬁnal injury—should and can be
identiﬁed using epidemiological principles and methodologies (Hernberg, 1992). The risk
of slipping, tripping, and falling is governed by the control of human posture and balance,
and by the frictional characteristics of the foot-intermedium-substrate tribosystem. Risky
situations occur typically during normal locomotion and during manual exertion like
lifting, pushing, pulling, or load carrying. Knowledge of the correct perception of hazards,
adaptability of gait, and the mechanics of slips and trips is a prerequisite for successful
fall-injury avoidance.
This chapter is focused on understanding the main factors associated to slips, trips, and
falls, thus including cognitive, psychophysiological, biomechanical, somatosensory, tribophysical, and surface-related system factors (Figure 26.1). The focus here is on falls and
staggerings initiated by slipping, whereas other likely causes of falls, such as stumbles
and missteps on stairs are not speciﬁcally dealt with. The biomechanics of stumbling and
tripping has been discussed elsewhere, for example by Grabiner et al. (1993), Eng et al.
(1994), and Simoneau et al. (1991).
The following areas are covered in this chapter: normal gait and balance, dynamics of
walking and slipping, basic considerations of the tribosystem of the interacting surfaces,
footwear and contaminants, risk assessment of slips and falls, criteria for safe friction and
ambulation, measurement principles and techniques for assessment of slip resistance,
and reliability and validity of test instruments. The ergonomic signiﬁcance of the material
presented is discussed.

26.2 Dynamics of walking and slipping
26.2.1 Normal gait and balance
The ﬁve major motor functions during the gait cycle for achieving a safe and efﬁcient
propulsion of the body are independent of whether one walks or runs. These functions are,
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according to Winter (1991), maintenance of support of the upper body during stance,
maintenance of upright posture and balance of the total body, control of foot trajectory
to achieve safe ground clearance and gentle heel or toe landing, generation of mechanical
energy to maintain present forward velocity or to increase forward velocity, and absorption of mechanical energy for shock absorption and stability or to decrease the forward
velocity of the body.
Even normal gait on a safe surface can be regarded as inherently instable, as equilibrium
is lost and regained with every step (Carlsöö, 1962): ‘‘equilibrium is lost with the take-off of
the propelling foot, when the body's centre of gravity momentarily lies beyond the anterior
border of the supporting surface, and regained as soon as the swinging leg is extended
forward and its heel touches the ground.’’ This instability of upright posture is in fact
exploited in walking to assist in propelling the body forward.

26.2.2 Kinematics of the foot
During walking, one is often totally unaware of the fact that slight rear- and forward
sliding between the footwear and the substrate occurs even in dry nonslippery conditions
in the early heel contact phase (Strandberg and Lanshammar, 1981; Perkins and Wilson,
1983). Leamon and Son (1989) used the term microslip, also used by Perkins (1978), for slip
incidents at heel contact on dry nonslippery surfaces. The lengths of such microslips were
less than 1 cm. Leamon and Li (1990) determined the tendency of human subjects to such
microslips also on a slippery surface. Then they redeﬁned the term microslip to cover a
range of slip distances from 0 to 3 cm. Their data indicated that any distance less than
3 cm would only be detected on 50% of the occasions, and that a slip distance in excess
of 3 cm would be perceived as a slippery condition. Recently, McGorry et al. (2006) veriﬁed
that rearward heel movements occurred close in time to heel contact phase in about half of
all their trials, typically ending within 20 ms of heel contact. They concluded that a closer
inspection of rearward heel movements might lead to a better understanding of the
propagation of a slip after heel contact.
Strandberg and Lanshammar (1981) studied the dynamics of human slipping in order to
achieve biomechanical data for the prevention of slipping accidents. They simulated
unexpected heel slip-ups when approaching a force plate that was lubricated with water
and detergent in 76 trials (61%) out of 124. The trials were categorized into two main
groups, grips (85 trials) and skids (39 trials). The peak sliding velocity was above walking
speed (1–2 m s1) in the skids that resulted in a fall, but did not normally exceed 0.5 m s1
in the remaining skids called slip-sticks (16 trials), where subjects were able to regain
balance. Strandberg and Lanshammar (1981) concluded that a slip was likely to result in a
fall, if the sliding exceeded 0.1 m in distance or 0.5 m s1 in velocity. The average critical
slip motion started 50 ms after heel contact, when the vertical load was about 60% of body
weight, acting typically at the heel rear edge.
Redfern et al. (2001) referred to extensive biomechanical slip research and argued for the
possibility that slip distances larger than those reported earlier may be possible to avoid
without a fall outcome. Chambers et al. (2002=2003) reported that the foot kinematics was
affected by the knowledge of the conditions underfoot. Slip distances and velocities were
greater in unexpected slips than during expected or known slips. Grönqvist et al.
(2002=2003) investigated foot slides commencing at heel strike and found that slipping
can be stopped and balance recovered, if an initially low (<0.12) available friction coefﬁcient increased to a sufﬁcient level (0.22 to 0.28) within less than 250 ms of heel contact.
Cham and Redfern (2002a) found that the slipping motion decelerated about 200–300 ms
into stance, in human fall trials, before accelerating again and eventually causing the fall.
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They also found that recovery attempts on inclined surfaces were less successful than
on level surfaces. Slip distances and peak forward sliding velocities were at least 0.1 and
0.8 m s1 in the fall trials (Cham and Redfern, 2002a). The numbers presented are greater
than those reported by Strandberg and Lanshammar (1981). Moyer et al. (2006) investigated slip severity at heel strike in younger and older adults. They found that both groups
experienced hazardous slips at the same rate, even though the older adults walked with
shorter normalized step lengths and with smaller foot–ﬂoor angles at heel strike. These
changes may suggest that precautions to avoid a slip and fall were taken among the older
adults (cf. anticipation and adaptation of gait).

26.2.3 Load carrying and slip potential
Redfern and Rhoades (1996) reported experimental results concerning heel dynamics of
individuals during load carrying (boxes of varying weights up to 13.5 kg) at three different
walking cadences (70, 90, and 100 steps per minute). The surface condition studied was
probably dry, but some microslips occurred during the experiments after heel contact. The
horizontal (forward) heel velocity decreased from a preheel contact maximum of 4.5 m s1
at the end of swing phase to between 0.14 and 0.24 m s1 at heel contact in the beginning of
stance phase. The heel pitch angle at heel touch-down was between 208 and 258 and then
decreased to foot ﬂat within about 100 ms after contact. The heel came to a complete stop
during microslip conditions about 100 ms after the impact.
Carrying loads showed according to Redfern and Rhoades (1996) the same dynamic
qualities as normal walking. They concluded that load carrying had only minor effects
on the heel movement parameters. Myung and Smith (1997) argued that this was true
only for dry conditions, while oily ﬂoors signiﬁcantly affected those parameters. For
oily vinyl and plywood ﬂoors, they recorded horizontal heel landing velocities of at least
0.6–1.4 m s1 during load carrying experiments with 10 young male subjects. They found
that stride length was in general reduced as ﬂoor slipperiness and load carrying levels
increased. Cham and Redfern (http:==asb-biomech.org=onlineabs=abstracts2000=pdf=133.
pdf, 26.2.2007) studied the effects of load carrying on the required friction coefﬁcient and
compared the results between men and women. They reported that carrying a load
affected the ratio of shear to normal foot-force when descending a 108 ramp, but not for
level walking (Cham and Redfern, 2004). This ﬁnding was more evident for women than
men. They concluded that people adapt their gait for sloped surfaces to reduce slip
potentials when carrying loads.

26.2.4 Anticipation and adaptation of gait
Gait adaptations are aimed at regulating gait and stability in hazardous, for example,
slippery or low-friction conditions. Experimental walking trials reviewed by Andres et al.
(1992) indicated that humans can adapt to walking continuously over very slippery
surfaces. This adaptation takes place in essentially one step cycle after the person becomes
aware of the slipperiness of the surface being approached. Marigold and Patla (2001)
investigated in a laboratory experiment the effects of prior experience and knowledge of
walking over a slippery surface, which resulted in proactive adjustments to safely traverse
the slippery surface in a subsequent trial. Reactive responses to the ﬁrst slip trial resulted in
a rapid onset of a ﬂexor synergy (latency time 146–199 ms), a large arm elevation strategy,
and a modiﬁed swing limb trajectory. The central nervous system was adapted within one
slip perturbation to proactively plan both the landing on the slippery surface and also to
modify the subsequent response (Marigold and Patla, 2001).
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Llewellyn and Nevola (1992) reported the results of trials where subjects altered their
gait under low-friction conditions by adopting a protective strategy, which involved the
combined effect of force and postural changes of the early stance. The persons took shorter
steps and increased their knee ﬂexion, which in combination reduced the vertical acceleration and the forward velocity of the body. These changes seem to have facilitated a more
gentle foot contact with the ground and a greater ankle plantar ﬂexion than during a
normal heel landing, thus reducing the contact angle of the shoe bottom with the ﬂoor
while the shear forces decreased. The result was a reduced utilized friction coefﬁcient
between shoe and ﬂoor, a safer gait, and a lower risk of injury.
Cham and Redfern (2002b) investigated changes in gait on a ramp when anticipating
slippery ﬂoors. They found that the anticipation trials, where subjects were uncertain of
the slipperiness and the contaminant condition, produced peak required friction values
which were on the average 16%–33% signiﬁcantly lower than those collected during
baseline trials (i.e., when subjects knew the ﬂoor was dry and safe). Postural and
temporal gait adaptations were used to achieve these reductions in the peak required
friction values. The signiﬁcant gait adaptations included reductions in stance duration
and loading speed on the supporting foot, shorter normalized stride length, reduced footramp angle, and slower angular foot velocity at heel contact. The potential risk of slipping
was thus reduced even though subjects were asked to walk as naturally as possible
(Cham and Redfern, 2002b).

26.2.5 Protective movements in falls
The most common protective movement outcome in response to an early swing perturbation, induced by an obstacle to healthy young men, according to Eng et al. (1994), is an
elevating strategy (i.e., ﬂexion of the swing limb). In response to a late swing perturbation,
a rapid lowering of the swing limb to the ground and a shortening of the step length tends
to occur (Eng et al., 1994). The late swing perturbation seems to pose a greater threat for a
fall, because the body mass is already anterior to the stance foot. In this case, the elevating
strategy is not possible due to the forward momentum of the body, precluding the stance
leg from restoring the body equilibrium. The only option for recovery is to use the swing
leg, if there is nothing to grasp with the hands.
Robinovitch et al. (1996) and Hsiao and Robinovitch (1998) studied common protective
movements that govern unexpected falls from standing height. They measured bodysegment movements when young subjects were standing on a mattress and attempted to
prevent themselves from falling after the mattress was made to move abruptly. The
subjects were more than twice as likely to fall after anterior translations of the feet
(posterior fall) when compared to lateral or posterior translations (anterior falls). A
posterior fall would most likely follow a foot slide after heel contact, thus the study by
Hsiao and Robinovitch (1998) may give an indication of possible mechanisms and
protective movements for slip-related falls. Their results suggested that body segment
movements during falls, rather than being random and unpredictable, involved a repeatable series of responses facilitating a safe landing. Posterior falls involved pelvic impact in
more than 90% of Hsiao and Robinovitch's experiments, but only in 23% of the lateral
falls and none of the anterior falls. In the falls that resulted in impact to the pelvis, a
complex sequence of upper extremity movements allowed subjects to impact their wrist
at nearly the same instant as the pelvis, suggesting a sharing of contact energy between
the two body parts. Hsiao and Robinovitch (1999) predicted that a successful recovery
from perturbation is governed by a coupling between step length, step execution time,
and leg length.
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26.3 Tribophysics of slips and falls
26.3.1 Footwear-contaminant-ﬂoor tribosystem
For elastomeric friction of rubber-like polymers (shoe soling) on dry surfaces, the total
frictional coefﬁcient (m) due to adhesion and hysteresis depends on contact pressure
according to the equation (Moore, 1972)
m ¼ K1 ðE0 =pr þ K2 (p=E0 )n Þ tan d
|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
adhesion

(26:1)

hysteresis

In this equation tan d is the tangent modulus of the elastomer, deﬁned as the ratio of
energy dissipated (E’’) to energy stored (E0 ) per cycle. The normal pressure is p, K1 and K2
are constants, r is an exponent less than 1, and n an exponent equal to or greater than 1. The
term s, i.e., the effective shear strength of the sliding interface, was then added into the
adhesion component by Moore (1975). The term shear stress, t, was used by Oksanen
(1983); see Equation 26.5. Equation 26.1 is thus modiﬁed as follows:
m ¼ K1 ðs(E0 =pr ) þ K2 (p=E0 )n Þ tan d
|ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
adhesion

(26:2)

hysteresis

Kummer (1966) showed that both these components of rubber and elastomer friction are
manifestations of the same basic viscoelastic energy dissipation mechanism. Adhesion is
caused by a dissipative stick-slip process on a molecular level, whereas hysteresis is the
ability of elastomers to store elastic energy. When the stress is removed during travel
across a rigid surface, elastomers do not return completely from their deformed to their
original shape. The deformation frequency is deﬁned as the sliding velocity divided by
distance between surface asperities of the rigid surface (Moore, 1972). Thus, the hysteresis
component of friction increases on ﬁner surfaces; however, under lubricated conditions the
requirements of drainage put a lower limit on the size of surface asperities.
Strandberg (1985) pointed out that under lubricated conditions similar mechanisms to the
ones that are valid for a rolling pneumatic tyre on a wet roadway (Moore, 1975) determine
walking friction too: the squeeze-ﬁlm process and drainage capability of the shoe–ﬂoor
contact surface, the draping of the shoe heel and sole about the asperities of the underfoot
surface (deformation, hysteresis), and the true contact between the surfaces (traction, adhesion). Since draping is time-dependent, slower sliding velocities permit a greater draping
effect than higher velocities. Hence, a distinctly higher coefﬁcient of adhesional friction is
ensured at slow velocities. Hysteretic friction, on the contrary, is small in the low-speed
range, but increases as sliding velocity and deformation frequency increases (Moore, 1972).
The tribophysics of human slipping has been discussed by Tisserand (1985), Proctor and
Coleman (1988), and Leclercq et al. (1995). The classical squeeze-ﬁlm theory of Reynolds
states that the generation of hydrodynamic pressure and load support in the lubricant ﬁlm
is a function of wedge, stretch, and squeeze terms (Moore, 1972). Hence, Reynolds' theory
takes into account the vertical squeezing motion, as well as the tangential sliding motion
and its gradient. The effect of the squeeze term has been scrutinized by Strandberg
(1985) and the effect of the wedge term by Proctor and Coleman (1988). The stretch
contribution has not been discussed in the context of human slipping, though it is considered important for rubbers and elastomeric materials.
The equation for the squeeze term, according to Strandberg (1985), is
h2 ¼ (KuA2 )=(FN t)

(26:3)
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where
h is height of the wear surface element above ﬂooring (ﬁlm thickness)
u is viscosity of the ﬂuid
A is contact area between the surfaces
FN is normal force
t is descending time
According to this model by Strandberg, the height of the wear surface element above the
ﬂoor surface when a shoe vertically descends in a ﬂuid ﬁlm depends on the viscosity of
the ﬂuid, the contact area between the surfaces, the vertical load, and the descending time.
The lubricant drainage time for a speciﬁed ﬂuid viscosity, normal load, and ﬂuid
ﬁlm thickness becomes four times longer when the contact area is doubled. A long
drainage time, on the contrary, increases the actual risk of slipping, because the time
available to prevent a forward slip after heel contact is very short, only a few tenths of a
second (Strandberg and Lanshammar, 1981). Hence, adequate frictional forces may not be
produced between the shoe heel and a smooth lubricated walking surface quickly enough
to prevent slipping and falling.
Leclercq et al. (1993) conﬁrmed the above observation concerning the descending time
(t) in Equation 26.3 by adjusting the rolling speed of the test wheel of the portable friction
tester (PFT) device. When the rolling speed was decreased, t increased and h decreased so
that adhesional friction became possible. Greater adhesion then contributed to a higher
kinetic coefﬁcient of friction between the test wheel and the substrate.
The equation for the wedge term, according to Proctor and Coleman (1988), is:
h2 ¼ (0:066 ul3 )=(FN v)

(26:4)

where
h is ﬁlm thickness of the ﬂuid
u is viscosity of the ﬂuid
l is length of slider (a square slider is assumed)
v is velocity of sliding
FN is normal force
Proctor and Coleman called this the hydrodynamic squeeze-ﬁlm model. Its principle of
operation is the tapered wedge, and it shows that for a speciﬁc viscosity, vertical load, and
slider dimensions, the ﬁlm thickness varies as the square root of the sliding velocity. The
model especially emphasizes the importance of reducing the sliding velocity during a slip
in order to minimize the lubricant ﬁlm thickness, and then to obtain good contact and grip
between the shoe sole and ﬂoor.

26.3.2 Footwear–ice tribosystem
Bowden and Hughes (1939) have shown that the very low friction between ice and other
materials is due to a water layer formed by frictional heating. However, ice is not always
slippery (Petrenko, 1994); the ice friction coefﬁcient can assume both very small values
(m < 0.01), at high temperatures (18C) and high velocities (3 m s1), or very large values
(m ¼ 0.67), at low temperatures (408C) and low velocities (0.01 cm s1). The viscoelastic
nature of ice friction has been discussed by Moore (1975). The frictional mechanisms in the
footwear–ice interface are mostly adhesional, but the properties of the interface layer in ice
and snow friction are still poorly known (Makkonen, 1994).
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In general, the properties of ice, e.g., temperature, structure and hardness, and the
thickness of the water layer, seem to determine friction during a slip to a greater
extent than the viscoelastic properties of rubber or polymers (Gnörich and Gross,
1975; Roberts, 1981). Low hysteresis and low hardness, which are in many cases interrelated, seem to be necessary properties of a rubber to improve friction on ice (Ahagon
et al., 1988).
Assuming that the frictional force, Fm, in the footwear–ice interface is caused only by
viscous shear in a water layer (other phenomena such as scratch formation are omitted) the
following equation by Oksanen (1983) is obtained:
Fm ¼ tA ¼ u0 v=dA

(26:5)

where
t is shear stress
A is contact area
u0 is viscosity of water
v is velocity of sliding
d is thickness of the water layer
The coefﬁcient of friction, m, is then
m ¼ Fm =FN ¼ (u0 v=dA)=FN

(26:6)

where FN is normal force
Near the melting point of ice, the friction seems to be governed particularly by ice ﬂow
and melting (Roberts and Richardson, 1981). Ionic impurities in ice lower its melting point,
thereby forming liquid brine at the surface, which has an essential lowering effect on
adhesional friction. Warm ice is also sensitive to high pressure effects at heel strike in gait.
At high-pressure points ice will either ﬂow to relieve the pressure or melt. Both phenomena
tend to lower the coefﬁcient of friction when the temperature of ice is warmer than 108C.

26.4 The concept of slip resistance
The following deﬁnitions for the terms ‘‘slipping’’ and ‘‘slip resistance’’ apply here:
Slipping is a sudden loss of grip, resulting in sliding of the foot on a surface due to a
lower coefﬁcient of friction than that required for the momentary activity, often in the
presence of liquid or solid contaminants (Grönqvist, 1995).
Slip resistance refers to static, transitional, and kinetic frictional properties of underfoot
surfaces and foot or footwear during relative motion in actual conditions of wear; friction
due to adhesion tends to dominate during static posture, standing, pushing and pulling,
and at the moment of a slip start, whereas both adhesional and hysteretic friction play a
role during dynamic locomotion without and with carrying loads, and at continuation of a
slip after initiation (Grönqvist, 1997).
Basic models that can be applied independently or successively for assessing the risk
of foot slippage and for determining the slip resistance of shoes and ﬂoors will be
presented:
- a conceptual scenario of events leading to slipping and falling (Figure 26.2),
- an elaborated friction model of the drainage and draping capabilities of the contact
surfaces and of the true contact between the surfaces (Figure 26.5), and
- a biomechanical parameter model for determining slip resistance (Figure 26.6).
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Figure 26.2 A conceptual scenario of the events leading to slipping and falling after heel contact. The
terms static (ms), transitional kinetic (mt), and steady-state kinetic friction coefﬁcient (mk), and
the terms center of body mass (COM), center of foot pressure (COP), and base of support (BOS)
are indicated in the ﬁgure. (From Grönqvist, R., Chang, W.R., Courtney, T.K., Lemon, T.B., Redfern,
M.S., and Strandberg, L., Ergonomics, 44, 1102, 2001. With permission.)

26.5 Risk assessment of slips and falls
26.5.1 Assessment models and safety analysis
Risk assessment models have been developed to predict the risk of slipping and to analyze
in-depth the causes of slips, trips, and falls. A model based on artiﬁcial neural networks for
predicting the dynamic coefﬁcient of friction as a function of six independent measurement
variables (Twomey et al., 1995), and the elaborated friction model for slipping (Grönqvist,
1995) are examples of models that focus on certain limited elements. Fendley et al. (1995)
developed a comprehensive slip-prediction model, based on ratiometric analysis and
thresholded dimensionless numbers. Lehto and Miller (1987), on the contrary, described
an expert system for performing generic safety analysis and extended it with empirical
data on the prediction of slipping safety. Gielo-Perczak (2001) criticized the risk assessment
in prior slips and falls studies, in that balance analysis was simpliﬁed and attributed to the
ﬁxed point of a heel contact. Instead, Gielo-Perczak proposed a systems approach that
should be used to determine the causes of lost balance during slips and falls, whereas
quantitative stability assessment should be used to assess balance and the factors that
inﬂuence balance control.
Barnett (2002) presented a new slip and fall theory and analysis based on the stochastic
nature of friction. This theory explained slip and fall risk with the probability of slipping;
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the critical friction criterion; the distance walked; and the average, spread, and asymmetry
of the distribution of friction coefﬁcients.

26.5.2 Control of gait and stability
Humans rely on numerous sensomotoric systems to maintain upright static posture and
dynamic balance during ambulation. The sensory input from vestibular organs, vision,
proprioceptive receptors (muscle spindles, stretch reﬂexes), and exteroceptive tactile cues
(pressure) are rapidly and accurately processed by the central nervous system (Claussen,
1986; Nienstedt et al., 1986). When posture and balance are challenged, for instance, during
a sudden slip or trip, then a coordinated neuromuscular motor response is needed to
re-establish the balance and to avoid a fall and subsequent injury. This motor control aims
at regulating more than 700 muscles in a multilink system including more than 200 degrees
of freedom (Era et al., 1997).
Oscillations in posture during normal quiet standing and sudden perturbation are generally assumed to reﬂect the balancing abilities. Vestibular inﬂux governs normally 65% of the
body sway during sudden perturbation, while 35% is accounted for by visual and proprioceptive inﬂux (Pyykkö et al., 1990). Stretch reﬂexes in joints and muscles and tactile cues from
pressoreceptors seem to operate in the early prevention of falls. Protective responses to sudden
perturbations such as a foot slide will be incomplete, if the stretch reﬂexes and pressoreceptors
do not function properly. Since aging is one of the main reasons for defective coactivation of
functional stretch reﬂexes, the very elderly rely mostly on slower (latency 120–200 ms) visual
control of balance, which thus contribute to an increased risk of slipping, tripping, and falling
(Pyykkö et al., 1990). Latencies for corrective reﬂex responses for healthy young men in the
recovery from tripping have been reported to be 60–140 ms, indicating that quick polysynaptic
pathways were involved (Eng et al., 1994). This study suggested that balance control during
locomotion involves speciﬁc movement patterns in response to a tripping perturbation.

26.5.3 Perception of slipperiness
The risk of slipping and falling seems to depend to a great extent on a person's subjective
awareness of the potential slipperiness of the actual conditions. Probably it is easier to
adapt one's gait when a slippery condition is steady than when rapid, unexpected changes
in slipperiness occur. However, no accident or injury statistics is available conﬁrming this
argumentation. On the contrary, it has been shown by Merrild and Bak (1983) that certain
high-risk winter days can cause an enormous increase of pedestrian injuries due to falls
initiated by slipping.
Vision may be the only sensory mode allowing a person to predict the potential
slipperiness of a surface before stepping onto it. Proprioceptive (e.g., stretch reﬂexes) and
other control systems (e.g., pressoreceptors) seem to require that one already has walked
on a slippery surface and felt it, in order to acquire the feedback to properly adapt one's
gait. Visual control may lead to several avoidance and accommodation strategies of gait
when challenging conditions are encountered. Vision regulate step length and width,
direction of gait, walking velocity, and orientation of limbs, etc. (Patla, 1991), but because
visual control is slower than proprioceptive and vestibular control, it cannot be solely
relied upon in sudden perturbations like slips and trips.

26.5.4 Critical gait phases
From the slipping point of view, two critical gait phases exist in level walking (Perkins,
1978, Strandberg and Lanshammar, 1981, Perkins and Wilson, 1983, Strandberg, 1983a):
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Figure 26.3 Normal gait phases on the level with typical horizontal (FH) and vertical (FV) ground
reaction force components and their ratio, FH=FV, for one step (right foot). Critical from the viewpoint
of slipping are heel contact (peaks 3 and 4) and toe-off (peaks 5 and 6) phases. (From Grönqvist, R.,
Roine, J., Järvinen, E., and Korhonen, E., Ergonomics, 32, 979, 1989. With permission. Adapted from
Murray, M.P., Am. J. Phys. Med., 46, 290, 1967. With permission. Perkins, P.J., Walkway Surfaces:
Measurement of Slip Resistance. Anderson, C. and Senne, J. (Eds.), American Society for Testing and
Materials, Baltimore, 1978. With permission.)

ﬁrst, the early heel contact (peaks 3 and 4 in Figure 26.3)—when the rear part of the heel
region is in contact with the ground, and second, the moment of toe-off (peaks 5 and 6)—
when there is only sole forepart contact. The ﬁrst two main peaks of the ratio FH=FV in the
forward direction of gait occur after 70–150 ms (10%–20% into stance), depending on
stance duration, before full body weight is transferred to the supporting foot. Peaks
1 and 2 are not considered hazardous because FV is small and because peak 2 is directed
rearward. The heel contact phase is considered more challenging for stability and more
hazardous with regard to slipping than toe-off, because the forward momentum maintains
the body weight on the supporting foot, with the potential for a forward heel slide to occur.
A rearward slip at toe-off can be prevented more easily as most of the body weight is
already transferred forward away from the slipping to the leading foot.
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Figure 26.4 Minimum friction coefﬁcient for slip avoidance based on the equilibrium of forces at
heel contact: mmin ¼ Fm=FN ¼ FH=FV, where the frictional force (Fm), normal force (FN) and the friction
coefﬁcient (m) as well as the horizontal and vertical force components applied by the foot are shown
together with the approximate locations of the center of body mass (COM), center of foot pressure
(COP) and the base of support (BOS). (From Grönqvist, R., Chang, W.R., Courtney, T.K., Lemon, T.B.,
Redfern, M.S., and Strandberg, L., Ergonomics, 44, 1102, 2001. With permission.)

Gait stability depends on the neuromuscular ability to move and control the body's
center of gravity or mass (COM) back to a position over the base of support (BOS) and over
the center of foot support or pressure (COP) (Figure 26.4). The alignment of body segments
over the BOS must be kept such that the projection of the body COM falls within the
boundaries of a stability region (Grönqvist et al., 2001a).

26.6 Criteria for safe friction
26.6.1 Minimum friction requirement
Walking is regarded safe when the coefﬁcient of friction (m) is greater than the ratio
of the horizontal (FH) and vertical (FV) force components applied to the ground (Carlsöö,
1962):
m > FH =FV

(26:7)

The frictional force (Fm), on the other hand, is directly proportional to the normal force
(FN) according to the classic laws of friction:
Fm ¼ mFN

(26:8)

These two equations can be combined to give:
Fm =FN > FH =FV

(26:9)
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Consequently, if the sizes of the horizontal and vertical force components applied to the
ground during walking and the coefﬁcient of friction for the actual tribosystem are known,
then it is possible to evaluate whether this system is potentially slippery and hazardous
(Figure 26.4). A transverse force component has been ignored here, but should be added to
these equations in slip situations where the transverse component plays a key role.

26.6.2 Friction model for slipping
An elaborated friction model for slipping is presented in Figure 26.5 (Grönqvist, 1995). This
model complements the previously presented concept of slip resistance and it takes into
account the drainage capability of the shoe–ﬂoor contact surface (squeeze-ﬁlm processes),
the draping of the shoe bottom about the asperities of the ﬂoor surface (deformation and
damping), and ﬁnally the true contact between the interacting surfaces (traction). The
squeeze-ﬁlm processes, occurring between the shoe and the walking surface immediately
after ﬁrst contact at heel touch-down, can be considered as the most important single
phenomena affecting pedestrian safety in slippery, contaminated conditions. The key point
in injury prevention is therefore the drainage capability of walkways, ﬂoorings, and
footwear soling. If the drainage after heel landing fail or is too slow due to hydrodynamic
load support and elastohydrodynamic effects, then the development of any frictional
forces will be incomplete. Its immediate consequence will be an unstable situation with
increased risk of slipping and falling. However, if draping occurs, then adequate frictional
forces may develop due to deformation (macro- and microhysteresis) and may even result
in true molecular contact (adhesion and wear) between the interacting surfaces. Roughness
and waviness of a surface and countersurface play a major role in achieving large enough
frictional forces between the foot (shoe) and the underfoot surface for avoiding a slip.

26.6.3 Friction demands in various activities
The friction demand, based on human experiments during normal level walking has been
found to be between 0.15 and 0.30 (Perkins, 1978; Strandberg and Lanshammar, 1981;
Bring, 1982). Strandberg and Lanshammar (1981) measured the peak friction use, FH=FV,
approximately 0.1 s after heel contact. The peak FH=FV was on the average 0.17 when there
was no skidding between the shoe and the ﬂoor (grip), 0.13 when the subject was unaware
of the sliding motion or regained balance (slip-stick), and 0.07 when the skid resulted in a
fall. Kinetic friction properties seemed to be more important than the static ones, because in
most of their experiments the heel slid upon heel contact even without any lubricant.
Strandberg (1983a) favored 0.20 as a safe limit value for the kinetic coefﬁcient of friction
in level walking. He nevertheless pointed out that the adequate value depends on gait
characteristics and the way of measurement. He found that friction properties were most
important for preventing falls at sliding velocities below 0.5 m s1. Static friction values for
safe walking that were proposed in the United States in the mid-1970s range from 0.40 to
0.50 (Brungraber, 1976). These values are contradictory to the actual friction demand based
on human walking experiments on a level surface, and thus may be more an indication of
practical eligibility.
Coefﬁcient of friction limit values should be correlated to the normal variability of
human gait characteristics. Walking speed, stride length, anthropometric parameters,
etc., may greatly affect the friction demand during locomotion (Carlsöö, 1962;
James, 1983; Andres et al., 1992; Myung et al., 1992). Depending on the type of movement
(level walking and walking on stairs or ramp), James (1980) referred to limit values
between 0.15 and 0.40. Harper et al. (1967) and Skiba et al. (1983) referred to limit
values between 0.30 and 0.60 during stopping of motion, curving, and walking on a
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Figure 26.5 Elaborated friction model for slipping. (From Grönqvist, R., A dynamic method for assessing pedestrian slip resistance, People and Work,
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slope. Later, Skiba (1988) deﬁned that the safety limit for the kinetic coefﬁcient of friction,
based on the forces measured during human walking and the social acceptance of the risk
of slipping, would be 0.43 at sliding speeds of at least 0.25 m s1. At heel contact in running
gait the peak FH=FV is typically slightly greater (about 0.30) compared to walking, and the
difference between running and walking is even greater at toe-off, when the force ratio
peak is about 0.45 (Vaughan, 1984).
Buzcek et al. (1990) emphasized that the slip resistance needs for the mobility disabled
are greater than for able-bodied persons. Their study indicated that the required coefﬁcient
of friction near touch-down for the unaffected side of the mobility disabled was signiﬁcantly higher (average 0.64) than for the able-bodied (average 0.31) regardless of the speed
(slow or fast) of walking, whereas no difference was observed for the push-off phase. Dura
et al. (2005) considered friction safety needs of mobility disabled people walking in public
buildings. For the most vulnerable group, the amputees, they proposed 0.4 as a safe
minimum friction.
Grieve (1983) studied static friction demands for avoiding slipping during manual
exertion (lifting, pushing, and pulling) and found that static manual exertion can create
unavoidable slip-ups due to high frictional requirements (even > 1) in some conditions. He
concluded that more efforts should be concentrated to the events that follow the foot slip-up.
A point of interest that has not received enough attention when setting limit values for
safe friction is that the suggested friction demands (friction use or friction required) have
not been related to the duration of the friction value. The magnitude of transient peak
values have been referred to in most studies, which is a signiﬁcant drawback as it could
lead to an overestimation of the actual friction demand during various types of movement
(walking, running, stopping, etc.) and activities (pushing and pulling, load carrying, etc.).
Both friction used and friction required in gait need to be studied for longer time-periods
than merely peak values at heel contact and toe-off.

26.7 Measurement of slip resistance
26.7.1 Main test principles
Slip resistance can be determined quantitatively by the coefﬁcient of friction between the
interacting surfaces, but there has been much debate on how to measure it correctly (James,
1983; Strandberg, 1985; Grönqvist, 1995). Traditionally, either static or kinetic (dynamic)
coefﬁcient of friction measurements have been used to predict pedestrian slip resistance.
Static friction has been regarded important for causing a slip to start and kinetic friction
for the continuation of a slip after initiation. Nevertheless, criticism against static friction
measurements of rubber-like viscoelastic materials may be raised because any frictional
force applied to them will produce some creep, i.e., motion (Rabinowicz, 1956). Stick-slip
and adhesion (stiction) is a practical problem for test devices that use static friction as
an indicator for slip resistance. Support for both the static and the kinetic coefﬁcient of
friction as a predictor of slipperiness of ﬂoors and footwear has been reported (Grönqvist,
1995). Besides translational friction also rotational friction properties have been found to be
useful for slip prediction in the context of various sports and sport surfaces (Nigg and
Yeadon, 1987).
A fully developed slip condition may require the determination of steady-state kinetic
friction, which is produced only after some time-delay from the slip start, whereas the
static friction is limited to the slip start before any detectable motion. The transitional
behavior of the coefﬁcient of friction between those two extremes has evoked little interest,
though some of the current test instruments may measure that property (Grönqvist, 1997).
The transitional period after the slip initiation is typically very short (less than 250 ms)
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when slipping at heel touch-down, and it seems to well reﬂect the squeeze-ﬁlm phenomena
during early stance foot slip-ups on contaminated surfaces.
For distinguishing between various principles of measurement one must consider
direct and indirect friction measurements, lubricated and nonlubricated friction tests,
laboratory and portable on-site measurement methods, apparatus-based and subjective
evaluation methods, and ﬂoor and footwear test methods. The following principles of
operation are often referred to in the context of slip resistance measurement (James, 1980;
Skiba, 1984; Proctor, 1993; Grönqvist, 1995): drag type or towed-sled devices, pendulum
strikers, articulated-strut devices, braked-wheels or skiddometers, turntables or rotating
discs, and gait simulators. The output quantity according to these different principles is
typically force, torque, loss of energy, inclination angle, or rolling resistance. Examples of
portable test instruments for assessing on-site ﬂoor slipperiness are given in Table 26.1.
Also, a number of purely subjective methods (e.g., paired comparison tests) or partly
subjective and partly objective methods (e.g., ramp tests) have been used to assess slip
resistance (Grönqvist et al., 2001b). Human subjects are capable of differentiating the
slipperiness of ﬂoors (Swensen et al., 1992; Myung et al., 1993; Chiou et al., 1996) and
footwear (Strandberg et al., 1985; Tisserand, 1985; Nagata, 1989) in various dry, wet, and
contaminated conditions. Cohen and Cohen (1994a,b) pointed out that tactile sliding
resistance cues are the most sensitive predictors of the coefﬁcient of friction under various
experimental conditions, but particularly on wet surfaces. Leamon and Son (1989) and
Myung et al. (1992) have suggested that measuring microslip length or slip distance during
slipping incidents might be a better means to predict slip resistance than the traditional
friction measurement techniques.

26.7.2 Measurement techniques
A variety of techniques is currently available for measuring slip resistance of shoes and
ﬂoors (Bring, 1964; Brungraber, 1976; James, 1980; Strandberg, 1983b). About 70 types of
slip resistance measurement devices were found in the literature by Strandberg (1983b),
but Strandberg and Lanshammar (1981) found surprisingly little support in their biomechanical skidding data for the most common measurement principles. Since some of the
techniques represent several operational modes of testing slip resistance, the number of
different test methods is in fact considerably greater. Strandberg (1983b) pointed out that
neither the measurement methods themselves nor their outputs should be accepted without examination of their inherent slip resistance deﬁnition based on tribology and biomechanics. Since then, a number of new test devices have been introduced in the literature
(Grönqvist, 1995; Chang et al., 2001a) but just few devices seem to meet even minimum
criteria for validity, consistency, repeatability, and precision.

26.7.3 Biomechanical measurement parameters
For assessing slip resistance, any test instrument based on friction measurement should meet
the criteria in Figure 26.6: (1) capability to measure static, transitional kinetic, and steadystate kinetic friction properties of the interacting surfaces and the contaminants; (2) possibility for at least two optional modes of operation, i.e., impact (dynamic loading) and nonimpact (static loading) testing; (3) ﬂexibility for selecting relevant measurement parameters
reﬂecting human gait, including control of normal force build-up time and rate, normal force
and pressure, sliding velocity, and contact time prior to and during friction measurement.
A dynamic loading test condition, typical for heel contact in normal walking, has got
too little attention in many current slip testing devices. Only the pendulum strikers, some
gait simulators, and some articulated-strut devices produce an impact at the moment

Articulated-strut =

(Loss of energy)

11. Carlsöö-Mayr

9. RRL Skid Tester
10. Sigler

8. British Portable Skid Tester,
BPST

Static

kinetic COF8,9,10

Transitional

Steady-state
kinetic
COF3,4,5,6,7

3. Schuster
4. Model 80
5. Horizontal Pull Slipmeter, HPS

Time8,9,10
High uncontrolled velocity8,9,10
Short test distance8,9,10
Incapable of testing raised proﬁled ﬂoors8,9,10
Manually pushed11

Manually pulled1,2,3,4
Electrically driven5,6,7
Uncontrolled normal force application
time1,2,3,4,5,6,7
Low normal pressure1,2,3,4,5,6,7
Uncontrolled velocity3,4
Low controlled velocity5,6,7
Long test distance3,4,5,7
Short test distance6
Sensitive to surface nonuniformities5,6
Operator-dependent1,2,3,4
Uncontrolled normal force application

Special Remarks
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6. Tortus
7. Floor Slide Control 2000

Static
COF1,2,3,4,5

Criterion for
Slip Resistance

1. Bigfoot
2. Drag Sled Tester, PTI-DST

Name of Device

Examples of Portable Test Devices for Assessing Floor Slipperiness; the Index Numbers
in the Table Refer to Appropriate Test Devices
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17. FIDO (preprototype of PFT)

16. Portable Friction Tester, PFT

15. English XL (VIT)

12. Pangels
13. Brungraber Mark I
14. Brungraber Mark II (PIAST)

Steady-state
kinetic COF16,17

Transitional
kinetic COF14

COF11,12,13,14,15

Controlled velocity16,17
Long test distance16,17
Operator-dependent16,17

Manually pushed16,17
Long uncontrolled normal force
application time16,17

Mechanically loaded12,13,14
Instantaneous actuation15
Long uncontrolled normal force
application time11,12,13
Short uncontrolled normal force
application time14,15
Low normal pressure11,12,13,14,15
Short test distance14
Operator-dependent11,13

Sources: From Strandberg, L., in Ergonomics of Workstation Design, Kvålseth, T.O. (Ed.) Butterworth & Co., 1983, 201–228. With permission. Skiba, R., Geräte zur Bestimmung
der Reibung zwischen Schuh und Fussboden unter berücksichtigung des menschlichen Ganges, Kautschuk þ Gummi Kunststoffe, 37, 509, 1984. With permission. Andres, R.O.
and Chafﬁn, D.B., Ergonomics, 28, 1065, 1985. With permission. Harris, G.W. and Shaw, S.R., J. Occup. Accidents, 9, 287, 1988. With permission. Proctor, T.D. and Coleman, V.,
J. Occup. Accidents, 9, 269, 1988. With permission. Kulakowski, B.T., Buzec, F.L., Cavanagh, P.R. and Pradhan, P., J. Test. Evaluation, 17, 234, 1989. With permission. English, W.,
Prof. Saf., 37, 16, 1992. With permission. Jung, K. and von Diecken, U., Die Berufsgenossenschaft, Heft 7, 1, 1992. With permission. Proctor, T.D., Saf. Sci., 16, 367, 1993. With
permission. Skiba, R., Scheil, M. and Windhövel, U., Vergleichsuntersuchung zur Instationären Reibzahlsmessung auf Fussböden, Forschung Fb 701, 86 p., Dortmund:
Bundesanstalt für Arbeitsschutz (in German with English summary), 1994. With permission. Chang, W.R., Grönqvist, R., Leclercq, S., Brungraber, R., Mattke, U., Strandberg, L.,
Thorpe, S., Myung, R., Makkonen, L., and Courtney, T., Ergonomics, 44, 1233, 2001a. With permission.

Braked-wheel=
Skiddometer
(Rolling resistance using
various slip ratios)

Inclined leg
(Angle of inclination)
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Static coefficient
of friction

Transitional coefficient
of friction

Kinetic coefficient
of friction

Normal force build-up time and rate
Normal force
Contact area and pressure
Contact time
Sliding velocity and its gradient

Critical normal force

From the slipping
point of view:

Critical contact pressure

- at slip start

Critical contact time

- at slip continuation

Critical sliding velocity

- at fall start

Figure 26.6 A simple biomechanical parameter model for determining slip resistance. The critical
parameters should be studied preferably at slip start (perturbation onset), at slip continuation
(control of balance challenged), and at fall start (balance lost but fall recovery possible). (From
Grönqvist, R., Biomechanics in Ergonomics, S. Kumar (Ed.), Taylor and Francis, London, 1999,
351–375. With permission.) Compare with Figure 26.3.

when the coefﬁcient of friction is measured. However, the impact forces produced need to
be deﬁned and must correspond to human gait, where the heel touch-down can be gentle
(Winter, 1991) or can be characterized by collision-type contact forces (Cappozzo, 1991).
Test methods applying static loading, i.e., static or kinetic coefﬁcient of friction testing
without impact, tend to lead to a poorer separation of the interacting surfaces due to lower
hydrodynamic pressure generation in the contaminant-ﬁlm (Moore, 1972). Therefore, they
can produce higher coefﬁcient of friction values than the methods applying impact loading
when test conditions are the same. Nonimpact measurement techniques in general tend to
underestimate the true risk of slipping, when liquid or solid contaminants are present.
The measurement parameters and their ranges should reﬂect the biomechanics and
tribophysics of actual slipping incidents. The normal force build-up rate must be at least
10 kN s1, the normal pressure between the interacting surfaces from 0.1 to 0.6 MPa, the
sliding velocity between 0 and 1.0 m s1, and the time of contact prior to and during
the coefﬁcient of friction computation between 50 and 800 ms depending on the type of slip
testing (Table 26.2).

26.8 Ergonomic signiﬁcance
26.8.1 Burden of injuries and fatalities due to falls
The human and economic dimensions of slip, trip, and fall injuries at work, in the
home, and during leisure-time activities are overwhelming. Falls account for 17% of all
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Table 26.2 Relevant Biomechanical Measurement Parameters and
Their Ranges during Slipperiness Evaluations
Measurement parameter
Normal force build-up time
(rate)
Normal pressure during
coefﬁcient of friction
computation
Horizontal force build-up
time (rate)
Horizontal velocity during
coefﬁcient of friction
computation
Contact time prior to
coefﬁcient of friction
computation
Contact time during
coefﬁcient of friction
computation

Relevant range

Remarks
1

50–150 ms (10 kN s )

At heel contact

0.1–0.6 MPa

From heel contact to
midstance

50–150 ms (1.5 kN s1)

At heel contact

0–1.4 m s1

From static to kinetic friction

50–150 ms

When normal force is built-up

50–800 ms

Transitional to steady-state
kinetic friction properties

Sources: Perkins, P.J. in Walkway Surfaces: Measurement of Slip Resistance, Anderson, C. and Senne, J. (Eds.)
American Society for Testing and Materials, Baltimore, 1978, 71–87. With permission. Strandberg, L. and
Lanshammar, H., J. Occup. Accidents, 3, 153, 1981. With permission. Bring, C., Testing of slipperiness: Forces
applied to the ﬂoor and movements of the foot in walking and in slipping on the heel, Document
D5:1982, Swedish Council for Building Research Stockholm, 1982, 190 p. With permission. Skiba, R., Bonefeld, X.,
and Mellwig, D., Z. Arbeitswissenschaft, 9, 227, 1983 (in German with English summary). With permission.
Tisserand, M., Ergonomics, 28, 1027, 1985. With permission. Chafﬁn, D.B., Woldstad, J.C., and Trujillo, A., Am.
Ind. Hyg. Assoc. J., 53, 283, 1992. With permission. Proctor, T.D. and Coleman, V., J. Occup. Accidents, 9, 269, 1988.
With permission. Morach, B., Quantiﬁerung des Ausgleitvorganges beim menschlicen Gang unter besonderer
Berücksichtigung der Aufsetzphases des Fusses, Fachbereich Sicherheitstechnik der Bergischen Universität—
Gesamtho chschule Wuppertal, Wuppertal (in German), 1993. With permission. Grönqvist, R., A dynamic
method for assessing pedestrian slip resistance, People and Work, Research report 2, Doctoral Dissertation,
Finnish Institute of Occupational Health, Helsinki, 1995. With permission. Grönqvist, R., From Experience to
Innovation, in Seppälä, P., Luopajärvi, T., Nygård C.-H., Mattila, M (Eds.). Finnish Institute of Occupational
Health. Helsinki, 1997, 383–385. With permission. Myung, R. and Smith, J.L., Ergonomics, 40, 235, 1997.
With permission.

work-related injuries and 12% of worker fatalities in the United States (Leamon and
Murphy, 1995). The incidence rates for falls and workers' compensation claims were
found to be highest among young (less than 25 years) and old (over 65 years) workers.
According to the same source, falls represented about 9% of all fatal injuries and 33% of all
hospitalized injuries in the United States in 1985, while the total lifetime cost of these
injuries was estimated at $37.3 billion.
Courtney et al. (2001) reported that the burden of slip, trip, and fall-related occupational
injuries ranged from 20% to 40% of disabling work injuries. Slipperiness or slipping was
found to contribute to nearly 50% of these fall-related injuries. The annual direct cost of
fall-related occupational injuries in the United States alone was estimated to be $6 billion.
Englander et al. (1996) reported that the direct costs of fall injuries in the United States
increased dramatically with advancing age of the victim, and that the overall total cost of
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fall injuries in 1995 was estimated at $64.4 billion. This total cost was expected to increase
by about one-third until the year 2020.
The aging of the Finnish population has caused the number and severity of slips, trips,
and falls on the same level and from a higher to a lower level to increase gradually.
The current picture of all unintentional fatal injuries in Finland is dominated by falls.
They accounted for about 1180 fatalities (550 women and 630 men) in Finland in 2003,
representing 34% of all fatal injuries in our country (Kuolemansyyt, 2003). Of all work,
home, and leisure-time injuries in Finland slipping incidents caused 54% of all unintentional injuries (Heiskanen, 2003). In Finland, the economic burden of all fall-related injuries
is of the same magnitude as the national economic burden of all work-related injuries,
i.e., about 2% of the national income (Bjurström, 2007).

26.8.2 Loading on the musculoskeletal system
Slips and trips may, besides causing injuries, also contribute to mechanical loading on the
musculoskeletal system. Sudden, unexpected corrective body movements made to restore
balance and to prevent a fall can create substantial muscle forces and harmful loading on
the spine (Lavender et al., 1988). Manning and Shannon (1981) and Manning et al. (1984)
reported that slipping was a common cause of low-back pain and disability in a car factory.
Slips and trips can lead to quick transitions of shear forces between shoes and ﬂoors during
manual exertion (lifting, pushing, pulling, and load carrying), which may sometimes create
even unavoidable mechanical load on the musculoskeletal system. However, the amount
of sudden unexpected strain needed to cause irreversible damage in the low back due to a
slip or trip has not yet been clariﬁed.
A sufﬁcient muscle tonus is a prerequisite to maintain stability and proper coordination
of posture and gait in challenging situations. A stiffness control mechanism in slips, trips,
and falls may almost immediately counteract a threat of balance instability as the ankle
joint angle is changed, and thus causes the COP to move in the same direction as the COM
(Grönqvist et al., 2001b; Redfern et al., 2001). The COM–COP difference is proportional to
the horizontal ‘‘shear’’ component of the ground reaction force captured by plantar
cutaneous receptors located in the foot sole (Morasso et al., 1999), and is a major safety
factor particularly in slipping but to some extent also in tripping incidents.
Fatigue of the lower extremities due to too low or too high friction is another common
and important ergonomic aspect which is worth more attention in the future. Moderate
changes of slip resistance characteristics of adjacent ﬂoor areas are probably very important for the prevention of fatigue and intermittent disorders of the lower extremities. Pline
et al. (2006) reported that localized muscle fatigue may increase the risk for injurious falls.
They found that the increasing fatigue time increased the postural sway velocity and sway
area, and that the increasing fatigue level increased sway velocity. Pline et al. (2006)
concluded that fatigue can have important implications for workers' rest cycle scheduling
in occupations with high risk of falling.

26.8.3 Dual task situations and falling risks
Dual task situations are important risk factors to slips, trips, and falls as they potentially
increase the cognitive loading for stable gait and for demanding work tasks, such as
load carrying, were balance control may be challenged (Grönqvist et al., 2001b). Attentional demands in older people with age-related reduced cognitive abilities, who perform
dual tasks, seem to impose their sensory systems to reduced control of balance and gait
stability according to a study by Woollacott and Shumway-Cook (2002).
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26.8.4 Surface roughness and waviness
In addition to direct measurement of slipperiness, as described previously, measurement of
surface roughness and waviness characteristics can also give a valuable indication of the
likely performance of footwear and ﬂooring surfaces with regard to slipping (Chang et al.,
2004). Surface roughness and waviness may be a way to overcome some existing problems
when measuring slip resistance of ﬂoorings with different test devices, which do not
correlate and which can give conﬂicting results. Surface roughness has a substantial effect
on friction and slip resistance in the presence of liquid or solid contaminants (Chang et al.,
2001b). The drainage capability of the shoe soling through the contaminant-ﬁlm depends
on both macro- and microroughness of the ﬂoor surface. The displacement of shoe–ﬂoor
contaminants determines how effectively friction can be built-up between the approaching
surfaces. The time of the approach can be quantiﬁed by the rate of sinkage (Moore, 1972).
A quicker rate of sinkage facilitates better grip and safer human locomotion in the presence
of contaminants. Smooth surfaces are in general more hazardous than rough surfaces, but
the type of contaminant (liquid vs. solid) and its viscosity (water vs. oil) plays an important
role for the slipperiness of the shoe–ﬂoor interface.
Kim and Smith (2000) observed surface topography changes in shoe soling and ﬂoor
surfaces during relative sliding in dry conditions, and showed how these geometric
characteristics were continuously modiﬁed by wear processes affecting slip-resistance
performance. Adhesional friction properties dominate on dry surfaces, whereas friction
due to hysteresis is the main component on wet and contaminated surfaces. Hysteresis
friction is proportional to the interface contact pressure and is enhanced on ﬁner surfaces
(small values of lq) with larger slope (Dq) due to increased deformation frequency and
hysteresis loss in the shoe–ﬂoor contact surface. Viscous lubricants such as oil require a
coarser ﬂoor surface-texture and a greater void volume than wet conditions for safe
ambulation.
A schematic representation of some basic characteristics of a surface-roughness proﬁle is
given in Figure 26.7. The surface amplitude parameters relate to heights of peaks and
depths of valleys in a surface proﬁle (e.g., maximum of peak to valley height, Ry). Other
amplitude parameters are, for example, Ra, Rtm, and Rz (DIN). The spatial wavelength
parameters—mean spacing of adjacent local peaks, S, and root mean square of spatial
wavelength, lq, are indicators of the density of adjacent proﬁle heights. The slope parameters (e.g., root mean square of surface slope, Dq) are related to the contact angle of surface
asperities, and the tangential shear forces between the surfaces. Two other important
surface parameters—skewness, Rsk, and kurtosis, Rku—are measures of the shape and
spikiness of surface proﬁles (Chang et al., 2001b). Symmetric proﬁles with equal numbers
of peaks and valleys have zero skewness. A surface proﬁle with negative skewness has
peaks with broad plateaux and narrow valleys (small void volume), while the counterproﬁle shape represents positive skewness, which is characterized by wide valleys (large
void volume) and narrow plateaux.
Chang (1998) studied extensively the effect of ﬂoor surface roughness on friction and
slip resistance. The highest correlation between roughness and friction was obtained with
the following surface parameters: average of maximum heights above the center line (Rpm)
and arithmetic mean of surface slope (Da). The former represented the averaged void
volume among surface asperities available to contain contaminant, while the latter was
related to the rate of asperity deformation during sliding contact. In wet conditions,
sharper and higher peaks with an optimal high peak density increased the friction
coefﬁcient according to Chang (1999). Chang (2001) concluded that a good indicator of
friction will most likely comprise the surface parameters representing surface slope, peak
to valley distance, and surface void volume.
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Figure 26.7 Schematic representation of basic characteristics of a surface roughness proﬁle: Roughness amplitude, wavelength, and skewness. (From Grönqvist, R., Understanding and Preventing Falls,
R. Haslam, D. Stubbs (Eds.) CRC Press, Taylor and Francis Group, Boca Raton, Florida, 2006. With
permission.)

26.8.5 Floorings, footwear, and antislip devices
Flooring and footwear manufacturers need more support for designing new and safer
products. Speciﬁc materials and speciﬁc design of products should be favored for hazardous environments (indoor, outdoor, wet areas, ice, etc.) instead of purely general solutions.
Adequate guidelines for the selection of antislip and antitrip materials and proper ergonomic design guidelines for ensuring slip and fall protection should be the ultimate goal in
slipping accident and injury prevention. Since contaminant removal is one of the key
factors for achieving such a goal, one should not underestimate the vital importance of
various orderliness, housekeeping, and walkway maintenance strategies. In winter,
removal of ice and snow and sanding of pavements help to reduce the number and severity
of slips, trips, and falls. Pavement heating solutions may be very effective in the central city
areas were large number of pedestrians walk daily.
Wearing special antislip devices integrated or temporarily attached to footwear can
reduce the risk of a foot slide and a subsequent fall especially in older people (McKiernan,
2005). Another study indicated that also young and middle-aged persons can gain from
using these protective devices during high-risk weather conditions characterized by temperatures near 08C, and when there is snowfall especially in conjunction with freezing temperatures (Juntunen et al., 2005). A speciﬁc ‘‘ﬁxed heel device’’ was judged as
good regarding walking safety and balance and was also selected by the subjects for their
own preferred use in an experimental study of 25 different antislip devices in Sweden
(Gard and Lundborg, 2001).
Speciﬁc product safety standards (e.g., contaminant and task related standards) should
be developed for both ﬂoorings and footwear in parallel with those standards that already
exist. Slip resistance test instruments ought to be validated against biomechanical trials in
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conditions for which they are intended to be applied. Existing slipping safety guidelines
and classiﬁcation systems for ﬂoorings and footwear need to be further elaborated. For
controlling slips, trips, and falls caused by ﬂooring and ﬂoor contaminant transitions, one
may need to measure friction as comprehensively as possible, for instance, by controlling at
regular intervals static, transitional kinetic, and steady-state kinetic friction properties of
underfoot surfaces and footwear in situ.
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Index
A
Abduction and muscle, 208
Accelerometer, 585
Accidents and injuries
ladders, 659
ramps and irregular surfaces, 659–661
stairs, 659
Acetylcholine (ACh), 177
Achilles tendon, 122
Acromioclavicular and coracoclavicular
joints, 213
Actin ﬁlament, cross-bridge attachment, 172, 179
Action limit (AL), 532
Acute whiplash syndrome, 451
Adduction for muscle, 208
Adjusted axial rotation tester (AROT), 18
Aging, 110, 118, 119
Finnish population, 700
and muscle strength, 196–197
American Council of Industrial Hygienists
Threshold Limit Value (ACGIH TLV),
359, 363, 364
in hand activity level, 364–366
monotask hand work, 364
and peak ﬁnger force, 366–368
Americans with Disabilities Act (ADA), 661
Amplitude probability distribution function
(APDF), 352, 353
Analog-to-digital (A=D) converter, 585
Anatomical position, 206
imaginary planes
coronal=frontal plane, 207
horizontal (transverse) plane, 207–208
sagittal (midsagittal) or median plane, 207
Angle of asymmetry (A), 535, 537
Anterior cruciate ligament (ACL), 110, 115
Anthromechanics
basic models, 63
body contours assessment using, 63
human body strength designing for, 68

modeling, challenges, 80
muscle strength modeling and measuring,
64–67
Anthropometry
average person and phantoms, 50
and biomechanics, 59–61
human body size, 43
human body surface topography of, 42
static and dynamic, 50
Antisense gene therapy, 122
AnyBody modeling system, 396; see also
Shoulder anatomy, biomechanical
modeling
Arm (brachium)
blood vessels, 233
triangular cubital fossa, 234
humerus, 227–229
muscles
anterior and posterior osteofascial
compartments, 229
biceps brachii, 230–231
brachialis, 231–232
coracobrachialis, 230
triceps brachii, 232–233
nerves, 234–235
median nerve, 234–235
musculocutaneous and lateral cutaneous
nerve, 234
right cubital fossa, 234
ulnar and radial nerve, 235

B
Bare-Hand-Gloved-Hand capabilities, 334
Biological scaffolds, 123–124
Biomechanical exposure
assessment, 90
force as agent, 90–91
nonforce-based exposure measures, 91
tool for evaluation of, 95
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Biomechanical indicators, 98
comfort, 99–100
force exertion, 100
injury and disorder risk prediction, 101–102
muscular fatigue, 100–101
range of motion, 99
reach and ﬁt, 98–99
tissue loads and failure, 101
Biomechanical models
elbow ﬂexion=extension, 374–375
estimation, forces in prime wrist ﬂexors and
stresses in tissues carpal tunnel
belt-pulley models, 378–381
muscle force prediction using
optimization and EMG-driven
models, 377
strength prediction models, 381
hand-arm vibration models, 386–388
in hand disorders
ﬁngertip pulp models and belt-pulley
models, 385
geometric contact and strength prediction
models, 385
muscle force prediction models, 381–385
multiple segment arm models, 386
whole-body biomechanical models, 386
Biomechanics, 61
building block of human modeling and, 98
domains in mechanical exposure
model of, 90
exposure assessment of, 90
net joint moments of force, 100
nonforce-based exposure measures, 91
ramps and irregular surface walking
body movement, 669–670
energy consumption and fatigue, 672
foot forces, joint moments and muscle
activity, 670–672
terminology and concepts of biomechanical
exposure, 90
Bisphosphonates, 157
BMP-2 gene, 122
Body measures and applications, 46–50
Body position descriptions, terminology, 635
Body sizes, statistical descriptions of, 55–59
combining data sets, 57–58
obtaining missing data, 58–59
Bone, 12–13
composition and function, 150–151
effect of geometry on bone mechanics,
157–158
fractures, 160
high impact fractures, 162–163
mechanics and characterization of, 161
stress fractures, 163–164

Biomechanics in ergonomics, second edition
mechanical properties, 151
analog of, 14
chemical makeup and, 158–159
factors deﬁning, 159–160
loading of, 155–156
quantity, 152, 156, 157, 164
genetic variations in bone mass, 159
strength, 156–157
stress and strain concepts of, 151–152
tissue
mechanical behavior, 153–154
mechanical testing, 152–153
trabecular bone, 154–155
viscoelastic properties of, 12
Bone ductility, 153
Bone fragments, displacement, 163; see also
Bone, fractures
Bone–ligament–bone complex, 113
Bone marrow–derived cells (BMDCs), 122
Bone mineral density (BMD), 157, 159
Bone-on-bone grinding, 14
Bone–patellar tendon–bone complex (BPTB), 120
Bone–tendon–muscle complex, 113
Bone tissue, 150, 153, 155, 161; see also Bone,
composition and function
mechanical
behavior of, 153–154
testing of, 152
Bureau of Labor Statistics (BLS), 5, 288

C
Calcitonin gene-related peptide (CGRP), 420
Calcium, 150, 159, 160, 164
Canaliculi, 150
Capsular ligaments, 132
Carpal canal, hydrostatic pressures, 348
Carpal tunnel, 75, 246, 265, 317
pressure (CTP), effect of wrist posture,
349–352
syndrome (CTS), 246, 265, 317, 349, 377, 378
Carrying tasks, energy cost prediction
models, 507
Cartilage
geometrical congruence of, 13–14
structure of, 15
Cell therapy, 122
Center of body mass (COM), 688, 691
Central nervous system (CNS), 65
Cervical facet joint, anatomic studies, 415–420
posteroanterior acceleration loading facet
cartilage gap, 416, 419–420
gap, function of cervical spinal level, 418
joint geometry, function of gender and
spinal region, 418
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joint width, and cartilage thickness and gap,
415–416
joint width as function of level, 419
geometric data, 417
Cervicothoracic load, compression and shear
forces expression, 612; see also
Cumulative load
Chairs, anthropometric design, 650
Chronic inﬂammation of common ﬂexor origin
(chronic tendonitis), 240
Cinderella hypothesis, small motor units, 352
Circumduction, 208
Classical squeeze-ﬁlm theory, 685; see also Slips
and falls, tribophysics
Clavicle, 210, 212, 213, 216, 220, 223, 224
Collagen
ﬁbers, 11, 111
mechanical analog of, 13
mechanical properties, 11–12
type V, 122
Colle's fracture, 237
Combined activity
energy cost prediction models, 508
models, 519
Common body measures and applications,
46–50
Compression and shear, 480–481; see also
Work-related low back disorders
(WLBD)
Computation; see also Revised NIOSH lifting
equation
composite lifting index, 551–552
frequency-independent lifting index, 550
frequency-independent recommended weight
limits, 549
single-task lifting index, 550–551
Computational models, application studies
anterior longitudinal ligament kinematics,
429–430
effects of initial spinal posture, 424–427
effects of thoracic ramping, 427–429
kinematic corridors, development of, 421
muscle contraction in aware occupants,
432–433
reﬂex muscle contraction in unaware
occupants, 430–432
validation of, 421–424
Computer-aided design (CAD), 91, 385
Computer-aided engineering (CAE), 395
Computer models, complication and challenges
for shoulder, 395–396
Computer simulation, 396, 403
Coupling classiﬁcation, 535
Coupling quality, decision tree, 547; see also
Revised NIOSH lifting equation
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Cross-bridge cycle, mechanics and
biochemistry, 179
Cumulative compressive shear loads,
thoracolumbar and lumbosacral
regions, 602
Cumulative load, 598–600
calculation of, 612–613
injury and pain, mechanism of, 607
eccentric contractions, 608
injuries to connective tissues, 608
injuries to muscles, 607–608
measurement of
cervicothoracic load, 612
factor of safety, 609
lumbosacral load, 611–612
overall load (OL) of activity (compression
or shear), 610
ultimate strength (stress), 609
methodologies used in
eight selected tasks and cumulative
load, 616–628
electromyography, 613–614
postural load log=recall, 614–615
videography, 615–616
and occupational musculoskeletal injuries,
600–606
of single cycle under three conditions, 599
strain-rate dependent and time-dependent
properties, 629
Cumulative tissue loading, 101
Cumulative trauma disorders (CTD), 5, 345
Cyclic creep, 114

D
Damage load (DL), 500
Delft shoulder model, 397, 400; see also Shoulder
anatomy, biomechanical modeling
Design for disassembly (DfD), 98
Design processes, biomechanical exposure
disposal, 98
layouts, 97
logistics system design, 96
operations, 98
product design, 95–96
production strategy, 96–97
project speciﬁcations, 95
work organization system, 97–98
Design stages and ergonomic parameters, 93–94
Designing for pregnant women, 76
difﬁcult activities, 79
effort decreases, 78
ergonomic measures, 79
Digital human mannequin, interaction, 94
Digital human models (DHM)
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behavior models, 92–94
mechanical design of processes
or systems in, 91
types of, 91–92
Dinner fork deformity, 237
Disc herniation, 8
Dual x-ray absorptiometry (DXA), 156
Duration of lifting, 535
Dynamic posture
falls, 639
prevention, 639–640
manual handling, 640–642
guidelines for occasional lifting, 642
posture variability, 643
stepping, 639
walking and running, 638–639
Dynamic response index (DRI), 584
Dynamic strain similarity phenomenon, 156
Dynamic strength, 68

E
Eccentric contractions, muscles, 608
Elastic modulus, 153
Elastin, 112
Elbow=cubital region
forces, 402
joint and articulations, 235
movements at elbow
muscles producing movements, 237
and proximal radioulnar joints, 236
Electroencephalograms (EEG), 65
Electromyography (EMG), 19, 65, 91, 352, 354,
375, 381, 499, 610
cumulative load methodology, 613–614
and hand forces, 368
Epicondylalgia, 241
Epicondylitis, 377
Epidermal growth factor (EGF), 122
Erector spinae electromyographic (EMG),
activity, 477
Ergonomic planning, 142–143
Ergonomic seat-design features, 651–653; see also
Seating appropriateness
generic seat-design recommendation, 653–654
seat design features and design, 653
Ergonomic signiﬁcance
anti slip devices, 701–702
dual task situations, 700
ﬂooring and footwear, 701–702
injuries and fatalities, falls, 698–700
musculoskeletal system, loading, 700
surface roughness and waviness, 701–702
Ergonomics
essential components of, 41
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human factors engineering, tasks of, 81–83
principles, 80
Ergonomics in seating, 647; see also Ergonomic
seat-design features
Excitation–contraction coupling, 176–180
acetylcholine, 177
acetylcholinesterase, 178
action potential, 177–178
calcium, sodium and phosphate ions, 178
cross-bridge cycle, 178–179
depolarization of membrane and T-tubule, 178
presynaptic and postsynaptic terminals, 177
Exposure variability assessment (EVA), 353
External factors
chairs
hand and arm manipulation, 644–645
VDT chairs, 645
clothing support, 643
external support, standing
mats and carpets, 644
standing aids, 643–644
Extracellular matrix (ECM), 110
Extra-vehicular activity (EVA), 280; see also
Power gripping (grasping)
Extreme body sizes, 56

F
Failure mode effects analysis (FMEA), 96
Fast Fourier transform (FFT), 19
Fatigue in bone, 153–154
Fibrocartilage, 112
Finger model, sagittal plane view, 382
Finger muscle forces, prediction on
optimization, 383; see also Biomechanical
models
Fingers and phalanges, distribution
of forces, 276
Flexion, 208
Flexor digitorum
profundus (FDP), 273
superﬁcialis (FDS), 241, 273
Floor slipperiness, portable test for assessment,
696–697
Fluoride
in mineral density, 159
and osteoporosis, 157
Footwear–ice interface, 687
Force depression, 190–192
Force enhancement, 192–195
on ascending limb of force-length
relationship, 194
and muscle stretch, 193
passive residual force enhancement, 195
testable hypotheses, 193–194
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Force exertion, 479–480; see also Work-related
low back disorders (WLBD)
Force exertion, time frames, 100
Force–length
properties, muscles, 182, 183
relation, mammalian skeletal muscle, 182
Force–producing capabilities, hand, 273–274
Force–velocity properties, fast and slow skeletal
muscle ﬁber, 187
Forearm (antebrachium), 237
antebrachial muscles, 240
anterior antebrachial muscles (ﬂexors), 240–246
carpi ulnaris and ﬂexor digitorum
superﬁcialis, 242
digitorum superﬁcialis, 242–243
palmaris longus, 241–242
pollicis longus, 244
pronator quadratus, 245
pronator teres and ﬂexor carpi radialis, 241
superﬁcial (antebrachial) ﬂexor
compartment muscles, 240
synovial and ﬁbrous sheaths of ﬂexor
tendons, 243–246
blood vessels, 250–251
carpal tunnel and carpal tunnel syndrome, 246
forearm joints, 239–240
muscles producing these movements, 240
nerves, 251–252
posterior antebrachial muscles (extensors),
247–250
abductor pollicis longus, 249–250
brachioradialis, 247–248
carpi radialis longus, 248
carpi ulnaris, 248–249
digiti minimi, 248
digitorum, 248
pollicis brevis, 250
pollicis longus and extensor indicis, 250
supinator, 249
radiocarpal (wrist) joint, 252–253
muscles producing movements, 253
radius and ulna, 237–238
Fracture, characterization, 161
Free vibration
lightly damped mass–spring system, 574
single degree of freedom mass–spring
system, 573
Frequency of lifting (F), 535
Frictional force, 687
Functional stances and motions, 51
Functional tissue engineering, 110
bioscaffolds, 123–124
cell therapy, 122
gene therapy, 122
growth factors, 121–122
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G
Gene therapy, 122
Glenohumeral joint, 222
Gloves, 334
biomechanics of, 338–339
actual grasp against theoretical
grasp, 340
coefﬁcient of static friction, 339–340
correction factors, 340
effect of friction on grasp force, 341
force theoretically to hold object,
339–340
friction at glove–handle interface, 339
glove and correction factor, 342
load effect on peak and stable forces, 339
theoretical grasp force, 338
theoretical vs. actual grasp, 341
effects on performance, 334
dexterity, 336–337
endurance time, 336
grip strength, 335
pinch strength, 336
tactility, 337
torque strength, 336
Glycoprotiens, 112
Glycosaminoglycans (GAGs), 112, 134
Golfer's elbow, 241
Grasping overexertion, hand, 272
Grip
combined effect, 347
force, 277
postures, 383
Gross domestic product (GDP), 597
Ground reaction forces (GRF), 670, 671
Growth factor (TGF)-b1, 121

H
Hamstring tendon grafts, 120
Hand activity level (HAL), 360–363
relationship with peak ﬁnger force, 362
visual analogue scale for estimation, 361
Hand and forearm, anatomy, 314, 317
Hand–arm vibration, 387
Hand grasp, 273
Hand–handle contact area, 275–276
Hand (manus)
blood vessels, 264–265
carpometacarpal (CMC) joints, 256–257
cutaneous innervation, 267
dorsal digital expansion (extensor hood),
259–260
force, 361
functions and manual dexterity, 266–269
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hypothenar muscles
ﬂexor and abductor digiti minimi, 262
opponens digiti minimi and palmaris
brevis, 263
intercarpal joints, 255
intermetacarpal joints, 257–258
interphalangeal (IP) joints, 258
lumbrical and interosseous muscles, 263
actions of, 265
dorsal interossei abduct, 264
major ligaments, 254
median and ulnar nerves into palm, 267
metacarpophalangeal (MP) joints, 258
movements of thumb, 257
muscles of, 258–259
nerves of, 265–266
power and precision grips, 268–269
second to ﬁfth carpometacarpal joints, 257
skeleton of wrist and hand, 255
superﬁcial and deep palmar arterial
arches, 266
thenar muscles and adductor pollicis,
260–262
Hand strength, 338
Hand-to-container coupling classiﬁcation,
546; see also Revised NIOSH lifting
equation
Hand tool design
angles of forearm, grip, and tool, 318
body posture effect of, 325–326
duration and repetitiveness of use, 323
effective weight and type of, 321
grip
length and force, 319
shape, 320
surface characteristics, 319–320
types, 318
grooves, indentations, and guards in
grips, 321
isometric strengths and anthropometry,
capability, 325
left and right handedness, 325
operator-related factors, tool design, 324
performance in gloves, 323–324
power source of, 322
range of grip thickness, 318–319
reach distance and wrist orientation, 326
special purpose tools, 322
technique and experience of worker, 326
trigger, 321–322
vibration characteristics, 322–323
worker's gender and age, 325
Hand tool injuries
nonfatal occupational injuries, 296, 299, 304
incidence rates for, 290
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trends in
age of injured, 305
days away from work, 310, 313–314
events and exposure leading to, 305
gender of injured, 310
major industry divisions, 289–292
nature of injury, 296
occupations of injured, 292, 296
part of body affected, 296, 299, 305
Hatze's model, for shape and density
ﬂuctuations, 61
Haversian canals, 150
Haversian cortical bone organization, 151
Head–neck complex tests, 415–420; see also
Cervical facet joint, anatomic studies
Healing, injured ligament and tendons
ACL reconstruction, 121
BPTB graft, 120
contact, dynamic loading test, 695
functional tissue engineering, 121
graft selection, 120
hemorrhage and inﬂammatory phase, 119
MCL, ideal model, 120
proliferative and remodeling phase, 119
surgical repair, 121
tunnel placement, 120
High–density collagen tissues, 11
Hill's equation, force–velocity relationship
of muscles, 185, 186
Hill's three–element muscle model, 10
Hip fractures, 157
History–dependent viscoelastic
properties, 114
Hooke's law, 152
Horizontal location (H), 535
Human bodies
challenge in digital modeling of, 84
digital modeling at work, 83–84
estimations of total body mass of, 61
mass properties, 59
mass properties of, 59–61
mathematical=computerized modeling
of, 79–80
modeling of, 61–62
strength, designing, 68–69
Human–equipment interfaces, 83
Human knee joint, six degrees of freedom
of motion, 116
Human models, digital, 91
Human musculoskeletal system, 80
Human physiology and structure and functions
of muscles, 62
Human tissue
estimated tolerances, 64
tolerances, 71
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Hydrodynamic squeeze-ﬁlm model, 686; see also
Slips and falls, tribophysics
Hydrostatic pressure, 349, 351
Hysteresis, 114

I
Idiopathic injuries, 7
Immobilization of joints, 117
Impact severity measurement
delta V, 446
head acceleration, 445–446
Injury
biomechanical basis of, 9–17
to connective tissues and cumulative load, 608
and disorder risk prediction, 101–102
and healing, ligament
bleeding and inﬂammation, 138
healing response, 137
mechanisms of, 136–137
scar proliferation, 138
scar remodeling, 138–139
mechanisms, 162, 433–435
to muscles and cumulative load, 607–608
nature of, 5–7
precipitation theories
cumulative load theory, 20–23
differential fatigue theory, 17–20
multivariate interaction theory of
musculoskeletal injury precipitation, 17
overexertion theory, 23–30
duration of exertion, 26–29
force, 25–26
job range of motion, 29–30
overexertion injuries, 24–25
risk factors, 7–9
risk model, 584
Inorganic (mineral) phase of bone, 159
Interabdominal pressure (IAP), 498
Intercycle rest, 28
International anthropometry, global data, 43–45
International Ergonomics Association (IEA), 42
International Labour Organization (ILO), 4,
597, 598
International Olympic Committee (IOC), 118
Isolated head–neck complex, studies, 409
determinations of local component
motions, 413
experimental test setup, 409–410
facet joint-induced neck pain, analysis, 414
head–neck kinematics analysis, 410–411
intact PMHS, head restraints in reducing rear
impact-induced njuries, 415
mono-phase extension mode with
C-curvature, 412
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Quasi-static isolated motion segment tests, 415
S-curvature of head–neck complex, 411, 412
sequence of loading to intact head–neck
complex, 410
temporal retroreﬂective target data,
use of, 411
temporal sagittal plane segmental
angulations, 412–413
Isometric reference contractions, muscles, 189
Israeli Defense Force (IDF), 163

J
Job activity, 28
Job-mediated risk (JMR), 26–29
Joint
capsule, 14–15
mechanical analog, 9, 16
range of motion, 99

K
Kinematics
physiologic and posteroanterior acceleration
loadings, 420–421
facet joint motions, physiologic and
whiplash loading, 421, 422
RSM and RSD in anterior and posterior
facet joint regions, 423
Klumpke's paralysis, 227
Knee extensor muscles strength, 170
Knee kinematics, 116
Kyphosis, 648

L
Lacunae–canaliculi system, 150
Ladder biomechanics
body movement, 662–663
energy consumption and fatigue, 665
forces, joint moments and muscle activity,
663–665
Ladder falls ergonomic and biomechanical
issues, 660–661
Laser micrometer, 113
Lateral collateral ligament (LCL), 115
Lateral (external) rotation, 208
Leg length discrepancy (LLD), 634
Lifting equation, limitations, 536–538
Lifting index (LI), 535
energy cost prediction models for, 504–505
Ligament injuries, treatment, 139
antiinﬂammatory effects, 141
bracing, taping, and bandaging, 142
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early mobilization vs. immobilization, 139–141
ice, use of, 141
transverse frictional massage, 142
Ligamentous joint capsule deformation, 16
Ligaments, 10–12, 109, 110, 117
biochemical composition, 134
biomechanical properties, 134–136
crimp, 133–134
effect of aging, 118–119
effects of immobilization and exercise, 117
injury and healing, 136
load–elongation curve, 135
loading and unloading curves for, 115
major function, 112
microscopic level, 133
morphology of insertion sites, 112
remobilization, 118
role in human motion, 115
scars, 139, 141–142
sprains, 137, 141, 143
structure and function, 131
Liposomes, delivery vectors, 122
Load–deformation curve, muscle, 152
Load weight (L), 535
Logistics system design, 96
Low back, anatomy
blood supply and intervertebral discs,
476–477
low back stability, 477
spinal cord and nerve roots, 477
vertebrae and joints, 474–476
Low back disorders (LBD), 469, 560
control and prevention
equipment, 485
ergonomics, use of, 484
success, evidence of, 486
training, 485
epidemiology and costs of, 471
work-related low back disorders
assessment of risk factors for, 482–484
causes and risk factors for, 478–479
major challenges, 487–488
in nurses, 472–474
in steel workers, 472
Low back pain (LBP), 559
cumulative load as risk factor, 601
manual handling leads to, 640–642
Lowering capacity prediction models, 520
Lowering tasks, energy cost prediction
models, 506
Low-velocity impacts, 446–448
and whiplash symptoms, 448–450
Lumbar motion, failure loads of, 101
Lumbosacral Disc, simpliﬁed cumulative
compressive load, 606
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Lumbosacral load, FC compression and FS shear
equations, 612; see also Cumulative load
Lymphedema, 227

M
Macro and microhysteresis, 692
Manual materials handling (MMH), model
biomechanical
applied load estimation, 496–497
dynamic models equation, 497
static moment at joints in linkage,
calculation, 497
computer implementations, 501–502
factor of risk, 496
failure load estimation, 500–501
internal muscle forces, estimation, 497–500
EMG models, 499–500
MIC and SCI optimization model, for static
muscle force, 499
minimum–maximum muscle intensity, 498
models for asymmetric tasks, 500
Manual materials handling (MMH),
physiological design approach
carrying, energy cost models for, 506–508
combined activities, energy cost prediction
models for, 508
energy cost prediction models for lifting tasks,
504–505
evaluation and limitations, of models, 508–509
lifting and lowering models, energy cost for,
503–506
work and workplace factors on metabolic
energy, 502, 503
Manual materials handling (MMH),
psychophysical approach
6 ft incremental lift test, 520
carrying capacity prediction models, 522
coefﬁcients for models, maximum acceptable
weight of lift plus body weight, 516
combined activity models, 519
factors for prediction
acceptable amount of lift and for box
size, 514
lifting capacity prediction models, 522–524
lowering capacity prediction models, 520
prediction models for
maximum acceptable weight of lift using
dynamic strength, 518
psychophysical models, 512–513
pulling capacity prediction models, 521
pushing capacity prediction models, 521
strength of sensation, 509
work-related factors on acceptable weight
and force, 510
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Index
Margin of safety (MOS), 26
Maximal velocity of shortening, muscles, 188
Maximal voluntary contraction, 18
Maximal voluntary contraction (MVC),
101, 274
Maximum acceptable weight of lift
(MAWL), 560
Maximum acceptable weight, psychophysical
models, 511; see also Manual materials
handling (MMH), psychophysical
approach
Mean generic loads, 602
Mechanical analog model, 11
Mechanical exposure model, main
domains, 90
Mechanical loading of bones
mechanical environment, 155
strain data, 155–156
Mechanical stress (s), 151–152
Medial collateral ligament (MCL), 110, 115,
132, 138
Medial (internal) rotation, 208
Median nerve contact stress, 351
Meromyosin, 170, 171
Mesenchymal stem cells (MSCs), 122
Microcomputed tomography (mCT) scanning,
imaging bone, 158
Microcracks, 153, 154; see also Bone tissue,
mechanical behavior of
Mineralization
alkaline phosphatase function, 160
for bone stiffness and strength, 158
Mineral=protein ratio, bone, 159
Minimum-intensity-compression (MIC)
model, see Manual materials
handling (MMH), model
biomechanical
Minor collagens, 134
Mobility ranges at work, estimation, 51
Monte Carlo simulation, 377; see also
Biomechanical models
Motor unit of muscles, 174–176
Movement and posture, 479; see also Workrelated low back disorders (WLBD)
Multiple fractures, 163
Muscle
anterior compartment of arm, 231
effects of forceful static or repetitive
contraction of, 26
fatigue, 100–101, 352
ﬁber action potential, 178
force, 170
force–velocity relationship, 184–185
geometric relationships with respect to
joint, 29

719
length and strength, 180–184
force–length results for rectus femoris, 184
normalized force (F) and muscle ﬁber
lengths, relation, 182
length shortening, 10
mechanical characteristics of, 10
posterior compartment of the arm, 232
shapes, 174
shortening, 191
speed of contraction, 184
strength, 169
strength, modeling and measuring, 64–67
biceps and triceps pulls, 67
stretching, 189
structure, 170–171
viscoelastic resistance, 30
work-related disorders, approaches to
determining potential for
development, 352
Muscle activity, eight directions of impact
left splenius capitis muscle (LSPL), 457, 458
left sternocleidomastoid muscle (LSCM), 455,
456, 459
right splenius capitis muscle (RSPL), 457, 458
right sternocleidomastoid muscle (RSCM),
454, 456, 459
right trapezius muscle (RTRP) and left
trapezius muscle, 458
Musculoskeletal components, structural
failure, 22
Musculoskeletal disorders (MSD),
biomechanical approaches, 90, 345
carpal canal hydrostatic pressure, 349–350
direct nerve compression, 350–351
hand–wrist–forearm MSD, aspects of TLV,
360
mechanical factors disorders for
muscle, 352–353
nerve, 348–349
tendon, 346–348
Musculoskeletal injury (MSI), 4
biomechanical basis of, 9
categories of, 7
risk factors associated with, 7–9
MVC, see Maximal voluntary contraction
Myoﬁbrils, 170
Myosin molecule, 170–171, 173, 194

N
Nano-indentation, quantify material
properties, 154
National Institute for Occupational Safety and
Health (NIOSH), 480, 482, 483, 500, 532
Neck and shoulder pain, 648
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Neuromuscular junction, 177
Neutral body position, 535
Newtonian mechanics, laws, 79
NIOSH lifting equation (NLE), 532, 534, 560
Nonperfect bodies, 634
Non-powered hand tools, nonfatal occupational
injuries, 291, 293, 297, 300, 301,
306–309, 311, 313, 315; see also
Hand tools, injuries
Nursemaid's elbow, 239
Nyquist frequency, 586

O
Obesity, 42
Occasional lifting, guidelines, 642
Occupational accidents, 4
Occupational biomechanical hazards, 7
Occupational biomechanics, pathomechanics,
69–79
Occupational diseases, 4
Occupational injury proﬁle, 5
Oligonucleotides (ODN), 122
Organic matrix of bone, 158
Osteoclasts, 150, 160
Osteofascial compartments, 230
Osteogenesis imperfecta, 158
Osteomalacia, 158
Overexertion, safety, and hazard, global
model of, 30–33
Overuse symptoms related to
keyboarding, 72
affect tendons, repetitive traumata, 74–76
carpal tunnel syndrome, 74–75
Heidner's keyboards, 73
human–computer interaction, 76
mobile phone keypads, 74
Overuse injuries in the upper
extremities, 74
QWERTY keyboard, 72

P
Paresthesias, 229
Passive force enhancement, see Force
enhancement
Patellar tendon, 123
Pathomechanics, occupational
biomechanics, 69
Peak ﬁnger force, 366–368; see also Threshold
limit values (TLVs)
Pectoral girdle, 210
anterior extrinsic muscles of, 216
movements of, 220–221
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posterior extrinsic muscles of, 214
scapular or intrinsic muscles of, 217
Person's capacity for physical work,
traits, 82
Physiological cross-sectional area (PCSA),
180–181
Piezoelectric element, 585
Pinch grasps and pulp pinches, 273
Pinch grip span, 274; see also Pinching
Pinching, 274–276
Plexiform bone, 150
PMHS intact head–neck complex model, 409;
see also Isolated head–neck
complex studies
PMHS studies, intact
application of posteroanterior acceleration
loading, 408
horizontal accelerator, tests, 406
injuries, vector, 407
intervertebral kinematics, spine
curvatures, 407
ramping up and rearward T1 rotation,
study, 407
sled tests, 406–407
variables, role in injury outcome, 409
x-rays studies of trauma, 406
Porcine SIS, see Biological scaffolds
Portable friction tester (PFT), 686
Posterior cruciate ligament (PCL), 110, 115
Postmortem human subject (PMHS), 405
Posture, 634
Power gripping (grasping), 276–281
forearm orientation and body posture, 278
grasp strengths, types, 279
grip strength and age or gender, 280
hand forces, concern in industry tool,
280–281
hand–handle interface for stronger
gripping, 279
maximal acceptable frequency (MAF) for
gripping, 279
size of grip, 277–278
two-handed grip strength, 281
working gloves and pressurized
gloves, 280
wrist position, 278
Power–velocity properties of fast and slow
skeletal muscle ﬁber, 187
Powered hand tools, nonfatal occupational
injuries, 294, 295, 298, 302, 303,
307–310, 312, 313, 316; see also
Hand tools, injuries
Preferred work level (PWL), 26
Prehensile grasps, types, 272–273
Primary bone, 150
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Pronation, 208, 209
Protection of hand, 333
Protein–carbohydrate complex, 14
Proteoglycans, 112, 114
Psychophysical method, for determining
combinations of loads, frequencies,
and postures, 101
Psychophysical models, 512–513
Psychosocial stress, factors of, 8
Pulling and Pushing capacity prediction
models, 521

Q
Quasi-dynamic loading, 94

R
Radio–ulnar joint complex, 238
Rapid Entire Body Assessment
(REBA), 482
Rate of distraction motion (RDM), 421
Rate of shear motion (RSM), 421
Ratings of perceived exertion (RPE), 510
Ratio scaling, estimation technique for
determining body proportions, 58
Recommended weight limit (RWL), 534
Recommended weight limits (RWL), 80
Rectus femoris (RF), 183, 184
Repetitive strain injuries (RSI), 5, 345
Residual force depression, see Force
depression
Residual force enhancement, see Force
enhancement
Revised NIOSH lifting equation
applications of
dish-washing machine unloading,
556–558
general design and redesign
suggestions, 553
job-related intervention strategy,
552–553
loading supply rolls, 554–556
rationale and limitations for LI, 552
using RWL and LI to guide ergonomic
design, 552
lifting analysis, procedures
collection of data, 548
multitask procedure, 549–552
single-task procedure, 548–549
obtaining and using data
asymmetry component, 541–542
coupling component, 545–547
distance component, 540–541
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frequency component, 542–545
horizontal component, 538
vertical component vertical, 539–540
validation of, 558–561
Revised NLE, measurements requirement,
534–535
Robotic=universal force–moment sensor (UFS)
testing system, 116
Root mean square (RMS) amplitude
biomarker for internal force exposure, 91
Rotator cuff tendon, degenerative
tendonitis, 24

S
Safe friction
friction demands in activities, 692, 694
friction model for slipping, 692
minimum friction requirement, 691–692
Sarcomeres
contractile unit of muscle, 170–171
force–length relation, 181
protein ﬁlaments in, 173–174
shortening, 192
Saturday night palsy, 235
Seat design, 647–648
Seating appropriateness and design, 648–649
Secondary bone, 150
Sharpey ﬁbers, 112
Shoulder anatomy, biomechanical modeling
AnyBody shoulder model, 397
applications of, 400–403
hospital porter pushing beds, 401
models scaleable with anthropometric data,
402–403
motorized lawn mower, 401–402
muscle conﬁguration, 399–400
musculoskeletal shoulder models,
396–397
musculoskeletal simulation, 396
shoulder kinematics, 398–399
Shoulder and axilla
anterior extrinsic muscles, 215–217
pectoralis minor and pectoralis
major, 216
serratus anterior muscle, 215–216
axilla=armpit, 224–227
axillary artery, 225
brachial plexus, 226–227
pectoralis minor muscle, 225–226
humerus movements at shoulder joint,
223–224
pectoral girdle, 210
scapula, 210–211
scapular=intrinsic muscles, 217–220
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deltoid muscles, 219–220
infraspinatus and teres minor, 218
subdeltoid bursa, 217, 218
subscapularis, 218–219
supraspinatus muscle, 217–218
teres major and minor, 218–219
shoulder girdle movements, 220–221
shoulder (glenohumeral) joint, 221–223
shoulder (pectoral) girdle, joints of
acromioclavicular joint and coracoclavicular
joint, 212, 213
sternoclavicular joints, 212
shoulder (pectoral) region muscles, 213
latissimus dorsi, 214–215
levator scapulae muscle, 214
posterior extrinsic muscles, 213–215
rhomboideus major and minor
muscles, 215
trapezius muscle, 213
Signiﬁcant control, 536
Sitting and back pain, 648
Sitting postures, biomechanical aspects,
650–641
angle between trunk and thighs, 651
extensor muscles activity, 650
spinal curvature and concentration
level, 651
stability for relaxation, 650
static leg muscle activity and
discomfort, 650
Skeletal muscles, 10, 170
force–velocity relationship, 184–185
ligaments, biochemical composition
132, 134
maximal velocity (v) of shortening, 189
power–velocity properties, 186–188
Skeleton's mechanical behavior, genetics
contribution, 159
Slip resistance, 687–688
measurement of, 694
biomechanical measurement parameters,
695, 698
techniques, 695
test principles, 694–695
Slipperiness evaluations, 699
Slips and falls
accidents, extrinsic and intrinsic
factors, 681
effects, minimization, 640
risk assessment of, 688
assessment models and safety analysis,
688–689
critical gait phases, 689–691
gait and stability, control of, 689
perception of slipperiness, 689
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tribophysics
footwear-contaminant-ﬂoor tribosystem,
685–686
footwear–ice tribosystem, 686–687
Society of Automotive Engineers (SAE), 410
Sprain, 470
Squeeze-ﬁlm process and drainage capability,
685; see also Slips and falls, tribophysics
Stair biomechanics
body movement, 665–667
energy consumption and fatigue,
668–669
foot forces, joint moments and muscle activity,
667–668
Stair design, 661
Standard measuring postures to functional
stances and motions, guidelines for
conversion, 51
Static indeterminacy, 375, 384; see also
Biomechanical models
Static muscle activity, 99
Static posture, 635
posture checklist for, 636–638
sitting, 638
Static strength, muscles, 67–68
Sternoclavicular joints, 212
Stiffness in bone, 153
mineralization levels, 158
Strain, 470
Stress
fractures, 163–164
induced cross-bridge inhibition, muscles,
190, 191
relaxation, 114
strain curve, 113, 153
Strontium in bone mass, 159
Sum of cubed intensities (SCI), 499
Supination, 208, 209
Surface roughness proﬁle, characteristics, 702
Surface slope, 701
Synaptic cleft, 177; see also Excitation–contraction
coupling
Synovial ﬂuid, 14

T
Tenascin-C, 124
Tendons, 10–12, 109, 110, 117
architectural hierarchy, 111
axial load, 347
bone junction, 112
disorders
biomechanical models, 346–348
mechanical factors, 346
effect of aging, 118–119
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in human motion, 115
load, 347 (see also Tendon disorders)
loading and unloading curves, 115
morphology and composition of, 11
tensile strength, 112
Tensile strength, 117
Thick and thin muscles ﬁlaments, 171–173
Thixobopic synovial ﬂuid, 15
Three-dimensional models of shoulder, 397; see
also Shoulder anatomy, biomechanical
modeling
Three-dimensional static strength prediction
(3DSSPP), 386
Threshold limit values (TLVs), 83
compliance with, 369–370
on hand activity level, 360–363, 368
Thrombosis in lower legs, 648
Tissue homeostasis, 117
Tissue injury, biomechanical factors, 70
Titin, 173
Torque, 196, 336
Total body mass, 42
Trabecular bone, 150, 151, 154, 155, 157, 158
Transforming growth factor (TGF) b1,
121, 122
Transverse carpal ligament (TCL), 349
Traumatic injuries, 7
Tropomyosin, 172, 173, 179
Troponin, 172
Trunk muscles, differential fatigue, 19, 20
T-Tubules, 178
Two-dimensional static strength prediction
(2DSSPP), 386
Type-I and XII collagen, 112, 153, 158

U
Ultimate compressive strength
(UCS), 22
Ultimate tensile strength, 113–114
Upper limb (extremity), anatomically
division, 206

V
Valgus knee, biomechanical
measurements, 120
Vertical location (V), 535
Vertical travel distance (D), 535
Very-low-velocity impacts, 450–452
eight directions of impact, 451–452
sled device, 450–451
whiplash loading, 452–459
muscle response pattern, 453–459
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Vibration dose value (VDV), 583
Volkmann's canals, 150

W
Walking and slipping, dynamics
foot kinematics, 682–683
gait adaptations, 683–684
gait and balance, 681–682
load carrying and slip potential, 683
protective movement, 684
Wedge term equation, 686; see also
Slips and falls
Whiplash injuries, 406, 444
Whip's lash, 444–445
Whole body vibration (WBV)
control measures, 590–593
hierarchy of control measures, 591
evaluation and typical levels in equipment,
586–590
European Economic Community Council
Directive, 589
German Federal Ministry of Labour
recommendations, 589
ISO 2631, mechanical vibration and shock,
587–588
ISO 2631 Part 5, 588–589
levels encountered in heavy equipment
operation, 590
health effects of, 566
acute responses, 567
chronic health effects, 567–569
exposure to WBV and lifting,
570–571
as occupational disease, 571
pathology of back disorders, 570
measurement of
collecting data in ﬁeld, 585–586
data sampling, 586
instrumentation and equipment, 585
response to vibration and shocks
critical frequencies of, 580–581
dynamic response to impacts, 582
ergonomic implications, 581
forced vibration, 577–580
impacts and mechanical shocks,
581–582
vibrations containing mechanical
shocks, 582–584
vibration characteristics
damping, 573–574
direction, 571–572
displacement, velocity, and
acceleration, 572
frequency, 572–573
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magnitude and duration, 572
vibration waveforms, characterization,
574–576
Workers' Compensation Board
(WCB), 5
Work-hardening programs, 70
Work organization system, 97–98
Work Practices Guide for Manual
Lifting, 25
Work-related low back disorders
(WLBD), 469, 470, 474, 478, 482,
484, 486, 488
Work-related MSDs, 359
Work situation, analysis, 651
work-demands in seated tasks, 652
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Workstation design
reach, 645–646
visual requirements, 645
Woven bone, 150
Wrist position, 275; see also Pinching

Y
Yield strength, 153
Young's modulus, 153

Z
Z-lines, see Muscle, structure

