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Preface

Ergonomics (or human factors) is defined by the International Ergonomics Association
(www.iea.cc) as the scientific discipline concerned with the understanding of interactions
among bhumans and other elements of a system, and the profession that applies theory,
principles, data and methods to design in order to optimize human well-being and overall
system performance. Ergonomists contribute to the design and evaluation of tasks, jobs,
products, environments, and systems in order to make them compatible with the needs, abilities,
and limitations of people.

Currently, there is substantial and convincing evidence that the proficient application of
ergonomics knowledge, in a system context, will help to improve system effectiveness and
reliability, increase productivity, reduce employee healthcare costs, and improve the quality
of work processes, products and working life for all employees. As ergonomics promotes a
holistic approach in which considerations of physical, cognitive, social, organizational,
environmental and other relevant factors are taken into account, the professional ergonomists
should have a broad understanding of the full scope of the discipline. Development of this
book was motivated by the quest to facilitate a wider acceptance of ergonomics as an effective
methodology for work-system design aimed at improving the overall quality of life for millions
of workers with a variety of needs and expectations.

This book focuses on prevention of work-related musculoskeletal disorders with emphasis
on engineering and administrative controls. This volume contains a total of 36 chapters divided
into two parts, each of which is divided into two sections.

Part I focuses on engineering factors relevant to management of work-related
musculoskeletal disorders. Section I provides knowledge about risk factors for upper and
lower extremities at work, while Section II concentrates on risk factors for work-related low
back disorders. The knowledge presented in Section I includes epidemiology, biomechanics,
and analysis of upper extremity disorders. This section also includes discussion of occupational
risk factors, shoulder, design and evaluation of handtools, gloves, and industrial mats. In
addition, information about injuries to the foot and leg is provided. The section on low back
disorders includes knowledge on epidemiology of back pain in industry, static and dynamic
low back biomechanical modeling, quantitative assessment of trunk performance, revised
NIOSH equation, and population-based limits for manual lifting. In addition, this section
discusses psychophysical basis and psychosocial factors in preventing musculoskeletal disorders.
It also includes a method for assessment of risk of occupational low back disorders,
occupational injuries due to falls, and provides a useful glossary of low back pain terminology.

Part II focuses on administrative controls in prevention and management of musculoskeletal
disorders. Section I discusses fundamentals of surveillance of such disorders, requirements
for surveillance database systems, OSHA record keeping system, and surveillance methods

xiil



based on assessment of body discomfort. Section II focuses on medical management of work-
related musculoskeletal disorders, including programs for post-injury management, testing
of physical ability for employment decisions, assessment of worker strength and other
functional capacities, and applications of ergonomics knowledge in rehabilitation.

The use of back belts and supporting devices for upper extremities is also considered.
Finally, the influence of psychosocial factors and implications of back pain in the workplace
is provided.

We hope that this volume will be useful to a large number of professionals, students, and
practitioners who strive to improve product and process quality, worker health and safety,
and productivity in a variety of industries and businesses. We trust the knowledge presented
in this volume will help the reader learn and apply the principles of ergonomics in prevention
of work-related musculoskeletal disorders.

Waldemar Karwowski
University of Louisville

William S.Marras
The Obio State University

Xiv



Part 1

Musculoskeletal
Disorders







Section |

Disorders of the
Extremities







Epidemiology of Upper
Extremity Disorders

Bradley Evanoff

Washington University School 1.1 Frequency, Rates, and Costs 1-1
of Medicine 1.2 Disorder Types and their Natural History 1-2

David Rempel 1.3 Individual Factors 1-3

University of California 1.4 Work-Related Factors 1-4

San Francisco 1.5 Summary 1-7

This chapter summarizes findings from epidemiologic studies that address workplace and individual
factors associated with upper extremity musculoskeletal disorders. These disorders are not new: epidemics
and clinical case series of work-related upper extremity problems were reported throughout the 1800s
and early 1900s (Conn, 1931; Thompson et al., 1951). Although there are almost no prospective studies
in this area, within the last 20 years a number of well-designed, cross-sectional studies have focused on
disorders of the hand, wrist, and elbow as related to work. These studies point to the multifactorial
nature of work-related upper extremity disorders. The severity of these disorders is influenced not only
by biomechanical factors, but also by other work organizational factors, the worker’s perception of the
work environment, and medical management.

From an epidemiologic point of view, this topic is problematic because there are many specific disorders
that can occur in the hand, arm, and shoulder, ranging from arthritis to nerve entrapments. To complicate the
matter further, there are few accepted criteria for case definitions for these many disorders. In their early
stages, these disorders usually present with nonspecific symptoms without physical examination or laboratory
findings. In fact, the only laboratory tests consistently of value in diagnosing these disorders are nerve conduction
studies for nerve entrapment disorders and radiographs for osteoarthritis. Finally, symptoms at the hand or
wrist may be due to nerve compression or vascular pathology in the neck or shoulder.

1.1 Frequency, Rates, and Costs

Rates of hand and wrist symptoms and associated disability among working adults were assessed by a
1988 national interview survey of 44,000 randomly selected U.S. adults (National Health Interview
Survey) (Park et al., 1993). Of those who had worked anytime in the past 12 months, 22% reported
some finger, hand, or wrist discomfort that fit the category “pain, burning, stiffness, numbness, or
tingling” for one or more days in the past 12 months. Only one-quarter were due to an acute injury such
as a cut, sprain, or broken bone. Nine percent reported having prolonged hand discomfort that was not
due to an acute injury; that is, discomfort of 20 or more days or 7 or more consecutive days during the
last 12 months. Of those with prolonged hand discomfort, 6% changed work activities and 5% changed
jobs due to the hand discomfort.

0-8493-1800-9/03/$0.00+$1.50 1-1
© 2003 by CRC Press LLC



1-2 Occupational Ergonomics: Engineering and Administrative Controls

TABLE 1.1 Examples of Disorders of the Hand, Wrist, and Elbow
Observed in Workplace Studies

Non-specific hand and wrist pain ~ Hand Arm Vibration Syndrome

Tendinitis Osteoarthritis
Tenosynovitis Hypothenar hammer syndrome
Finger tendinitis Gamekeeper’s thumb
Wrist tendinitis Digital neuritis
Stenosing tenosynovitis Nerve entrapments
Lateral epicondylitis Carpal Tunnel Syndrome
Medial epicondylitis Ulnar neuropathy at the wrist
Ganglion cysts Ulnar neuropathy at the elbow

Elbow pain and epicondylitis are common in working populations. Symptoms of elbow pain are
reported by 7 to 21% of workers in industrial populations (Chiang et al., 1993; Ohlsson, 1989; Buckle,
1987). Epicondylitis is seen in 0.7 to 2.0% of workers in jobs with low levels of physical demands to the
arms and hands, and in 2 to 33% of worker groups with high levels of demands.

In the U.S., hand and wrist disorders account for 55% of all work-related repeated motion disorders
reported by U.S. private employers (Bureau of Labor Statistics, 1993). This category excludes low back
pain. A similar percentage is also reported in industrial (McCormack et al., 1990) and other national
studies (Kivi, 1984). A similar rise in work-related hand/forearm problems has been observed in other
countries such as Finland (Kivi, 1984), Australia (Bammer, 1987), and Japan (Ohara et al., 1976).

Costs for work-related musculoskeletal disorders are difficult to estimate reliably. Webster and Snook
(1994) analyzed 1989 insurance claims data from 435 states, restricting their analysis to upper extremity
claims classified as cumulative trauma disorders. They estimated that the total compensable cost for
upper extremity cumulative trauma disorders in the U.S. was $563 million in 1989. The National Institute
for Occupational Safety and Health has estimated that the annual workers’ compensation costs for neck
and upper extremity disorders is $2.1 billion, plus $90 million in indirect costs (NIOSH, 1996).

1.2 Disorder Types and their Natural History

Table 1.1 lists the most common workplace hand, wrist, and elbow problems. Nonspecific hand/wrist
pain is the most common problem, followed by tendinitis, ganglion cysts, and carpal tunnel syndrome.
(Silverstein et al., 1987; McCormack et al., 1990; Hales et al., 1994). In many workplace studies, rates
of nonspecific symptoms, tendinitis, and CTS appear to track each other, that is, a number of specific
disorders typically occur together. For example, in a pork processing plant, the rank order of hand and
wrist problems, as a percentage of all morbidity, was: nonspecific hand/wrist pain (39%), CTS (26 %),
trigger finger (23%), trigger thumb (17%), and DeQuervain’s tenosynovitis (17%) (Moore and Garg,
1994). Similar ratios of disorders have been observed in manufacturing (Armstrong et al., 1982; Silverstein
et al., 1986; McCormack et al., 1990), food processors (Kurppa et al., 1991; Luopajarvi et al., 1979),
and among computer operators (Hales et al., 1994; Bernard et al., 1993).

Tendinitis is the most common specific, work-related hand disorder (McCormack, 1990; Luopajarvi,
1979). For the purposes of this chapter tendinitis will include hand, wrist, and distal forearm tendinitis
or tenosynovitis, and trigger finger. Tendinitis occurs at discrete locations; the most common site is the
first extensor compartment (De Quervain’s Disease), followed by the five other pulley sites on the extensor
side of the hand and three on the flexor side. The diagnosis is based on history, symptom location, and
palpation and provocative maneuvers on physical exam. There has been no association of tendinitis
with age or gender, but work-related tendinitis is higher among workers with less than 3 years of
employment (McCormack et al., 1990).

Lateral epicondylitis is the most common specific elbow disorder; medial epicondylitis is less common.
The diagnosis is based on pain and tenderness over the lateral or medial elbow and pain on movement
of the wrist or fingers against resistance. Other disorders of the elbow which may be related to occupational
activities include olecranon bursitis, triceps tendinitis, and osteoarthritis.
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Studies of carpal tunnel syndrome have generated considerable controversy. While there is agreement
that this disorder results from compression of the median nerve at the wrist, there are no universally
accepted diagnostic criteria for carpal tunnel syndrome. Some consider an abnormal nerve conduction
study a gold standard (Katz et al., 1991; Nathan et al., 1992; Heller et al., 1986). However, relying
exclusively on nerve conduction studies can lead to reporting very high prevalence rates—28% (Nathan
et al., 1992) and 19% (Barnhart et al., 1991) in low-risk working populations. A case definition
incorporating typical symptoms and signs has been proposed by NIOSH for surveillance purposes (CDC,
1989); however, the usual signs have relatively poor sensitivities and specificities (Katz et al., 1991;
Heller et al., 1986; Franzblau et al., 1993). Therefore, this definition may have limited value in
distinguishing CTS from other hand disorders. Hand diagrams completed by patients are reproducible
and sensitive, but may lack specificity (Katz et al., 1990; Franzblau et al., 1994). Only in the later stages
are weakness and thenar atrophy a noticeable feature. In approximately 25% of cases, CTS is accompanied
by other disorders of the hand or wrist (Phalen, 1966).

Few studies have evaluated the work-relatedness of osteoarthritis of the hand and wrist (Hadler et
al., 1978; Williams et al., 1987). Hadler et al. (1978) assessed the hands of 67 workers at a textile plant
in Virginia. Significant differences in finger and wrist joint range of motion, joint swelling, and X-ray
patterns of degenerative joint disease were observed between three different hand intensive jobs; the
observed differences matched the pattern of hand usage.

Hand arm vibration syndrome or Vibration White Finger disease occurs in occupations involving
many years of exposure to vibrating hand tools (NIOSH, 1989). This is a disorder of the small vessels
and nerves in the fingers and hands presenting as localized blanching at the fingertips with numbness on
exposure to cold or vibration. The symptoms are largely self-limited if vibration exposure is eliminated
at an early stage (Ekenvall and Carlsson, 1987; Futatsukal and Ueno, 1986).

Hypothenar hammer syndrome or occlusion of the superficial palmar branch of the ulnar artery has
been associated in clinical series and case-control studies with habitually using the hand for hammering
(Little and Ferguson, 1972; Nilsson et al., 1989) and with exposure to vibrating hand tools (Kaji et al.,
1993). The mean years of exposure before presentation were 20 to 30 years.

Small case-control studies or clinical series have described factors associated with less common disorders
such as Gamekeeper’s thumb (Campbell, 1955; Newland, 1992), digital neuritis, and ulnar neuropathy
at the wrist (Silverstein et al., 1986).

1.3 Individual Factors

Some data on individual risk factors, such as age and gender, are available for carpal tunnel syndrome
but not for other disorders of the hand and wrist. The risk of CTS increases with age (Stevens et al.,
1988), but in a cross-sectional study of an industrial cohort, age explained only 3% of the variability in
median nerve latency (Nathan et al., 1992). Although CTS is more common among women in the
general population, in workplace studies, when employees perform similar hand activities, the ratio of
female to male rates is close to 1.2:1 (Franklin et al., 1991; Nathan et al., 1992; Silverstein et al., 1986).
Certain female-specific factors, such as pregnancy (Eckman-Ordeberg et al., 1987) are clearly associated
with CTS; however, the role of other female factors such oophorectomy, hysterectomy (Cannon et al.,
1981; Bjorkquist et al., 1977; de Krom et al., 1990), or use of oral contraceptives (Sabour, 1970), is less
certain. Other individual factors have strong associations with carpal tunnel syndrome based on multiple
studies: diabetes mellitus (Phalen, 1966; Yamaguchi et al., 1965; Stevens et al., 1987), rheumatoid
arthritis (Phalen, 1966; Yamaguchi et al., 1965; Stevens et al., 1987), and obesity (Nathan et al., 1992;
de Krom et al., 1990; Falck and Aarnio, 1983; Vessey et al., 1990; Werner et al., 1994). For some
putative risk factors, the associations are based on single studies on studies presenting conflicting results:
thyroid disorders (Phalen, 1966; Hales et al., 1994), vitamin Bé6 deficiency (Amadio, 1985; Ellis et al.,
1982; McCann, 1978), wrist size and shape (Johnson et al., 1983; Armstrong and Chaffin, 1979; Bleeker
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TABLE 1.2 Work-Related Factors Associated with
Disorders of the Hands and Wrists

Repetition Mechanical contact
Force Duration

Posture extremes Work organization
Vibration

TABLE 1.3 Controlled Epidemiologic Workplace Studies Evaluating the Association between Work and Wrist,
Hand or Distal Forearm Tendinitis*

Authors Exposed Population Control Population Rate in Exposed Rate in Control
Luopajirvi et al., 1979° 152 bread packaging 133 shop attendants 53%! 14%
Silverstein et al., 1986**  industrial industrial
143 low force/high repetition 136 low force/low repetition 3% 1.5%
153 high force/low repetition 136 low force/low repetition 4%! 1.5%
142 high force/high repetition 136 low force/low repetition 20%! 1.5%
McCormack etal.,, 1990  manufacturing manufacturing
369 packers/folders 352 knitting workers 3.3%! 0.9%
562 sewers 352 knitting workers 4.4%! 0.9%
296 boarding workers 352 knitting workers 6.4%! 0.9%
Kurppa et al., 199145 102 meat cutters 141 office workers 12.5% 0.9%
107 sausage makers 197 office workers 16.3%! 0.7%
118 packers 197 office workers 25.3%! 0.7%

* Case criteria are based on history and physical examination.

! significant difference from control

2 adjusted for age, sex, and plant

3 analysis includes other disorders, although tendinitis was most common

4 cohort study with 31-month follow-up

5 all exposed and control subjects are female

From Rempel, D. and Punnet, L., Epidemiology of wrist and hand disorders, in Musculoskeletal Disorders in the
Workplace: Principles and Practice, eds. M.Nordin et al., Mosby-Year Book, Inc., St. Louis, Missouri, 1997. With
permission.

et al., 1985), and general de-conditioning (Nathan et al., 1988, 1992).

1.4 Work-Related Factors

Table 1.2 summarizes the characteristics of work that have been associated with elevated rates of upper
extremity symptoms and specific disorders, including carpal tunnel syndrome and tendinitis. These
associations have been observed in multiple studies and in different population groups, while dose-
response trends have been seen in several studies. Most studies have been cross-sectional in design,
limiting our ability to draw conclusions about causation. The preponderance of evidence, however,
suggests strongly that there is a causal relationship between work exposures and upper extremity disorders.
Carpal tunnel syndrome and hand-wrist tendinitis have been the best studied; several recent reviews
have evaluated the work-relatedness of these disorders and concluded that there is a causal relationship
(Stock, 1991; Hagberg et al., 1992; Kuorinka and Forcier, 1995). Tables 1.3, 1.4, and 1.5 summarize
selected studies of wrist and hand tendinitis, carpal tunnel syndrome, and epicondylitis.

Studies using crude measures of exposure have reported associations between repetition and hand/
wrist pain and disorders. In a study relying exclusively on nerve conduction measurements, median
nerve slowing occurred at a higher rate among assembly line workers than among administrative controls
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TABLE 1.4 Selected Controlled Epidemiologic Workplace Studies Evaluating the Association between Work and
Carpal Tunnel Syndrome*

Ratein Ratein
Authors Exposed Population Control Population Criteria Exposed Control
Silverstein et al., 19872 industrial industrial history & 5.1%! 0.6%
high force, high repetition ~ low force, low repetition  physical exam
Nathan, 19884 22 keyboard operators 147 administrative/clerical electrodiagnostic 27% 28%
164 industrial assembly line 147 administrative/clerical electrodiagnostic ~ 47%! 28%
115 general plant 147 administrative/clerical electrodiagnostic 38% 28%
23 grinders 147 administrative/clerical electrodiagnostic 61%! 28%
Chiang, 19902 frozen food factory frozen food factory history and signs
37 high repetition 49 low repetition & cold 46% 4%
121 high repetition & cold 49 low repetition & cold 47%’ 4%
Barnhart, 1991° 106 ski manufacturing 67 ski manufacturing electrodiagnostic  15.4%! 3.1%
repetitive jobs nonrepetitive jobs and signs
Osorio, 1994%3 supermarket workers supermarket workers history & signs 63%! 0.0%
high exposure low exposure electrodiagnostic ~ 33%! 0.0%

* Diagnosis based on history and physical exam or nerve conduction study.

! significantly different from control group

2 control for age, gender, years on job

3 control for age and gender

* low participation rate and limited exposure assessment

From Rempel, D. and Punnet, L., Epidemiology of wrist and hand disorders, in Musculoskeletal Disorders in the
Workplace: Principles and Practice, eds. M.Nordin et al., Mosby-Year Book, Inc., St. Louis, Missouri, 1997. With

permission.

TABLE 1.5 Selected Epidemiologic Workplace Studies Evaluating the Association between Work and Epicondylitis*

Rate in Rate in
Authors Exposed Population Control Population Criteria Exposed  Controls
Kurppa, 1991! 107 female sausage makers 197 female office workers and 11.1 1.1
supervisors
118 female meatpackers 197 female office workers and 7.0 1.1
supervisors
102 male meat cutters 141 male office workers, maintenance 6.4 0.9
men an d supervisors
Chiang, 19932 28 fish processors with high 61 fish processors without high 21.4% 9.8%
repetition and high force repetition or high force
movements of the arms
118 fish processors with high 61 fish processors without high 15.3% 9.8%
repetition or high force repetition or high force
movements of the arms
Roto and Kivi, 19842 90 male meat cutters 77 male construction foremen 8.9% 1.4%
McCormack, 19902 369 manufacturing workers 352 knitting workers 2.2% 1.4%
562 manufacturing workers 352 knitting workers 2.1% 1.4%
468 manufacturing workers 352 knitting workers 1.9% 1.4%
296 manufacturing workers 352 knitting workers 1.0% 1.4%
Viikari-Juntura, 19912 332 meat plant workers 288 office workers, maintenance 0.6% 0.5%
workers and supervisors
Luopajirvi, 1979? 152 female packers 133 female shop assistants 2.6% 2.3%

* Diagnosis based on history and physical exam.
! prospective cohort study: rates are incidence of epicondylitis per 100 workers/yr
2 cross-sectional study: rates are prevalence of epicondylitis observed in active workers
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(Nathan et al., 1992; Hagberg et al., 1992). Although no systematic assessment of exposure was carried
out, the assembly line work was considered more repetitive than the control group. Rate of persistent
wrist and hand pain was higher in garment workers performing repetitive hand tasks than in the control
group, hospital employees (Punnett et al., 1985). Persistent wrist pain, or that lasting most of the day for
at least one month in the last year, occurred in 17% of garment workers and 4% of hospital controls,
while persistent hand pain occurred in 27% of garment workers and 10% of controls. Others have
observed a similar link between high hand/wrist repetition and carpal tunnel syndrome (Chiang et al.,
1990; Barnhart et al., 1991) and tendinitis (Kurppa et al., 1991). The link to repetition may be that
these are jobs that require high velocity or accelerations of the wrist (Marras and Schoenmarklin, 1993).

Rates of wrist tendinitis among scissors makers was compared to shop attendants in department stores
in Finland. Examinations and histories were systematized and performed by one person. The rates between
the groups were not significantly different; however, among the scissors makers the rate of tendinitis
increased with increasing number of scissors handled (Kuorinka and Koskinen, 1979). Luopajirvi et al.
(1979) compared packers in a bread factory to the same control group. The packers’ work involved
repetitive gripping, up to 25,000 cycles per day, with maximum extension of thumb and fingers to handle
wide bread packages. Approximately half of the packers had wrist/hand tenosynovitis compared to 14%
among the controls. The most common disorder of the hand or wrist was thumb tenosynovitis followed by
finger/wrist extensor tenosynovitis. CTS was diagnosed in four packers and no controls.

The force applied to a tool or materials during repeated or sustained gripping are also predictors of
risk for tendinitis and carpal tunnel syndrome. For example, in a study of the textile industry the risk of
hand and wrist tendinitis was 3.9 times higher among packaging and folding workers than among
knitters (McCormack et al., 1990). The packing and folding workers were considered to be performing
physically demanding work compared to the knitting workers. Armstrong et al. (1979) observed that
women with carpal tunnel syndrome applied more pinch force during production sewing than did their
job- and sex-matched controls. It is possible that those with carpal tunnel syndrome altered their working
style as the carpal tunnel syndrome progressed; however, it is unlikely that they would increase the pinch
force because this would also trigger symptoms. In a study by Moore et al. (1994) at a pork processing
plant, the jobs that involved high grip force or long grip durations, such as Wizard knife operator,
snipper, feeder, scaler, bagger, packer, hanger, and stuffer, affected almost every employee. Others have
observed a similar relationship with work involving sustained or high-force grip in grinders (Nathan et
al., 1992), meatpackers and butchers (Kurppa et al., 1991; Falck and Aarnio, 1983), and other industrial
workers (Thompson et al., 1951; Welch, 1972).

The most comprehensive study of the combined factors of repetition and force was a cross-sectional
study of 574 industrial workers by Silverstein et al. (1986, 1987; Armstrong, 1982). Disorders were
assessed by physical exam and history and were primarily tendinitis followed by carpal tunnel syndrome,
Guyon tunnel syndrome, and digital neuritis. Subjects were classified into four exposure groups based
on force and repetition. The “high-force” work was that requiring a grip force on average of more than
4 kg-force, while “low-force” work required less than 1 kg of grip force. The “high-repetition” work
involved a repetitive task in which either the cycle time was less than 30 seconds (greater than 900 times
in a work day) or more than 50% of cycle time was spent performing the same kind of fundamental
movements. The high-risk groups were compared to the low-risk group after adjusting for plant, age,
gender, and years on the job. The odds ratio of all hand/wrist disorders for just high force was 4.9, and
it increased to 30 for jobs which required both high-force and high-repetition. The identical analysis of
just carpal tunnel syndrome revealed an odds ratio of 1.8 for force and 14 for the combined high-force
and high-repetition group. A meta-analysis of Silverstein’s data and Luopajarvi study concluded that for
high-force and high-repetition work the common odds ratio for carpal tunnel syndrome was 15.5 (95%
C.I. 1.7-141) and for hand/wrist tendinitis it was 9.1 (95% C.I. 5-16) (Stock, 1991). Estimates of the
percentage of CTS cases among workers who perform repetitive or forceful hand activity that can be
attributed to work range from 50 to 90% (Hagberg et al., 1992; Cummins, 1992; Tanaka et al., 1994).

With regard to epicondylitis, the individual roles played by force and repetition are less clear. One
cohort study and six cross-sectional studies have evaluated the incidence or prevalence of epicondylitis
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in relation to specific jobs, which were characterized by high force, high repetition, or both. Kurppa et
al. (1991) found a relative risk of 6.4 for epicondylitis in jobs with high repetition, some of which also
involved high force. One cross-sectional study found a significantly elevated risk of epicondylitis only
among recently employed workers in high-repetition or high-repetition/high-force jobs (Chiang et al.,
1993). Another cross-sectional study found an odds ratio of 6.9 epicondylitis in a high-repetition, high-
force job (Roto and Kivi, 1984). This odds ratio was not statistically significant. Four other cross-
sectional studies found little or no increase in risk for epicondylitis in workers involved in jobs characterized
by high force and/or high repetition (McCormack et al., 1990; Luopajarvi et al., 1979).

Work involving increased wrist deviation from a neutral posture in either the extension, flexion or
ulnar, radial direction has been associated with carpal tunnel syndrome and other hand and wrist problems
(Thompson et al., 1951; Hoffman et al., 1981; Tichauer, 1966). De Krom et al. (1990) conducted a
case-control study of 156 subjects with carpal tunnel syndrome compared to 473 controls randomly
sampled from the hospital and population registers in a region of the Netherlands. After adjusting for
age and sex, a dose-response relationship was observed for increasing hours of work with the wrist in
extension or flexion. No risk was observed for increasing hours performing a pinch grasp or typing.
Some studies of computer operators have linked awkward wrist postures to severity of hand symptoms
(Faucett and Rempel, 1994), risk of tendinitis or carpal tunnel syndrome (Seligman et al., 1986), arm
and hand discomfort (Sauter et al., 1991; Duncan and Ferguson, 1974; Hunting et al., 1981).

Prolonged exposure to vibrating hand tools, such as chain saws, has been linked in prospective
studies to Hand Arm Vibration Syndrome (Ekenvall and Carlsson, 1987; Futatsuka and Ueno, 1986).
The risks are primarily vibration acceleration amplitude, frequency, hand coupling to tool, hours per
day of exposure, and years of exposure. However, based on existing studies, there is no clear vibration
acceleration/frequency/duration threshold that would protect most workers. Therefore, medical
surveillance is recommended to identify cases early while the disease can still be reversed (NIOSH,
1989). Use of vibrating hand tools may also increase the risk of CTS (Seppalainen, 1970; Cannon et al.,
1981) indirectly by increasing applied grip force through a reflex pathway (Radwin et al., 1987).

Prolonged or high-load localized mechanical stress over tendons or nerves from tools or resting the
hand on hard objects have been associated with tendinitis (Tichauer, 1966) and nerve entrapments
(Phalen, 1966; Hoffman and Hoffman, 1985) in case studies.

The average total hours per day that a task is repeated or sustained has been a factor in predicting hand
problems (Margolis, 1987; Macdonald, 1988). Among computer operators increasing self-reported hours
of computer use has been a predictor of symptom intensity or disorder rate in all (Faucett and Rempel,
1994; Burt et al., 1990; Bernard et al., 1993; Oxenburgh et al., 1985; Maeda et al., 1982; Hunting et al.,
1981). De Krom et al. (1990) did not observe a relationship between CTS and hours of computer use.

Work organizational (work structure, decision control, work load, deadline work, supervision) and
psychosocial factors (job satisfaction, social support, relationship with supervisor) appear to have some
influence on hand and wrist symptoms among computer users. Among newspaper reporters and editors,
work organizational factors modified the expected relationship between workstation design and hand
and wrist symptoms. Symptom intensity increased as keyboard height increased among those with low
decision latitude but not among those with high decision latitude (Faucett and Rempel, 1994). In another
study of newspaper employees, the risk of hand and wrist symptoms was increased among those with
increasing hours on deadline work and less support from the immediate supervisor (Bernard et al.,
1993). Among directory assistance operators at a telephone company, high information processing
demands were associated with an elevated rate of hand and wrist disorders (Hales et al., 1994). On the
other hand, in the industrial setting, Silverstein et al. (1986) observed no effect on job satisfaction.

1.5 Summary

The lack of prospective studies and an uncertainty about the precise pathophysiologic mechanisms
involved limits our ability to definitively identify causative factors. Nonetheless, current studies point to
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a multifactorial relationship between work exposures and disorders of the hand, wrist, and elbow.
Symptom severity and disorder rate appear to be influenced by work organizational factors, such as
decision latitude and cognitive demands. Some disorders, such as tendinitis and carpal tunnel syndrome,
are clearly associated with work involving repetitive and forceful use of the hands. It seems likely that
there is a causal relationship between some work exposures and these disorders. For other disorders,
such as epicondylitis and osteoarthritis, the relationship to work exposures is less clear, although current
data are suggestive. Carpal tunnel syndrome has been linked to individual factors in population-based
studies and in clinical case series. However, in workplace studies where workplace exposures are adequately
quantified, individual factors play a limited role relative to workplace factors (Cannon et al., 1981;
Silverstein et al., 1987; Armstrong and Chaffin, 1979; Franklin et al., 1991; Faucett and Rempel, 1994;
Hales et al., 1994).
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2.1 Introduction

Work and activity-related musculoskeletal disorders (WMSD) have a complex multifactorial etiology
including not only the physical aspects of the activities that people perform but also the psychosocial
aspects. These disorders may involve muscular, tendinous, ligamentous, nervous tissues and include
both acute (overexertion) as well as chronic (overuse) onset. A number of sources of information ranging
from biomechanics, epidemiology, and clinical case series have identified a number of major risk factors
associated with the development of upper limb musculoskeletal disorders. (For reviews, see Stock, 1992
or Hagberg et al., 1995.) These include forcefulness, adverse posture, repetition or continuous activity,
angular velocity and acceleration, or joints and duration of exposure. Plausible biological mechanisms
by which these risk factors may result in disorders of the musculoskeletal system have been proposed.
Despite this, our best evidence points to a complex interaction of physical, psychosocial, and individual
factors in the development of musculoskeletal disorders at work.

An integrated approach to the causation of WMSD helps us understand the many simultaneous and
interacting physical stressors which act on the upper limb during activity. These approaches help form a
bridge between the performance of work and the cellular and other descriptions of the degenerative/
inflammatory processes involved in work and activity-related musculoskeletal disorders. An integrated approach
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also guides us in the construction and evaluation of workplace assessment tools. In the sections which
follow, concepts important to the assessment of the risk factors of force and posture are reviewed prior
to analyzing the features of a number of assessment tools.

2.2 Site and Types of Upper Limb Work-Related Musculoskeletal
Disorders

Terminology describing work-related musculoskeletal disorders (WMSD) has become extremely
convoluted; for example, in the U.S., where the term of preference is cumulative trauma disorders (CTD),
disorders in visual display terminal (VDT) operators are called repetitive strain injuries (RSI). In this
chapter WMSD refers to all disorders of the musculoskeletal system (both upper extremity and low
back and limbs) both to specific tissue as well as nonspecific symptoms and syndromes where associations
with work have been found (cf. Hagberg et al., 1995).

An examination of Figure 2.1 reveals that a large number of types of tissues have been identified as
being affected by work: tendon, muscle, nerve, and joint. The disorders identified are found in a wide
variety of locations in the hand, forearm, arm, shoulder, and neck. How can we possibly devise methods
which will allow us to predict injury risk in such a wide variety of sites and tissues? Fortunately,
quantification of the external loads applied to the upper limb and its posture have been successful in
describing the differences between jobs and tasks with high versus low risks of developing WMSD.
Technically this is known as a low specificity of effect; a specific work factor can cause a number of
different musculoskeletal disorders in a number of anatomic sites (Hagberg et al., 1995). This is likely so
because increasing the external demand, in terms of increased force or frequency of exertion, increases
the demands on most of the tissues (internal) of the arm and shoulder. While this makes the development
of workplace assessment tools simpler, it makes it more difficult to examine causation and the mechanisms
of disorders.

2.3 Risk Factors for Upper Limb Work-Related
Musculoskeletal Disorders

Sources of information ranging from biomechanics, epidemiology and clinical case series have identified
a number of major extrinsic (external) risk factors associated with the development of upper limb
musculoskeletal disorders. These include forcefulness, adverse posture, repetition or continuous activity,
joint angular velocity and acceleration, and duration of exposure. In addition, there are a number of
potentiating factors which are commonly mentioned including, cold, vibration, and use of gloves (Hagberg
et al., 1995). The following sections explore some concepts useful in the quantification of time and
posture.

Time as an Integral Part of Risk Factor Description

The time or frequency characteristics of tasks have typically been described by the term “repetitiveness.”
Unfortunately, this word is so often used and overused as to make such terms as “repetitive job” and
“highly repetitive” almost meaningless. No clear definition of the term is usually offered, which compounds
the lack of clarity.

In general the word is used in three main ways. First, it is used as a qualitative term to describe both
the high frequency of actions as well as the sameness or monotony of the job. Second, it has been used
to describe fast manual work with little apparent rest between movements. Third, repetitive work can be
quantified by the number of parts, efforts, keystrokes or wrist movements/per unit time. Perhaps the
most widely used operational definition of repetitive is that of Silverstein and colleagues: work with a
cycle time of less than 30 seconds or having a repeated sub-cycle lasting more than 50% of the main
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FIGURE 2.1 Schematic of the upper limb showing examples of the sites and tissues potentially involved in work-and
activity-related musculoskeletal disorders: {T} = tendon-related disorders; {N} = nerve-related disorders; {M} = muscle-
related disorders; {V} = vascular disorders.
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cycle was categorized as being highly repetitive (Silverstein et al., 1986). Marras and colleagues have
developed approaches to quantifying the time-varying nature of body motions using angular velocity
and acceleration of both the wrist and trunk which have also been shown to be related to risk of injury
(Marras and Schoenmarklin, 1993; Marras et al., 1993; Schoenmarklin et al., 1994).

It can be noted that many of these definitions rate the frequency of both motions and force generation;
in general, each risk factor has an associated time variation. In addition, the phrase, “repetitive job,”
ignores the various functions of the different parts of the body. For example, a keyboard data entry task is
thought of as repetitive; true, the fingers have a high frequency of movement; however, the forearms,
shoulders, and back have almost constant and unchanging (static) posture and muscle activity. Westgaard
and Winkel have argued that each risk factor should be described by its intensity, time variation, and its
duration (Westgaard and Winkel, 1994; Winkel and Mathiassen, 1994). Ideally, the time dimension should
allow the effects of different work organizations to be predicted: the effects of micropauses, of different
work/rest ratios, of different break schedules, of rotation and work enlargement. At this time our knowledge
does not permit us to deal with this important dimension at more than a rudimentary level. This argues for
research into better ways of characterizing the time-varying nature of the major risk factors.

In the assessment of injury risk, tools must account for one more aspect of time. The estimation of
risk factors which relate either to the highest demand or to some measure of cumulative or average
loading. Despite the common notion that WMSD’s are related to the accumulated exposure over months
or years, i.e., cumulative trauma disorders, there are surprisingly few examples where cumulative exposure-
response relationships have been demonstrated; most associations found are between exposure intensity
and WMSD. For example, Stenlund et al. (1992) found relationships between the cumulative load lifted
and arthrosis of the acromioclavicular joint in the shoulder, and Kumar (1990) found that workers with
back pain had higher cumulative loads on the spine. In a similar manner, long periods in non-neutral
postures have been associated with back pain (Punnett et al., 1991). Relationships have also been found
for maximum loads; for example, one of the stronger predictors found by Marras et al. (1993) for low
back pain was from maximum hand load.

Posture as a Risk Factor

Postures of the limbs and trunk have a long history in characterizing tasks because, unlike many other
risk factors, they are often observable and quantifiable without instrumentation. Posture is an important
element of task analysis because it can be related to a number of injury mechanisms. In general, posture
can give information about four kinds of stressors on the musculoskeletal system. First, if a limb segment
is inclined with respect to the line of gravity a joint moment of force is required about the proximal end
with the necessity for muscular or ligamentous forces to support it. Second, a joint angle close to the end
range of motion (“extreme” posture) will load ligaments and may compress blood vessels and nerves.
Third, joint angles away from the joint’s optimal working range will change the geometry of the muscles
crossing the joint, possibly impairing the optimal functioning of joints or tendons around the joint.
Fourth and last, the change (or lack of change) in posture may be used to characterize the frequency
(repetitiveness) or the static nature of the task.

Posture as a Predictor of Joint Moment of Force

As the previous section illustrated, the joint moment of force gives important insights into tissue loads.
As body segments deviate from the vertical, the ever-present force of gravity acts on the mass of the body
segment: the “hidden load” of the arm mass about the shoulder and particularly the trunk mass about
the low back are important, especially in sedentary tasks where the posture may be maintained for
substantial periods of time. This is frequently termed postural load. If weights are held in the hand, a
moment is usually created by the load in non-neutral postures.

“Extreme” Posture as a Predictor of Soft Tissue Loads

Usually the extremes of a joint’s motion are constrained by ligaments: use of extreme posture during
work may not be desirable. For example, in the low back during “stoop” lifts, flexion of the lumbar
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spine creates tension in the posterior ligaments of the spine, and in many people a “flexion relaxation”
phenomenon is seen whereby the extensor muscles of the spine become inactive and the ligaments
support the moment (McGill and Norman, 1993). The drawback and potential risk in this for low back
injury is that if there are unexpected loads or slipping, the only structures which can support the extra
loads are the ligaments. If the posture is held for long periods of time, for example in steel reinforcement
workers or gardeners, creep of the spinal ligaments and a change in the stability of the spine may result.

Joint Posture and Optimal Musculoskeletal Geometry

For each joint there is a range of posture which minimizes possible adverse features of work and which
allows effective force application with minimum fatigue and injury potential. Even before an “extreme”
posture is reached, there are changes in the function of the musculoskeletal system which usually make
the postures less than optimal and which may elevate tissue loads.

For example, at the wrist, extension of greater than about 30 degrees increases intracarpal pressure,
even in normal people, above 30 mmHg (Rempel et al., 1995). This pressure, if maintained for substantial
periods of time, likely decreases microcirculation of the structures in the tunnel, including the median
nerve. This may be one of the mechanisms by which work activities cause carpal tunnel syndrome.
Another example at the wrist involves grasping a small object with the wrist in flexion. This can require
large effort, and forcing the wrist into maximal flexion will usually cause the object to be dropped. This
is the basis of a number of actions in self-defense. This example shows that nonoptimal postures require
higher efforts to perform a given task. Large deviation from approximately neutral postures can also
affect blood supply: looking upward, as during the picking of fruit, can compromise cerebral blood flow
especially if coupled with neck twist (Sakakibara et al., 1987).

Each joint has an optimal position for different work activities; it is often near the midpoint of the
range of motion, but this rule has sufficient exceptions to make it unreliable. For example, the knee
functions very well close to the extreme straight position during most locomotor tasks.

Change of Posture

Work involves changes in posture, and the changes can be used to quantify the frequency of movements.
Frequency of activity is described further in a later section. If postures do not change for long periods of
time, such as shoulder and trunk posture during computer (VDT) work, the task may be called static.

Force as a Risk Factor

Despite the existence of a large number of external risk factors (Figure 2.2), it can be argued that the
final common pathway by which work causes or contributes to the development of WMSD is force.
External loads and postures give rise to “internal exposures” in the tissues of the upper limb. Thus a
fingertip force may give rise to tensile force in the finger flexor tendons; simultaneous wrist flexion
stretches the wrist and finger extensors, increasing their passive tensile force (Keir et al., 1996); the wrist
flexion also increases the hydrostatic pressure in the carpal canal. These forces have a different effect on
each tissue which will be discussed in more detail shortly.

Externally we may wish to measure the force required or the force exerted by the hand (which may be
considerably more, depending on the friction and size of the object). We may wish to measure the
absolute force or the force relative to an individual’s capacity.

It can be seen that posture is most frequently a modifier of or a predictor of the loads experienced by
the tissue. The foregoing shows why posture is such a valuable measure of workplace risks: only when
external loads are applied is it of limited use in workplace evaluation. The internal exposure to force,
however, remains central; other risk factors affect this directly or indirectly.

2.4 Integrated Approach to Evaluate Potential for Upper Limb WMSD

Figure 2.2 illustrates an integrated approach to evaluate the potential for upper limb WMSD: the
“external” factors of force, posture, time variation (repetitiveness), and duration of exposure act on the
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FIGURE 2.2 Tllustration of the distinction between “external exposures” to the body and “internal exposures” to
individual tissues. Under each tissue some of the measures for evaluating the potential for developing work-related
musculoskeletal disorders are listed.

musculoskeletal system. These create “internal exposures” to the tissues of the body. It is these internal
exposures which stress the individual tissues and which must be resisted: it is at this level which injury
mechanisms can be tested using histological, physiological, or electrophysiological techniques. For
example, through the use of external forces (An et al., 1987) and limb accelerations (Marras and
Schoenmarklin, 1993) moments of force at the elbow during work can be predicted. Because the
musculoskeletal system is mechanically indeterminate, i.e., there are more force-producing structures
than equations of equilibrium to describe the system, analysis to predict the load in the individual tissues
demands either that assumptions be made concerning how muscles are recruited be made or some
criterion measure is minimized through optimization approaches (An et al., 1987; Wells et al., 1995). In
addition, through the incorporation of the biological materials properties the response of the tissue to
load can be grossly predicted. The models available to study activity-related musculoskeletal disorders
are in preliminary stages of development. This is complicated by the lack of a good animal model of
these disorders and the delicate balance of physical strain and restorative responses.

In general these “internal exposures” are the subject of laboratory-based research rather than workplace
assessment, but they are important because they help us conceptualize the best external variables to
measure and the best way in which to evaluate them. For example, in the depiction of manual material
handling tasks to elucidate the link between work and low back pain, one could describe the load lifted
by a person, and separately, the distance away from the body of this mass. It has been found more useful
to compute the joint moment; the product of the force and the distance (Marras et al., 1993). This is
done based on a biomechanical model which demonstrates that tissue loads (internal exposures) are
better reflected by moment than either load or posture separately. Similar arguments can be made at the
shoulder.

Figure 2.3 depicts a conceptual model of the factors influencing the development of work-related
carpal tunnel syndrome. The pathways indicated a way in which the multiple demands of work may
combine to reduce or elevate potential for trauma to the tissue. Take, for example, work in the cold with
a vibrating tool; gloves will also likely be worn. The diagram illustrates how the presence of gloves may
increase grip force; the presence of cold and vibration may decrease tactile sensation and further increase
grip force.
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FIGURE 2.3 Conceptual model of the relationship between external risk factors and the development of carpal
tunnel syndrome due to both compression of the median nerve by the flexor tendons and changes in carpal tunnel
geometry due to posture alone. Across the center are listed the major (external) risk factors of force, posture and
time. Below are listed risk factors which may elevate the effect of these primary factors, and above are noted possible
pathways by which the external exposures (risk factors) create internal exposures that could plausibly lead to the
development or aggravation of CTS. Many additional factors can alter the forces in the flexor tendons such as the
grip type, number of digits used, and the angular acceleration of the wrist. Lack of skill may lead to poorer postures,
higher grip forces, or increased coactivation of muscles, more movements to perform a given task, or jerkier (higher
acceleration) motions.

Building on this concept, Moore et al. (1991) described an integrated approach using biomechanical
modeling to predict internal exposure variables likely related to injury. This is achieved by the synthesis
of posture, force, movement, and muscle loading data. The model produced a profile of measures for
use in industrial settings, that reflect the loading on the different tissues affected by WMSD (nerves,
tendons, muscles) and the different loading mechanisms (e.g., highly static postures, repeated extreme
postures, dynamic movements). The measures involve continuous monitoring of hand/wrist postures,
forces, and muscle activations (electromyographic signals) over the duration of the task both in the arms
and shoulders. Using the previously described measures as input to a biomechanical model of the forearm
and hand, a profile of 12 risk factors was created which characterized the demand of the task on the
distal upper limb. The 12 variables were: peak tendon force, cumulative tendon force, camulative tendon
excursion, peak tendon excursion velocity, average pressure on the flexor retinaculum (and thus the
median nerve), peak pressure on the flexor retinaculum, cumulative pressure on the flexor retinaculum,
cumulative frictional work on the flexor tendons, peak frictional power, and three measures of the
flexor myographic signal, the 10th or static, 50th, and 90th percentiles of the amplitude probability
distribution function (APDF).

The models above integrated information from anatomical, biomechanical, and epidemiological studies
to produce a profile of measures to characterize tasks and which reflected injury mechanisms for different
tissue types. These will now be briefly reviewed.

Approaches to Investigating Tendon Disorders

Etiologically, reduced lubrication between tendons and tendon sheaths due to excess relative movement
has been suggested in tenosynovitis (Rowe, 1987) while high peak loads and cumulative strain have been
suggested for tendinitis (Goldstein et al., 1987). Norman and Wells (1990) have proposed a model for
assessment of tenosynovitis which was operationalized by Moore et al. (1991). This is seen in Figure 2.4.
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FIGURE 2.4 Conceptual model of the relationship between external risk factors and the development of tenosynovitis.
Across the center are listed the major risk factors of force and posture. Below are listed risk factors which may
elevate the effect of these primary factors, and above are noted possible pathways by which the external exposures
(risk factors) create internal exposures that could plausibly lead to the development or aggravation of tenosynovitis.
Many additional factors can alter the forces in the flexor tendons, such as the grip type, number of digits used, and
the angular acceleration of the wrist. (Adapted from Norman, R.K. and Wells, R.P. 1990. Biomechanical aspects of
occupational injury, Proceedings of the 23rd Annual Conference of the Human Factors Association of Canada. With
permission.)

In this approach the frictional work done by the tendon sliding through its sheath is calculated. One
type of frictional work is present due to a “belt-pulley” interaction when the wrist deviates from a
straight position (Armstrong and Chaffin, 1979). In addition to this type of frictional work, it is suggested
that a non-negligible resistance to movement is present to move the tendons through the carpal tunnel
even in the straight position. Estimates from the work of Goldstein et al. (1987) and Smutz et al. (1995)
put this resistance at around 5N in the neutral position. Excursion of the tendons at the wrist (caused by
finger and wrist movement) in both deviated, and straight postures will therefore create an energy input,
possibly beyond the recovery capability of the tissue.

Approaches to Investigating Nerve Disorders

Insult to the median nerve, whether due to increased hydrostatic pressures in the carpal canal (Rempel et al.,
1995) or due to mechanical insult upon the nerve by overlying tendon (Keir and Wells, 1995), has often been
suggested as a likely mechanism of work-induced carpal tunnel syndrome. More controversially, it may be
caused by hypertrophy or edema of the synovial sheaths and thus be secondary to tenosynovitis.

Mechanical stress to the median nerve can be predicted by modified belt-pulley models of the wrist
and is an output of a biomechanical model (Moore et al., 1991). Hydrostatic pressures are measurable
using in vivo and in vitro techniques (Keir and Wells, 1995).

Methodological Approaches to Predicting Muscle Disorders in the Upper Limb

Recent clinical findings have suggested that forearm muscle pain may be an overlooked problem in
studying work-related chronic musculoskeletal injuries (Ranney et al., 1995). While work-related muscle
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pain is well accepted in the shoulder area (e.g., Veiersted et al., 1993), pain in the forearm is usually
attributed to tendinitis or epicondylitis. The major approach to investigating muscle-related occupational
disorders is electromyography. Jonsson (1982) described a technique in which the frequency of any
particular level of EMG occurring is calculated. From this, an amplitude probability curve is developed.
The static level describes the ability of the muscle to rest at least 10% of the time and 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. While this is a
useful technique for quantifying muscle usage throughout the duration of a task, it gives no indication
of the duration of each rest pause, i.e., 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 (an EMG “gap” is defined as a muscle activation of less than 0.5%
MVC lasting for more than 0.2 seconds), and it appeared that people with pain had fewer gaps. More
recently it has been shown that workers likely to require neck/shoulder sick leave can be predicted from
measures of “gap” frequency (Veiersted et al., 1993).

2.5 Workplace Assessment Tools

Scope of Workplace Assessment Tools Reviewed

The previous sections have described some of the main risk factors which increase the risk of developing
upper limb musculoskeletal disorders and how these risk factors may produce internal exposures to
tissues of the body potentially leading to premature fatigue or WMSD. It falls to this section to describe
and review some of the tools in the literature which have been developed to assess workplace risk of
WMSD. Tools included met two conditions: (1) the tool or method not only recorded risk factors but
rated them and (2) rated the injury risk to the upper limbs or the intervention priority.

The workplace assessment tools reviewed fell into two main categories: those using mainly
observational methods to identify, rate, and combine a number of risk factors to produce an estimate of
risk for upper limb musculoskeletal disorders (e.g., Strain Index) or intervention priority (e.g., RULA)
and which are often suggested as screening tools, and those which measured (sometimes called technical
methods) the time course of a more complex risk factor (e.g., the trapezius electromyogram) and produced
an estimate of risk. The tools are described in Table 2.1 and evaluated on a number of criteria which are
important either from a conceptual, measurement, or usability viewpoint. The following sections describe
these criteria.

Stated Purpose

The tools can only be reviewed on the basis of the stated purpose; this purpose differed between the
tools. For example, the RULA output is in terms of an intervention priority, whereas trapezius EMG has
been associated with neck/shoulder musculoskeletal sick leave. Some tools were designed for screening
purposes whereas others were intended to produce more definitive analyses. The precise area of the
body for which the tool predicts risk also differs between tools and methods; for example, RULA has
upper limb and trunk scores and defines an intervention priority based upon the combined whole body
score, whereas the Strain Index is specific to the distal upper limb.

Input Variables

As noted in the previous sections, there is a wide range of potential stressors for the upper limb; how
many there are and how they are measured is important information concerning the potential
generalizability of the method. The handling of the time-varying nature of the risk factors is, to this
author, of prime importance both for its usefulness and its ability to answer the frequently asked questions
concerning line balancing, job rotation, and break schedules. The inputs are described by the forces and
postures adopted, the characterization of their time course, as well as the treatment of other risk factors.
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The tools differed considerably in their treatment of the time course of the input variables; some used
only a single instant while others used mathematical or electronic processing to extract information
about the time variation of the risk factor.

Rating of Individual Risk Factors

As previously noted, only tools which evaluated the size of the risk factor(s) have been reviewed here;
how this is done and the quality of this assessment is key to the usefulness of the tool. It is difficult to
imagine any work without some risk factors present and one can quickly fall into the mindset that work
is inherently dangerous and the observation of a bent wrist during work implies hazard. A distinction is
made in industrial hygiene between toxicity and hazard. Benzene is highly toxic, yet if used infrequently
where the concentration is small (a person’s exposure is low), the hazard is small. Similarly, even for
wrist flexion close to an individual’s range of motion (ROM), the risk is also low if the motion is
infrequent. In fact the adoption of “extreme postures” for short periods of time is probably beneficial;
they are called stretch breaks.

A number of approaches are seen ranging from statistical treatments based on epidemiological studies
to expert and consensus judgments. For single risk factors epidemiological approaches are possible;
however, some element of expert judgment becomes necessary to “fill-in” the holes in the epidemiological
literature.

Combination of Risk Factors

Very few epidemiological studies allow the interactions of a number of risk factors to be examined. For
example, Silverstein and colleagues did study a simple 2 x 2 interaction of force and repetitiveness
(Silverstein et al., 1986), while the psychophysical approach allows combinations of multiple dimensions
to be rated. These studies are not common and so the majority of studies combine rating of the individual
risk factors with additive or multiplicative models to arrive at a risk estimate.

The combination of risk factors to produce an estimate of risk is perhaps the most difficult issue in
workplace evaluation and tool construction. Should the individual risk factor ratings be added or
multiplied or even considered completely separately? For example, in evaluating the risk of low back
pain on a job one could measure the risk factor of posture and load separately. Does one add the
posture and load score or multiply them? Biomechanical models indicate that multiplying the load
and its moment arm about the low back (in effect, posture) gives the low back moment of force (or
torque). This has been found to give the best single prediction of low back pain risk (Marras et al.,
1993). Clearly the integrated approach advocated here uses biological and mechanical arguments to
help in this decision.

In industrial hygiene exposure levels are considered separately except when the agent of interest has
the same target organ or pathway. For example, in a given job there is exposure to work overhead and
hand/arm vibration from a hand tool. Does this mean the job has two risk factors which need improvement
or is there more risk than if either of these exposures occurred separately? The first approach is supported
by different target “organs,” the shoulder and forearm, while the low specificity of effect (Hagberg et
al., 19935) could argue for the second interpretation.

Based on the discussion of the importance of time as a descriptor of risk factors, it would appear that
time must be considered along with the primary risk factor, force. In some cases both force and posture
are considered and in these cases, both force and posture may be considered with their time variation. In
some cases posture may be used as a surrogate of force and in such cases its time variation must be
considered. In all these cases, this may be done additively or, more commonly, multiplicatively (cf.
NIOSH, 1981; Moore and Garg, 1995).

Definitive answers to the above conceptual issues are not available, and so the magnitude of the total
score calculated and its relation to risk must be cautiously interpreted. In the case of tools whose purpose
is to calculate intervention priority, these questions are not as critical because the scores are used as a
summary of the size of the individual risk factors and their number combined.
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Equipment Required

The equipment required is important in the choice of a tool; some methods utilize observations of work,
while others use various “technical” methods, such as electromyography or goniometry, in the
measurement process. This obviously affects the time and cost of the assessment. While it is sometimes
heard that ergonomics assessments must be simple and cheap, the value of more costly yet precise
technical measures with epidemiologically determined relationships to risk must not be undervalued.
The time, training required, and cost of using the tools are rarely reported.

Measurement Characteristics

The tools developer can arrive at an estimate of risk in a large number of ways; what is important,
however, is the quality of the tool’s predictions. This can be assessed in terms of the measurement
characteristics and validity. The measurement characteristics refer to such qualities as intra-observer
reliability (or test-retest reliability) as well as inter-observer agreement or reliability. A tool with poor
reliability will be of limited usefulness. It may still, however, be able to distinguish jobs with many risk
factors and high risks from those with few risk factors and low risks, but it may not reliably distinguish
between jobs with less extreme contrasts. Good measurement characteristics become of even greater
concern if the tool is used for guidelines or legislative purposes.

Validity

The term validity can be used in a number of senses. Content validity refers to the completeness of the
assessment. Questions such as “are all important risk factors rated” are asked here. Most tools reviewed,
however, used some variant of criterion-related validity. The output of the tool was compared to some
health-related output on jobs or individuals. The stated purpose is important here in evaluating the
appropriate comparisons.

Study Base/Generalizability

It is not possible to test a tool under all possible conditions; the range of workplaces used to develop and
test the tool are useful in judging the applicability of the tool to a given target workplace. For example,
it is likely problematic to use a tool developed in an office environment to apply to a construction site.

Proposed Limit of Guideline Level?

Although not universal, many of the tools produced some recommendations or guidelines in terms of
the score or output of the tool. A number of tools have screening as their stated purpose. In this case a
two-(or more) step process is assumed, and those jobs exceeding some criterion score are further analyzed.
In this case a high sensitivity is desirable; a moderate number of “false positive” findings are accepted so
as not to miss potentially risky jobs in the first step.

For those tools whose purpose is to define risk, it is unreasonable to imagine that a single threshold
divides risky jobs from non-risky ones. Where the risk of developing various WMSDs has been produced
against a continuous exposure measure, it has been found that the risk increases steadily from the
nonexposed state, i.e., there is no obvious step or threshold evident (e.g., Punnett et al., 1991). The
threshold chosen is then dependent on the increased risk which is to be accepted (a societal judgment).
While a guideline value can be useful in the interpretation of an instrument’s score, the measurement
characteristics (the validity and the generalizability) of the tool must be of high quality before reliance
can be placed on these recommendations.

Information for Intervention

The assessment of risk is but one step in process of workplace improvement; a good tool provides
direction on which risk factors need addressing and also provides material and suggestions for solutions.
Ideally, it might also allow “what if” scenarios to be explored and predict what the level of risk will be
for the new combination of risk factors.



2-18 Occupational Ergonomics: Engineering and Administrative Controls

Limitations

No tool is perfect; the limitations of a given tool need to be understood, however, so that undue reliance
on the output is not made where the tool’s predictions are likely not to be of high quality. Each tool
could have a large number of limitations; the focus of this section is on major areas where the predictive
power of the tool is suspect or untested.

2.6 Summary

This chapter has reviewed some concepts important in the measurement and evaluation of the major
risk factors for the development of WMSDs in the upper extremity. An “integrative” approach is followed
whereby anatomical, physiological, and biomechanical information is used to conceptualize upper limb
function and as a possible means to learn how work might cause WMSDs. These concepts are then used
to inform a review of some of the major upper limb workplace evaluation tools; each has different
purposes, strengths, and weaknesses. As these tools are further developed, the framework used in this
chapter should provide a springboard from which the reader can assess existing and new tools in the
light of their needs and available resources.
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3.1 Introduction

The purpose of this chapter is to explain the biomechanical etiology of cumulative trauma disorders
(CTDs) that affect the hand, wrist, elbow, and shoulder. The assumption that these CTDs are caused, in
part, by work-related activity is based on biomechanical mechanisms that are consistent with
epidemiological findings. CTDs affect the soft tissues in the body, namely tendons, ligaments, muscles,
and nerves, and in general not bone tissue. Although some authors include bone tissue within the umbrella
of CTDs (Kuorinka and Forcier, 1995), this chapter will focus only on those CTDs affecting soft tissue.
A brief description of the anatomy of the upper extremity will be provided to familiarize the reader with
anatomical terms. Then the three major classes of CTDs, namely those involving muscle, the muscle-
tendon unit, and nerve compression, will be discussed.

3.2 Anatomy of the Upper Extremity

Skeletal System

The bones of the upper extremity, which are illustrated in Figure 3.1, are of two types, long and short
bones. The long bones connecting the shoulder to the elbow (humerus), the elbow to the wrist (radius
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Finger Phalanges

FIGURE 3.1 The long and short bones of the right upper extremity. (From Basmajian, J.V. 1982. Primary Anatomy,
8th edition, p. 57, Williams and Wilkins, Inc. With permission.)

and ulna), and the wrist to the fingers (metacarpals and phalanges) are adapted for weight bearing and
for sweeping, speedy movements that allow the hand to move in space and grasp and touch objects
(Rasch, 1989). The movement of the radius (thumb side) around the ulna (little finger side) in the
forearm permits the hand to be turned up (supination) or down (pronation), as illustrated in Figure 3.2.
The proximal and distal parts of the long bones display flared ends that act as attachment points for
other bones and for connective tissue, such as tendons and ligaments.

The cluster of small cubical bones comprising the wrist are the eight carpal bones, which are categorized
as short bones (Rasch, 1989). The carpal bones move with respect to each other to flex (palm side) and
extend (back side of hand) the wrist joint, while also allowing the wrist to move side to side, from a neutral
position to radial deviation (thumb side) and to ulnar deviation (little finger side), as shown in Figure 3.3.

Muscular System

The muscles of the body are the generators of internal force that convert energy chemically stored in the
body into mechanical work (Rasch, 1989). Skeletal muscle, also called striated muscle, is composed of
longitudinal fibers that follow the direction in which a muscle exerts a force, as seen in Figure 3.4. A
muscle is like a rope in that it can only pull or exert a force in tension, and it cannot push or exert a
weight-bearing force (compression force). As shown in Figure 3.5, a muscle exerts a tensile force by
contracting its thread-like fibers, which shortens the length of the muscle and in fusiform muscles creates
a bulge at its center.
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Pronation

Supination

FIGURE 3.2 The forearm in a pronated and supinated posture. (From Marklin, R.W. original artwork. With
permission.)

NEUTRAL

FLEXION

DEVIATION NEUTRAL

ULNAR DEVIATION

FIGURE 3.3 Postures of the wrist in the flexion-extension and radial-ulnar planes. (From Putz-Anderson, V. 1988.
Cumulative Trauma Disorders: A Manual for Musculoskeletal Diseases of the Upper Limbs, p. 54, Taylor & Francis.
With permission.)
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FIGURE 3.4 A photograph of the left shoulder muscles from a cadaver, as seen from the side. (From McMinn,
R.M.H. and Hutchings, R.T. 1977. Color Atlas of Human Anatomy, p. 113, Year Book Medical Publishers, Inc.,
Chicago, IL. With permission.)

At
_rest Comractirﬁg

FIGURE 3.5 The shortening of a muscle as it contracts, generating a pulling force. (From Basmajian, J.V. 1982.
Primary Anatomy, 8th edition, p. 113, Williams and Wilkins, Inc. With permission.)

The muscles that flex and extend the elbow, which are shown in Figure 3.6, are the biceps and
triceps. The group of muscles that flex and extend the wrist are the forearm flexors and extensors, as
shown in Figure 3.7. The flexors and extensors located on the thumb side of the forearm also radially
deviate the wrist; likewise, the forearm flexors and extensors on the little finger side of the forearm
ulnarly deviate the wrist. The muscles in the forearm, which are the primary generators of hand pinch
and grasp forces, are called extrinsic muscles, while the much smaller muscles located within the hand
are called intrinsic muscles. One of the main functions of the intrinsic muscles in the hand is to cooperate
with the extrinsic muscles to generate hand movements that require dexterity and fine motor control.
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A) Front of Right Arm B) Back of Right Arm

FIGURE 3.6 The muscles that flex (a) and extend (b) the elbow. Figures (a) and (b) are the front and back views of
the right arm, respectively. (From Van de Graaff, K.M. and Rhees, R.W. 1987. Human Anatomy and Physiology, p.
107, Schaum’s Outline Series, McGraw-Hill Book Co. With permission.)

Connective Tissue and Carpal Tunnel

As shown in Figure 3.7, the extrinsic muscles of the forearm are attached to the fingers with strong cord-
like collagen structures called tendons. The tendons attached to the flexor and extensor forearm muscles
are constrained within the wrist area by thick bands called the flexor retinaculum and extensor retinaculum,
as illustrated in Figure 3.8. The flexor and extensor retinacula are ligaments that attach carpal bones on
one side of the wrist to bones on the other side. The flexor retinaculum and carpal bones form a canal
called the carpal tunnel, through which nine tendons from the forearm flexor muscles and the median
nerve pass, as shown in Figure 3.8. As the flexor tendons course through the carpal tunnel on their way to
the fingers, they travel through a network of synovial sheaths, as shown in Figures 3.9 and 3.10. These
sheaths reduce the friction between the tendons and their adjacent structures as they wrap around tendons
in articulating joints of the wrist and fingers. The structure of a synovial sheath is an elongated and double-
walled bursa that contains synovial fluid, as illustrated in Figures 3.11 and 3.12. The inner wall of the
sheath is attached to the tendon, and the outer wall is attached to a fibrous sheath moored to a bone or
ligament. The inside surfaces of the sheath’s inner and outer walls are lined with synovial fluid, which acts
as a lubricant as the tendon traverses inside the tunnel formed by the fibrous sheath.

Nervous System

The primary purposes of the peripheral nervous system (PNS), which serves voluntary skeletal muscles
of the extremities, head, neck, and torso, are first, to receive sensory information from outlying parts of
the body and relay this information to the central nervous system (CNS), which consists of the brain and
spinal cord. The second major purpose of the peripheral nervous system is to send motor signals that
activate muscles in the outlying area(s) in response to the sensory input. Of the several nerves traveling
through the arm, the nerve most often associated with CTDs is the median nerve. As shown in Figure
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FIGURE 3.7 The muscles that flex (a) and extend (b) the wrist. Figures (a) and (b) are the front and rear views of the
right arm, respectively. (From Van de Graaff, K.M. and Rhees, R.W. 1987. Human Anatomy and Physiology, p. 109,
Schaum’s Outline Series, McGraw-Hill Book Co. With permission.)
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FIGURE 3.8 Cross-sectional anatomy of the wrist. The area highlighted is the carpal tunnel. (From Chaffin, D.B.
and Andersson, G.B.J. 1991. Occupational Biomechanics, 2nd edition, p. 240, John Wiley & Sons Publishers. With
permission.)
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FIGURE 3.9 The system of synovial sheaths that lubricate the flexor tendons as they bend around the wrist and
finger joints (palmar view of the right hand). (From Basmajian, J.V. 1982. Primary Anatomy, 8th edition, p. 158,
Williams and Wilkins, Inc. With permission.)
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FIGURE 3.10 A magnified end view of a muscle, tendon, sheath, and bony attachment point. (From Putz-Anderson,
V. 1988. Cumulative Trauma Disorders: A Manual for Musculoskeletal Diseases of the Upper Limbs, p. 12, Taylor
& Francis. With permission.)
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Synovial
covering
of tendon

FIGURE 3.11 Structure of a synovial sheath. An area of the sheath has been cutaway to expose its double-walled
structure. Synovial fluid lines the inside of the sheath’s inner and outer walls and reduces friction as the tendon
moves within its tunnel. Note: normally the tendon fits snugly in its tunnel, but is shown having a loose fit in this
figure for illustration purposes. (From Basmajian, J.V. 1982. Primary Anatomy, 8th edition, p. 119, Williams and
Wilkins, Inc. With permission.)

FIGURE 3.12 A bursa, which is a collapsed bag of connective tissue filled with synovial fluid, forms whenever a
tendon rubs against a hard structure, such as a bone. (From Basmajian, J.V. 1982. Primary Anatomy, 8th edition, p.
118, Williams and Wilkins, Inc. With permission.)

3.13a, the median nerve starts at the shoulder, provides motor inputs to muscles in the forearm and
thumb region, and provides sensory feedback from the palm region and from the thumb to the center of
the ring finger. The median nerve is the “nerve of precision” because it supplies motor function to the
extrinsic muscles in the forearm that flex the fingers and the intrinsic muscles in the thumb that exert a
precision grip (Feldman et al., 1983). Figure 3.14 indicates the sensory regions of the hand served by the
median nerve and the radial and ulnar nerves, which travel down the radial and ulnar sides of the
forearm, respectively, as illustrated in Figures 3.13b and 3.13c. The radial nerve is the “nerve of stability”
because it innervates the forearm extensor muscles that oppose and stabilize the precision and power
muscles on the forearm’s flexor side. The ulnar nerve is the “nerve of power” because it innervates the
muscles that provide wrist flexor power, but little precision (Feldman et al., 1983).



Biomechanical Aspects of CTDs

(a)

3-9

(b) Posterior Axillary

cord nerve
Teres minor
Radial nerve Deltoid
Tricep Upper lateral
(long head) cutaneous of arm
Posterior cutaneou.
S arm |— Triceps
(lateral head)
Triceps
(medial head) — Lower lateral
cutaneous of arm
Anconeus:
Brongior Brachioradialis
|.’ toves Extensor carpi
radialis longus
Flexor ng
carpi
radialis Extensor carpi
Supinator radialis brevis
Ei . Palmaris
exor pollicis fongus 3 Medial Posterior cutaneous
longus superficial of forearm
_Flexcr extensors
digitorum
superficialis
4 Deep_ Superficial
Flexor out-cropping radial
digitorum muscles
profundus
(lateral %)
Dorsal
digital
2 Lumbricales DENENe.

Digital
cutaneous
(3% digits)

FIGURE 3.13 a) Front view of the paths of the median nerve as it travels down the right upper extremity. b) Rear
view of the paths of the radial nerve. c) Front view of the paths of the ulnar nerve. (From Basmajian, J.V. 1982.
Primary Anatomy, 8th edition, p. 340, Williams and Wilkins, Inc. With permission.)

3.3 Work-Related Muscle Disorders

After frequent or prolonged contractions, a muscle can feel painful for a relatively short period of time
and recover to full function, or it could develop a more serious chronic condition. If the pain disappears
after a relatively short period of time, the cause was probably temporary fatigue of the muscular tissues.
However, if the pain persists, the worker could have developed a muscle CTD.

The medical term describing muscle pain is 72yalgia, which includes a few specific muscle pain syndromes.
Myalgia can occur after vigorous or unaccustomed exercise, and also from work-related activity. A worker
can develop a myopathy called myofascial syndrome, which is characterized by “the presence of one or
more discrete areas (or trigger points) that are tender and hypersensitive and from which pain may radiate
when pressure is applied” (Kuorinka and Forcier, 1995, p. 81). Myofascial syndrome could be associated
with work-related activity, and a common work-related myofascial syndrome is tension neck syndrome
(also called shoulder-neck myofascial syndrome). Tension neck syndrome is a myofascial syndrome localized
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FIGURE 3.14 Sensory regions of the right hand served by the median, radial, and ulnar nerves. (From Basmajian,
J.V. 1982. Primary Anatomy, 8th edition, p. 341, Williams and Wilkins, Inc. With permission.)
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FIGURE 3.15 A typical stress-strain curve of a tendon. (From Abrahams, M. 1967. Mechanical analysis of tendon
in vitro: A preliminary report, Med Biol Eng, Vol. 5, p. 435. With permission.)

in the shoulder and neck region with tenderness descending into the trapezius muscle. Occupational
groups cited in the literature that have been associated with high rates of tension neck syndrome are
those requiring repetitive arm movements and constrained postures (Kuorinka and Forcier, 1995).
The pathogenesis of myofascial syndromes is unknown; however, several hypotheses have been offered
in the literature, which include a lower capillary-to-fiber ratio for the slow twitch fibers (Type I), severe
depletion of ATP in the muscle, and dysfunctional energy metabolism (Kuorinka and Forcier, 1995). For a
more thorough discussion of muscle CTDs, the reader is referred to Kuorinka’s and Forcier’s (1995) book,
which has a comprehensive description and discussion of biomechanical mechanisms of muscle CTDs.

3.4 Biomechanical Aspects of Muscle-Tendon Disorders

As a muscle shortens during contraction and lengthens during stretching, its tendon acts like a rope and
transmits the muscle force to the bony attachment site. As a tendon moves with a muscle, the length of the
tendon does not necessarily stay constant. A tendon has elastic properties and is analogous to a rubber
band. The muscle force applied to the tendon is a tensile force, which is commonly converted to the units
of stress (force divided by cross-sectional area of tendon). As the tensile force increases, the tendon elongates,
which is measured by strain (the percentage of change in length). Figure 3.15 shows a typical stress-strain
curve of a tendon with its three characteristic regions (Abrahams, 1967). In Region 1, the crumpled collagen
fibers of a relaxed tendon merely straighten under negligible loads. Then, as the tensile force increases, the
tendon passes through the “toe” region (region 2), and then has a linear relationship between stress and
strain in region 3. Although the tendon can elongate up to 5% strain before onset of failure, normal
tendon strain is below 3% (Abrahams, 1967; Elliott, 1965; Rigby et al., 1959).

The loading and unloading of a tendon can change its elastic properties depending on whether the
tensile force is increasing or decreasing. As shown in Figure 3.16, the amount of stress required to
elongate a tendon to a specific strain level is greater when a tendon is loaded (increase in tensile load)
then when it is unloaded (decrease in tensile load). This change in stress-strain curve is called hysteresis,
which results from a loss of energy, probably as heat, during the unloading phase (Moore, 1992).

Several CTDs reported in the literature occur at sites where a tendon wraps around a deviated joint.
As a muscle contracts and moves its tendon accordingly, the tendon can rub against its adjacent surface,
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FIGURE 3.16 The stress-stress curve of a tendon depends on whether the tensile force is increasing or decreasing.
The difference in the stress-strain curves is called hysteresis. The units of stress and strain are N/mm? and % elongation,
respectively. (From Moore, J.S. 1992. Function, structure, and responses of components of the muscle-tendon unit,
in State of the Art Reviews in Occupational Medicine, Vol. 7, No. 4, p. 721. With permission.)

usually a bone or ligament, as a rope rubs against a nonrotating pulley. Likewise, when the muscle
lengthens, the tendon moves in the opposite direction against its adjacent structures. In the wrist area,
the repetitive rubbing of the tendons against the carpal bones and flexor retinaculum can cause CTDs
known as tendinitis and tenosynovitis, which are inflammation of the tendon and its sheath, respectively.

Based on Landsmeer’s (1962) model, Armstrong and Chaffin (1979) developed a static model of a
tendon wrapping around a joint. Figure 3.17 depicts Landsmeer’s model of a tendon, which is analogous
to a rope bent around a nonrotating pulley, and Figure 3.18 illustrates the Armstrong and Chaffin
(1979) model as a reasonable representation of Landsmeer’s model. When the wrist is flexed, the flexor
tendons bend around the flexor retinaculum that is assumed to have a constant radius. When the wrist
is extended, the flexor tendons are supported on the dorsal side by the carpal bones that are assumed to
have a constant radius. Armstrong and Chaffin (1978) found that the radius in a flexed posture is larger
than in an extended posture.

The arc length of the tendon wrapping around the pulley is defined in Equation (3.1).

X=Rx0 (3.1)

where

X = tendon arc length around pulley (mm)

R = radius of curvature of supporting tissues (mm)

0 = angle of deviation of wrist from neutral (in radians)

The reaction forces acting normal to the tendon are shown in Figure 3.18 and defined in Equation (3.2).

F,=(F xe*) R (3.2)

where
F, = normal supporting force per unit of arc length (N/mm)
F, = average tendon force in tension (N)
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FIGURE 3.17 Landsmeer’s (1962) model of a tendon wrapping around a joint. (From Chao, Y.S., An, K.N., Cooney,
W.P, and Linscheid, R.L. 1982. Biomechanics of the Hand: A Basic Research Study, p. 15, Biomechanics Laboratory,
Department of Orthopaedic Surgery, Mayo Clinic/Mayo Foundation, Rochester, MN. With permission.)

p = coefficient of friction between tendon and supporting synovia
6 = wrist deviation angle (radians)
R = radius of curvature of supporting tissues (mm)

Since is considered small (approximately 0.0032 [Fung, 1981]), it can be approximated by zero. This
changes Equation (3.2) to Equation (3.3).

F, = F/R (3.3)

Equation (3) reveals F, is a function of the tendon force and radius of curvature. As the radius of
curvature decreases, the normal supporting force per unit of arc length increases. The normal supporting
force for women would be greater than for men because women have smaller wrists. Also, as the tendon
force increases, the normal supporting force increases.

The total supporting force F, in Figure 3.18 is the force of the ligaments, bones, and median nerve in
the carpal tunnel acting on the flexor tendons. F, is defined in Equation (3.4).

F =2xF xsin(6/2) (3.4)

where

F, = resultant force exerted by adjacent wrist structures on the flexor tendons (N)
F, = tendon force (N)

6 = wrist deviation angle (in radians)

Equation (4) indicates that F, is a function of the tendon force and wrist deviation angle, but is independent
of radius of curvature. Figure 3.19 illustrates this relationship in that as the tendon force and wrist angle
increase, the resultant force F, increases linearly.

The significance of F, and F, is based on the theory that increased normal forces place greater stress
on the tendon and its surrounding structures. The increase in normal force could cause the tendon and
its sheath or the fibrous sheath moored to bone or ligament to hypertrophy or inflame. If these structures
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FIGURE 3.18 Armstrong’s and Chaffin’s (1979) biomechanical model of a flexor tendon wrapping around the
flexor retinaculum. F, is the tendon force, and F, is the resultant reaction force exerted against the tendon. (From
Chaffin, D.B. and Andersson, G.B.]J. 1991. Occupational Biomechanics, 2nd edition, p. 243, John Wiley & Sons
Publishers. With permission.)

were to hypertrophy or inflame, then the coefficient of friction ( in Equation (3.2)) would increase,
thereby placing even greater F, on the tendons.

Dynamic movements that accelerate and decelerate the tendons around a nonrotating pulley could
exacerbate the trauma imposed on the tendons. Schoenmarklin and Marras (1990) developed a dynamic
model of a flexor tendon bent around the carpal bones or flexor retinaculum, taking into account the
acceleration and deceleration of a tendon’s movements. This model analyzes the effects of peak angular
acceleration on the resultant reaction force that the wrist bones and ligaments exert on tendons and
their sheaths in the flexion/extension plane. Like the Landsmeer (1962) and Armstrong and Chaffin
(1979) models, Schoenmarklin and Marras (1990) model the tendon as a rope bent around a fixed
pulley.

The quantitative effects of the wrist’s peak angular acceleration on resultant reaction forces were
based on the free body diagram (FBD) and massxacceleration diagram (MAD) approach in engineering
dynamics (Meriam and Kraige, 1986). Figure 3.20 illustrates the FBD and MAD approach applied to a
wrist and hand in midposition (neither pronated or supinated). There is no externally applied load in
the hand. The hand is rotated in the horizontal plane around a vertical z axis, so the effects of gravity do
not play a role in this example. All the flexor tendons are grouped together as one tendon force vector
in order to maintain static determinacy. The hand is assumed to accelerate from a stationary posture, so
the angular velocity is theoretically zero, resulting in zero centripetal force.
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FIGURE 3.19 The resultant reaction force (F,), as modeled by Armstrong and Chaffin (1979), that is exerted against
the flexor tendons as a function of wrist angle and tendon force. (From Chaffin, D.B. and Andersson, G.B.J. 1991.
Occupational Biomechanics, 2nd edition, p. 247, John Wiley & Sons Publishers. With permission.)

The maximum tendon force (F,.,..) was computed as a function of five peak angular accelerations
(? = 3000, 6000, 9000, 12000, and 15000°/sec?). Based on empirical data from normal subjects,
15000°/sec? was found to be about 50% of peak wrist acceleration in the flexion/extension plane
(Schoenmarklin and Marras, 1993). The F,.,,, isdepicted in Figure 3.21 and is derived from Equation
(3.5) (LeVeau, 1977).
B B el (3.5)
where
Fomax = maximum force in flexor tendons, which is the force that the extrinsic flexor muscles in the
forearm exert on their tendons (N)
Femin = minimum force in flexor tendons, which is the force that the flexor tendons transmit to the
hand and fingers (N)
= coefficient of friction between tendons and their sheaths
6 = wrist deviation angle (radians)

Since the coefficient of friction for human synovial joints bones is estimated to be very low (0.0032
according to Fung, 1981), then the calculation of the F,.,., force is very close to F,,. The F, depicted
in Figure 3.21 and expressed in Equation (3.4) was calculated as the resultant force necessary to resist
F[vmax and F[vmin-
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FIGURE 3.20 The free body diagram (FBD) and mass acceleration diagram (MAD) approach used by Schoenmarklin
and Marras (1990) to calculate the peak reaction force (F, in Figures 3.21 and 3.22) on the wrist when the wrist is
accelerated (in the flexion direction) at an extension angle of ?. (From Schoenmarklin, R.W. and Marras, W.S. 1990.
In Proceedings of the 34th Meeting of the Human Factors Society, p. 807. With permission.)

As shown in Figure 3.22, F, increases approximately linearly as wrist angle or angular acceleration
increases, resulting in a curved plane that signifies an interactive effect between wrist angle and angular
acceleration. The greatest F, occurs when the wrist is accelerated at a deviated wrist posture. The large
peak reaction forces exerted on the flexor tendons and their sheaths are due solely to wrist motion
without any externally applied load in the hand. If loads were applied in the hand (e.g., power grip or
pinch grip) while the hand was accelerated in deviated postures, then F, would increase even more,
resulting in even more stress on flexor tendon tissue. The large peak F, in Figure 3.22 could possibly
cause the tendon and its sheath or the fibrous sheath moored to bone or ligament to hypertrophy or
inflame, which could result in tendinitis or tenosynovitis. The occurrence of either tendinitis or
tenosynovitis would most likely increase p in Equation (3.5), thereby increasing ..., and F, even more
(refer to Figure 3.21 and Equation (3.4)).

The large resultant reaction forces on the tendons from wrist deviation and accelerations could
possibly explain the findings of Armstrong et al. (1984), who investigated the histological changes in the
flexor tendons as they pass through the carpal tunnel. These investigators found hypertrophy and increased
density in the synovial tissue in the carpal tunnel area. These authors suggested that biomechanical
factors, such as repeated exertions with a flexed or extended wrist posture, could have partially caused
degenerative changes in tendon tissue. In addition to reaction forces from supporting structures, the
hypertrophy of the tendon tissue could have been caused by differences in strain within a tendon. In an
investigation of the viscoelastic properties of tendons and their sheaths, Goldstein et al. (1987) found



Biomechanical Aspects of CTDs 3-17

Ft-min

F, ax >

0

Ft — P e[l‘ - 8]

-max t-min

FIGURE 3.21 Relationship between the maximum (F,.,) and minimum (F,.;,) forces of a tendon and the resultant
reaction force (F,). Fi . is the force emanating from the forearm flexor muscles, and F, ., is the force transmitted to
the hand. The flexor tendon is wrapped around the wrist’s carpal bones. F, .. and F,;, are the maximum and
minimum tendon forces in Schoenmarklin’s and Marras’s (1990) dynamic model of a flexor tendon passing through
the wrist joint. The equation for F, ., and F,, is from Leveau (1977). (From Schoenmarklin, R.W. and Marras,
W.S. 1990. In Proceedings of the 34th Meeting of the Human Factors Society, p. 807. With permission.)

that flexion/extension wrist angle increased the shear traction forces between tendons, their sheaths,
and bones and ligaments that form the anatomical pulley. As depicted in Figure 3.23, when the wrist is
extended approximately 10°, the strain in the flexor digitorum profundus (FDP) tendons, which pass
through the carpal tunnel and move the fingers, is approximately 10% to 15% lower on the side distal
(hand side) to the flexor retinaculum than the proximal side (forearm side). This difference in strain
within a tendon creates shear traction forces, which are magnified when the wrist angle is deviated to
65° flexion or extension.

3.5 Work-Related CTDs Involving the Muscle-Tendon Unit

The pathogenesis of the most frequently studied CTDs involving the muscle-tendon unit will be discussed
below.

Tendinitis

Although tendinitis is defined as inflammation of the tendon, Moore (1992) contends there is scant
scientific evidence that the collagenous fibers that comprise the tendon actually inflame. According to
Moore (1992), tendinitis is often used as a term that implies soreness localized to a muscle-tendon unit
that increases with tensile load from either muscle contraction or passive stretch. Moore (1992) further
states that these clinical findings of soreness “may represent no more than a normal pattern to varying
degrees of use, rather than inflammation.” Because clinicians do not have sensitive diagnostic tools to
differentiate between tendinitis and tenosynovitis (inflammation of the tendon’s sheath), soreness in
joints where the tendons do not have sheaths, such as in the elbow and shoulder, is usually diagnosed as
tendinitis, whereas soreness in joints with sheathed tendons is commonly diagnosed as tenosynovitis.
One theory of the pathogenesis of tendinitis is the physical disruption of a small number of collagen
fibers within a tendon and the ensuing repair process. According to Moore (1992), the body responds to
this disruption in a manner similar to that of a partial tendon laceration, which is the partial cutting or
severing of a tendon. The healing process of the tendon occurs in three stages: inflammatory stage,
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FIGURE 3.22 The resultant reaction force (F,) exerted by the carpal bones or flexor retinaculum against a flexor
tendon and its sheath as a function of wrist angle and acceleration. (From Schoenmarklin, R.W. and Marras, W.S.
1990. In Proceedings of the 34th Meeting of the Human Factors Society, p. 809. With permission.)

reparative or collagen-production stage, and a remodeling stage (Gelberman et al., 1988). As the body
rebuilds its tendon tissue, the collagen content increases and the tendon could hypertrophy, or increase
in size. In addition, the body may not repair all of the disrupted fibers, resulting in permanent fraying of
the tendon. Due to hypertrophy and fraying, the tendon may be biomechanically different, possibly
deficient, after the body’s attempt to completely restore the disrupted tissues.

Moore (1992) relates the effects of partial tendon laceration to CTDs in that when a joint is deviated
from a neutral position, the tendons could react to resulting reaction forces from the joint structures (F,
in Equation (3.4) and Figures 3.21 and 3.22) in a manner similar to a partial tendon laceration. As
shown by Armstrong and Chaffin’s (1979) static model, as the wrist deviates, the resulting reaction
forces from the flexor retinaculum or carpal bones could cause physical disruption to the tendons, much
like the effects of partial tendon laceration. Theoretically, physical disruption of the tendon tissue would
be exacerbated by even greater reaction forces if the wrist were accelerated or decelerated, particularly at
extreme wrist deviation angles (Schoenmarklin and Marras, 1990). If the wrist and fingers were deviated
excessively in repetitive motions, hypertrophy of the tendons from the healing process or permanent
fraying of the tendons could cause soreness at the wrist. Depending on the specific tendon, this soreness
may be diagnosed as tendinitis or tenosynovitis. Soreness in the wrist flexor muscles’ tendons (flexor
carpi radialis and ulnaris) would probably be diagnosed as tendinitis because these tendons do not have
sheaths, whereas soreness in tendons passing through the carpal tunnel (flexor digitorum superficialis
and profundus) would commonly be diagnosed as tenosynovitis because these tendons are sheathed.
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FIGURE 3.23 The difference in strain within the flexor digitorum profundus tendon between measurements taken
proximal and distal to the flexor retinaculum. Even at an extended wrist angle of 10°, there is a 10% to 15%
difference in strain between the FDP tendon proximal and distal to the flexor retinaculum. The difference in strain
is magnified as wrist deviation angle increases. (From Goldstein, S.A., Armstrong, T.J., Chaffin, D.B., and Matthews,
L.S. 1987. Analysis of cumulative strain in tendons and tendon sheaths. J. Biomed, 20, p. 4. With permission.)

Lateral Epicondylitis (Tennis Elbow)

Lateral epicondylitis, which is also called tennis elbow in lay parlance, is tendinitis of the forearm
extensor and supinator muscles at the lateral epicondyle of the elbow. The lateral epicondyle is the small
bony attachment point on the outside of the elbow where the group of forearm extensor and supinator
muscles originate. The extrinsic extensor and supinator muscles fuse into an aponeurosis, or a broad,
flat tendon, which is attached to the lateral epicondyle in the elbow. Soreness and pain occur at the point
where the aponeurosis of the extensor and supinator muscles pull on the lateral epicondyle. The small
size of the lateral epicondyle and the relatively large mass of extensor and supinator muscles create high
stresses on the lateral epicondyle and its attached aponeurosis. Patients who have lateral epicondylitis
report their pain is particularly acute when they extend their wrist or supinate the forearm against
resistance, which occurs when one is hitting a tennis ball with a backhand stroke.

Lateral epicondylitis is a CTD in that it is directly related to the motions that tense the wrist’s extensor
and supinator muscles (Nirschl, 1983). In a study of 113 patients, Goldie (1964) found that repeated
wrist extensions or alternating pronating and supinating movements of the forearm were causal factors
in 83 of the cases.

Review of the medical literature reveals several hypotheses regarding the pathogenesis of lateral
epicondylitis, although all of them do agree that the basic mechanism is deterioration of the aponeurotic
tendinous tissue at the lateral epicondyle. Cyriax (1936), who treated 20 patients with lateral epicondylitis,
concluded it is caused by a tear between the tendinous origin of the extensor muscles and the periosteum
of the lateral epicondyle. Goldie (1964) suggested that lateral epicondylitis is due to a buildup of lesions
in a space under the tendon and distal to the epicondyle. Microscopically, Nirschl (1985) found that the
affected tendon in lateral epicondylitis had a characteristic appearance of hypertrophy that was grayish,
edematous, and friable. Nirschl (1985) interpreted this medical description as a “thick unhappy gray
tendon, weeping with edema.” A normal tendon has collagen fibers that run parallel, but the tendons
afflicted with lateral epicondylitis look coarse and granular.

Often, a patient with lateral epicondylitis will wear a brace around the forearm near the elbow
(Froimson, 1971; Moore, 1992), as is often seen on tennis players. Although it has not been validated
experimentally, one of the theories of why the forearm brace is beneficial is based on biomechanics.
Figure 3.24 shows a free body diagram of the elbow as viewed from the head position. The tendons of
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the forearm extensor and supinator muscles are modeled as a single vector. When tightened, the brace
may keep the aponeurosis from vibrating against underlying bony tissue during repeated extending or
supinating exertions. In addition, when the forearm brace is tightened it compresses the aponeurosis
against the underlying structures, thereby creating a frictional force that resists, albeit partially, the pull
of the forearm extensor and supinator muscles. Theoretically, this frictional force would relieve the
lateral epicondyle of carrying the full tensile load of the aponeurosis. However, because the coefficient of
friction among the musculoskeletal tissues underlying the brace is probably very low, the reduction in
tensile load on the lateral epicondyle may be small and negligible or it may be large enough to retard
lateral epicondylitis. Experimental research is needed to determine whether this biomechanical theory
can explain the efficacy of forearm braces.

Supraspinatus Tendinitis (Rotator Cuff Syndrome)

Supraspinatus tendinitis, which is often called rotator cuff syndrome, is tendinitis of the muscle that
elevates the shoulder. Elevation of the shoulder in the frontal plane is called shoulder abduction. Pain is
felt on the acromion process, or bony top of the shoulder, when one abducts the shoulder, particularly
when the arm is holding a load or exerting a pushing force.

The pathogenesis of supraspinatus tendinitis is impingement of the bursa and supraspinatus tendon
as the shoulder is abducted. The superficial and deep muscles of the shoulder are shown in Figure 3.25.
The deltoid muscle, which covers the outside of the shoulder, and the supraspinatus muscle, which is a
smaller muscle under the deltoid and trapezius muscles and acromion, are the major abductors of the
shoulder. As shown in Figures 3.26a and 3.26b, abduction of the shoulder compresses the acromion
downward, thereby pinching the underlying bursa and supraspinatus tendon (Chaffin and Andersson,
1991). As illustrated in Figure 3.12, the bursa is a tubular synovial sheath whose purpose is to lubricate
the contact between the deltoid muscle and acromion and the supraspinatus tendon. However, if the
shoulder is abducted repeatedly, and particularly under heavy loads, the resulting impingement could
damage the bursa and supraspinatus tendon fibrils and produce fraying of the tendon. The relative
avascular nature of the supraspinatus tendon diminishes its capability to repair itself, thereby leading to
degeneration, as shown in Figure 3.26¢ (Moore, 1992). In addition, intramuscular pressure from muscle
fibers attached to the tendon can also diminish the reparative process of the tendon.

Tenosynovitis

Although tenosynovitis is defined as inflammation of the tendon sheath (Stedman, 1982), any tendon sheath
disorder is called tenosynovitis, regardless of the presence or absence of inflammation (Moore, 1992). As
shown in Figures 3.9 and 3.10, the tendon sheath is a tubular structure that wraps around a tendon and
contains synovial fluid to “provide lubrication, protection, and repair assistance for the surrounded tendon”
(Moore, 1992). Tenosynovitis is diagnosed only where tendons are sheathed, whereas tendinitis could occur
in a tendon regardless of whether it is sheathed. Usually, soreness in a sheathed tendon area is diagnosed as
tenosynovitis, whereas soreness in a tendon without sheathing is diagnosed as tendinitis.

DeQuervain’s Tenosynovitis

DeQuervain’s disease is the stenosing tenosynovitis of the tendons that abduct and extend the thumb
(abductor pollicis longus [APL] and extensor pollicis brevis [EPB]) (Williams and Ward, 1983). This
disease was named after a Swiss surgeon who observed the condition in 1895. The practical importance
of the muscles that flex, extend, and abduct the thumb cannot be overestimated. According to Bunnel
(1956), “a hand without a thumb is no more than a hook.” The APL and EPB are two of the thumb’s
muscles that are necessary for dexterity and fine manipulations.

As shown in Figure 3.27, the tendons of the APL and EPB pass underneath the extensor retinaculum
of the wrist, and then they share the same synovial sheath on their way to the dorsal and lateral side of
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FIGURE 3.24 Free body diagram (FBD) analysis of the forearm extensor and supinator muscles and their tendinous
attachment (aponeurosis) to the lateral epicondyle. The view of the elbow is from the head looking down, with the
forearm in midposition (neither supinated or pronated). a) FBD of the elbow without a forearm brace. The force the
aponeurosis has to exert, F,, is equal to the tensile pull of the extensor and supinator muscles, Fm. b) The tightening
of the forearm brace around the forearm creates a frictional force, Fy, that opposes F,,, thereby lessening the force on
the aponeurosis, Fy. (From Marklin, R.W. original artwork. With permission.)

the thumb (Lampbhier, 1965). The APL’s and EPB’s common sheath, which is about 5 cm long, passes
over a bony depression called the radial styloid.

The APL and EPB tendons and their common sheath are subject to cumulative trauma because of their
position in the bony groove in the radial styloid. DeQuervain’s disease is caused by the friction of the two
tendons rubbing against each and against the long bony groove (Lamphier et al., 1965). DeQuer-vain’s
disease is a stenosing tenosynovitis in that the common synovial sheath thickens (refer to Figure 3.27),
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FIGURE 3.25 a) Superficial muscles of the shoulder complex. The deltoid muscle is a major shoulder abductor. b)
Deep muscles of the shoulder complex. The supraspinatus muscle is responsible for initiating abduction of the
shoulder, after which the deltoid provides most of the abduction force. (From Basmajian, J.V. 1982. Primary Anatomy,
8th edition, p. 141, Williams and Wilkins, Inc. With permission.)
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FIGURE 3.26 a) Normal shoulder structure with the arm hanging at the side. Bursa separates the deltoid muscle and
acromion from the supraspinatus tendon (rotator cuff tendon). b) When the shoulder is abducted, bursa and
supraspinatus tendon are pinched between the acromion and humerus bone (arm bone). ¢) With repeated abductions,
both the bursa and tendon could swell and degenerate and the tendon could fray. (From Chaffin, D.B. and Andersson,
G.B.]J. 1991. Occupational Biomechanics, 2nd edition, p. 381, John Wiley & Sons Publishers. With permission.)

thereby increasing the friction between the APL and EPB tendons within their common sheath. In his
review of the medical literature, Moore (1992) described the pathogenesis of DeQuervain’s disease. In
mild cases, the synovial layer within the synovial sheath thickens up to twice the normal thickness. However,



Biomechanical Aspects of CTDs 3-23

Extensor Pollicis
Brevis (EPB)

Abductor Pollicus
Longus (APL)

Common
Synovial
Sheath

FIGURE 3.27 Abductor pollicis longus (APL) and extensor pollicis brevis (EPB) tendons as they proceed under the
extensor retinaculum and through their common synovial sheath. DeQuervain’s disease is stenosing tenosynovitis of
the APL and EPB in their common sheath. (From Lamphier, T.A., Crooker, C., and Crooker, J.L. 1965. DeQuervain’s
disease. Industrial Medicine and Surgery, p. 848. With permission.)

FIGURE 3.28 A) Cross-section of a normal fibroosseus canal as it passes over the radial styloid. The tendon (a) and
its synovial sheaths (b) are moored to the radius bone (d) with a fibrous ligamentous sheath (c). B) Cross-section of
a fibroosseus canal with stenosing tenosynovitis. The tendons (a) are flattened, the synovial sheath (b) is thinned,
and the fibrous ligamentous sheath (c) is thickened. (From Finkelstein, H. 1930. Stenosing tendovaginitis at the
radial styloid process. J. Bone Jt Surg, Vol. 12, p. 515. With permission.)

at the point of constriction where the tendons rub against the radial styloid, the synovial sheath of the APL
and EPB tendons thin and the tendons flatten (Finkelstein, 1930), as illustrated in Figure 3.28. The thinning
of the tendon sheath and flattening of the tendons is caused by hypertrophy of the fibrous ligamentous
sheath, namely the extensor retinaculum, that holds the APB and EPB tendons and their common sheath
to the radial styloid bone. In severe cases, the fibrous ligamentous sheath thickens three to four times
(Lamphier et al., 1965), and the tendon could swell, forming a bulbous shape adjacent to the site of
constriction, as illustrated in Figure 3.29. This bulbous swelling could cause popping of the APL and EPB
tendons as the wrist is ulnarly deviated with the thumb flexed inside the palm.

Trigger Finger

Trigger finger is stenosing tenosynovitis of the tendons that flex the fingers and is manifested by painful
locking of the finger during finger flexion. As illustrated in Figure 3.30, the finger flexor tendons and
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FIGURE 3.29 A) Longitudinal section of a normal fibroosseus canal. The tendon (a) is covered by it sheath (b). The
fibrous ligamentous sheath (c) forms a canal t