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Injuries and disorders caused by overexertion and repetitive motion are the leading causes of

compensable lost-time cases in the United States. Epidemiological and laboratory-based

research methods have been used to evaluate the significance of various risk factors

associated with overuse injuries and disorders. The National Institute for Occupational Safety

and Health performed a comprehensive review of over 600 epidemiological studies in 1997 and

concluded that there was evidence of a causal relationship between low-back injuries and

disorders and workplace exposures to forceful exertions, awkward posture, and vibration.

Although epidemiological studies provide important insights to understanding the causes of

work-related overuse disorders, they are sometimes criticized for their inability to measure

precisely how people respond to specific risk factors found in the workplace. This article

presents a review of recent laboratory studies and biomechanical models of work factors

believed to be associated with increased risk of low-back injuries and disorders. Biomechanical

models and laboratory studies do not replace epidemiological studies. However, these

approaches provide important complementary information that is needed to understand the

complex process of how exposures to physical risk factors result in strain that may ultimately

lead to injury or disease. These studies also provide important insights as to how people react

and respond to specific physical risk factors found in the workplace. Combined with

epidemiological research, laboratory studies are an essential element in understanding the

causes and prevention of work-related overexertion injuries.

Keywords: biomechanics, ergonomics, low-back pain, psychophysics

D
ata collected through the U.S. Depart-
ment of Labor’s Annual Survey of Oc-
cupational Injuries and Illnesses
(ASOII) demonstrate the high morbid-

ity of work-related overexertion injuries and dis-
orders in the United States. A recent monograph
published by the National Institute for Occupa-
tional Safety and Health (NIOSH) summarizes
several key findings of the 1994 ASOII:

n For injury and illness cases involving days away
from work, approximately 706,000 cases (32% of
the total) resulted from overexertion or repeti-
tive motion.
n Approximately 530,000 lost work-time cases
were associated with manual materials handling
activities such as lifting, pushing, pulling, and
carrying. The low back was the most common
site of injury associated with materials handling
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activities; over 60% of these cases involved back pain. Injuries to
the shoulders accounted for approximately 13% of materials han-
dling cases. The median time away from work for materials han-
dling cases was 6 days.
n Approximately 93,000 lost work-time cases resulted from re-
petitive motion, such as data entry tasks, repetitive use of tools,
and repetitive manual transfer tasks. The median time away from
work associated with these cases was 18 days.
n The remaining 83,000 lost work-time cases were associated
with unspecified overexertion events.

The true cost of work-related overexertion injuries and disor-
ders in the United States is not known. Conservative estimates of
annual expenditures, based on workers’ compensation payments
(indemnity and medical services) and other direct costs, range be-
tween $13–20 billion.(1) The total cost to society is believed to be
substantially higher due to various indirect costs (e.g., lost pro-
ductivity, costs of hiring and training replacement workers, over-
time, administrative costs, and miscellaneous transfer payments)
that are not included in the conservative estimates. The total an-
nual societal cost has been estimated to be as high as $100 bil-
lion.(2)

Epidemiological and laboratory-based research methods have
both been used to evaluate the significance of various risk factors
associated with work-related musculoskeletal disorders. Epidemi-
ological studies are designed to look for significant associations
between exposure to ergonomic risk factors (e.g., force, repetition,
posture) and selected health outcomes (ranging from medically
diagnosed disease entities to subjective reports of pain or discom-
fort) in selected populations of workers. NIOSH(1) performed a
comprehensive review of over 600 epidemiological studies of oc-
cupational musculoskeletal disorders. This study concluded that
there was either ‘‘strong evidence’’ or ‘‘evidence’’ of a causal re-
lationship between workplace exposures to forceful exertions, rep-
etition, and awkward posture and musculoskeletal disorders of the
neck, upper extremity, and low back. This review also found
‘‘strong evidence’’ of a causal relationship between low-back pain
and whole body vibration, and between segmental vibration and
hand-arm vibration syndrome. Epidemiological studies provide
important insights to understanding the causes of work-related
musculoskeletal disorders. However, these studies are sometimes
criticized due to their inability to precisely measure exposures to
risk factors and the associated biomechanical and/or physiological
responses to these exposures.

Biomechanical models and laboratory studies do not replace
epidemiological studies. However, these approaches provide im-
portant complementary information in the quest for understand-
ing of the complex process of how exposures to ergonomic risk
factors result in physiological responses that may ultimately lead
to work-related injuries and illnesses. This article presents a review
of laboratory studies and biomechanical models of risk factors as-
sociated with low-back pain in the NIOSH(1) epidemiological re-
view. The accompanying article(3) addresses laboratory studies and
biomechanical models of work factors associated with increased
risk of upper extremity injuries and disorders.

Laboratory studies are controlled scientific investigations of
how humans respond when exposed to specific ergonomic risk
factors (e.g., forceful exertions, awkward work postures, high rep-
etition, etc.) during simulated work activities. Responses include
both objective biomechanical/physiological measurements such as
the electromyographic activity of a working muscle and subjective
psychophysical measurements such as ratings of perceived exer-
tion. Most of the studies cited below and in the accompanying
article were performed in true laboratory settings. A few studies

were performed in operational work environments modified as
necessary to collect data under carefully controlled conditions.

Because of ethical issues related to the protection and safety of
human subjects, laboratory studies are designed to keep exposures
to risk factors at levels below the threshold of injury. As a result,
these studies are generally incapable of ‘‘proving’’ a relationship
between exposure and injury. Despite this limitation, laboratory
studies provide important scientific insights as to how the body
responds to ergonomic stresses. Combined with pathophysiolog-
ical models of musculoskeletal injury mechanisms and epidemio-
logical findings of positive relationships between exposure to er-
gonomic risk factors and musculoskeletal injury, laboratory studies
are an essential element in understanding the causes and preven-
tion of work-related overexertion injuries.

This article also reviews biomechanical models that simulate
and/or predict how the musculoskeletal system responds to work
factors such as work posture, external loads placed on the hands,
and movement dynamics. These models can be used to estimate
musculoskeletal stresses in the absence of a human experiment.

BIOMECHANICAL APPROACHES TO
STUDYING ERGONOMIC RISK FACTORS

The discipline of occupational biomechanics is concerned with
measuring and/or modeling the ‘‘internal’’ mechanical re-

sponses of body tissues to the ‘‘external’’ physical demands of a
work activity. These external demands include (1) the magnitude
and direction of force(s) exerted while working (e.g., weights lift-
ed during manual handling tasks, exertions required to operate
tools and equipment), (2) the location(s) where the external force
acts on the body, (3) the posture(s) required to perform the job,
and (4) movement dynamics (velocity and acceleration). A variety
of methods have been developed to measure or predict internal
responses to external demands, including the following.
n Direct measurement of a specific response, such as using small
transducers to measure internal pressures in the spinal disks during
lifting or in the wrist during hand-intensive work.(4–6)

n Indirect measurement of a specific response, such as using elec-
tromyography (EMG) to determine the magnitude of force ex-
erted by a muscle group when performing a task. When a muscle
fiber twitches, a small electrical potential is generated that can be
measured by placing an electrode either within the muscle or on
the surface of the skin above the muscle. (Surface electrodes are
less invasive and are generally used in laboratory and workplace
experiments.) Because the relationship between the force exerted
by a muscle and the electrical output of the muscle is monotonic,
calibration procedures are used to convert EMG signals into es-
timates of force output.(7,8) Since it is impractical to measure di-
rectly the magnitude of muscle exertions, EMG provides a rea-
sonable approach for estimating forces exerted during work
activities.(9)

n Mathematical modeling to predict how the body reacts to the
physical demands of a job, such as using kinematic models of the
musculoskeletal system to estimate compressive forces on spinal
disks, strength requirements of ‘‘whole body’’ exertions, or ten-
sion/compression stresses on wrist tendons.(10) In addition to es-
timating responses to specific work requirements, these models
can also be used to evaluate alternative work situations and to
select configurations of layout, tooling, and job demands that do
not place excessive stresses on musculoskeletal tissue.

Biomechanical methods have been used extensively in both lab-
oratory and field settings. In some instances, direct and indirect
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measurement methods have been used to confirm the predictions
of models.

PSYCHOPHYSICAL APPROACHES TO
ERGONOMICS RESEARCH

Psychophysics is a discipline dating back to the 19th century
that bridges psychology and physics by examining the rela-

tionships between physical stimuli in the environment and the re-
sulting sensations perceived by the humans who are exposed to
the stimuli. Various quantitative relationships have been proposed,
culminating in the general model proposed by Stevens:(11)

nS 5 kI

where S is the intensity of the perceived sensation, I is the intensity
of the physical stimulus, k is a constant (determined by the units
of measurement used), and n is an exponent that varies for dif-
ferent types of physical stimuli.

The exponent n describes the strength of the relationship be-
tween the intensity of the stimulus and the intensity of sensation.
Values of n have been determined empirically for stimuli com-
monly encountered by humans, such as 3.5 for electric shock, 0.6
for loudness, and 1.6 for muscular effort.(12–14)

In the field of ergonomics, psychophysical methods have been
used to empirically determine acceptable levels of work intensity
by asking subjects to adjust their work loads (the physical stimu-
lus) so that the resulting discomfort/fatigue (the perceived sen-
sation) is acceptable. Approximately 35 years ago, researchers at
the Liberty Mutual Research Center(15) initiated a series of psy-
chophysical experiments to evaluate human responses to common
manual materials handling tasks and to develop guidelines for job
design. The initial Liberty Mutual study focused on lifting with
maximum acceptable weight (MAW) being the dependent variable
of primary interest. Subsequent studies at Liberty Mutual and oth-
er research labs have examined materials handling activities such
as carrying, pushing, pulling, and lowering,(16–23) and more re-
cently, repetitive hand motions.(24–26)

The psychophysical approach also has been used to evaluate
the stressfulness of work by having subjects in a laboratory or
workers on the job rate their perceptions of the intensity of work
effort and/or their perceptions of discomfort. Borg(14) demon-
strated a strong correlation between heart rate and perceived ex-
ertion rated using 10-point and 20-point categorical rating scales.
Derivations of the Borg methodology have been used by numer-
ous ergonomic researchers to obtain perceptions of exertion and
discomfort in a variety of work and simulated-work situations.(27–31)

Results from these studies have been used to recommend modi-
fications to existing workplaces and to develop guidelines for job
design.

Table I gives a summary of the key articles reviewed for the
present article. Factors associated with an increased risk of work-
related low-back pain are listed in the left-most column. For each
risk factor, the results of relevant laboratory experiments and bio-
mechanical model predictions are briefly described. A more de-
tailed discussion of the literature is presented in the following sec-
tions.

BIOMECHANICAL FACTORS IN
WORK-RELATED LOW-BACK PAIN

Low-back pain symptoms are caused by a variety of injuries and
disorders. Although the underlying cause of back pain cannot

be determined definitively in up to 90% of patients, work-related
cases are believed to result from the following mechanisms: (1)
muscle or ligamentous injury, (2) herniation of the intervertebral
disc with irritation of adjacent nerve roots, and (3) degenerative
changes in the intervertebral discs.(32) Significant biomechanical
research has been devoted to understanding how the musculo-
skeletal tissues of the lower back are affected by the parameters of
job demands, such as the postures required to perform a job and/
or the forces exerted during manual materials handling tasks.
These studies have focused on evaluating how work requirements
challenge the strength capabilities of muscles and connective tis-
sues, and the load bearing capacities of the spinal motion seg-
ments. In these studies the human body is treated as a mechanical
system, made up of rigid links (the bones) that are connected at
joints. Forces and mechanical moments (torques) imposed on the
system during work activities are estimated by static and dynamic
biomechanical models and then compared with the strength ca-
pabilities and biomechanical tolerance limits of the affected tissues.
The job is considered to be potentially hazardous if the imposed
forces or moments exceed the strength or biomechanical tolerance
limits of either an individual or an agreed-on percentage of the
population.(33–35)

Static Whole Body Kinematic Models

Chaffin and associates at The University of Michigan developed a
static three-dimensional kinematic model of the musculoskeletal
system that can be used to evaluate biomechanical responses to
whole body exertions such as lifting, pushing, and pulling.(10,36,37)

This model generally has been used for two purposes: (1) to com-
pare the strength demands of a task with the strength capabilities
of the workforce to estimate the percentage of adult males and
females who are capable of performing the task, and (2) to predict
compressive forces acting at the L5/S1 spinal disc during static
exertions. The model has been used extensively to evaluate whole
body tasks that are performed at normal (nonjerky) movement
speeds on an infrequent basis (typically less than once every 5
min). Because the model does not consider the effects of fatigue,
it is generally not appropriate for highly repetitive tasks (psycho-
physical or metabolic job analysis tools are preferred) or highly
dynamic motions (dynamic models are preferred). Despite these
limitations, the model has been used to predict biomechanical re-
sponses to strenuous exertions associated with common manual
handling tasks.

Static Biomechanical Analysis of Strength Demands

To use the Michigan model, it is necessary to describe the worker’s
anthropometry (height and body weight), working posture (an-
gles at the ankles, knees, hip, trunk, shoulders, and elbows), and
the vector (magnitude and direction) of the external load acting
on the hands. The model uses this information to compute the
strength required at the ankles, knees, hip, trunk, shoulders, and
elbows to maintain the system in static equilibrium. Individual and
task parameters such as body weight, posture, and hand force cre-
ate resultant forces and mechanical moments at each joint. To
maintain equilibrium, each joint must exert an equal and opposite
reactive force and the muscles at each joint must have sufficient
strength to create an equal and opposite reactive moment. For
this reason, strength is characterized as the ability to create a me-
chanical moment.

The Michigan model has been used to demonstrate how pos-
ture affects the strength demands of a job. For example, if a person
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TABLE I. Workplace Risk Factors Associated with Low-Back Pain—A Summary of Literature Describing Laboratory Experiments and
Biomechanical Models

Workplace Risk Factor
Physiological

Measurements

Biomechanical Model
Predictions and

Biomechanical Tissue
Studies

Psychophysical
Measurements

Trunk forward flexion EMG activity in trunk
extensors(38–41)

Intradiscal pressure(4,40)

Strength demand on trunk
extensors)(10, 62)

Compression force on spinal
disks(10)

Shear force on spinal disks(62)

Trunk rotation (axial twisting) Asymmetric EMG activity level in
left and right erector spinae
muscles(63,64)

Increase in EMG activity in trunk
extensor muscles relative to
EMG activity during symmetric
lifts(70)

Left/right shear force on spinal
disks(63–64)

Nonsagittal components of spinal
segment motions(69)

Maximum acceptable weight
decreases with increased trunk
twisting(21,23,72,73)

One-handed lifting Nonsagittal components of spinal
segment motions(69)

Maximum acceptable weight
decreases with one-handed
lifting(23)

Lifting above shoulder height Maximum acceptable weight
decreases when lifting above
shoulder height(19–22)

Lifting in restricted work postures Maximum acceptable weight
decreases under conditions of
a restricted ceiling height(23,76)

Magnitude of lifting force
(object weight)

Intradiscal pressure(4,40)

Electromyographic activity(70)

Strength demand on trunk
extensors and upper extremity
muscle groups (10,62)

Compression force on spinal
disks(10)

Mechanical failure of cadaver
tissues under compressive
loads(35,52)

Horizontal location of center-of-
gravity

Intradiscal pressure(4,40) Strength demand on trunk
extensors and upper extremity
muscle groups(10,62)

Compression force on spinal
disks(10)

Mechanical failure of cadaver
tissues under compressive
loads(35,52)

Maximum acceptable weight
decreases as load size
(displacement of center-of-
gravity) increases(19–22,72)

Availability of handles Maximum acceptable weight
greater for objects equipped
with handles(74–75)

Task frequency/repetition Decrease in EMG mean power
frequency in spine extensor
muscles with increased lift
frequency(70)

Reduced threshold for failure of
cadaver tissues under cyclical
loading(55–57)

Maximum acceptable weight
decreases as frequency
increases(19–22,73)

Maximum acceptable push force
decreases as frequency
increases (22)

Maximum acceptable pull force
decreases as frequency
increases(22)

Task duration/shift length Maximum acceptable weight
decreases as shift length
increases from 8 to 12
hours(19,20)

Distance (displacement of lifted,
pushed, or pulled object)

Maximum acceptable weight
decreases as distance
increases(22,23)

Maximum acceptable push force
decreases as distance
increases(22)

Maximum acceptable pull force
decreases as distance
increases(22)

Dynamic effects of lift velocity
(acceleration of external loads
and body segments)

Compression force on spinal
discs(62–66)
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FIGURE 1. Predicted L5/S1 disc compression forces for varying
loads lifted at four horizontal displacements from the body (from
Chaffin and Andersson, 1991)(10)

with average male height and weight stands upright (trunk verti-
cal) with the arms flexed at a 458 angle below the horizontal, the
required lower back strength to counteract the resultant mechan-
ical moment is only 14.6 Newton-meters (Nm). If this person
bends forward at the hip so that the trunk is at a 458 flexion angle,
the required strength increases to 121 Nm.(10) The posture change
has displaced the weight of the trunk, head, and upper extremities
forward, increasing the moment arm and the required strength at
the low back. Placing a load in the hand would increase the
strength demands at the low back even further, due to the in-
creased resultant moment created by the external load.

The extensor muscles of the lower back must work harder dur-
ing trunk flexion to counter the increased mechanical moment.
This has been confirmed in numerous laboratory studies using
EMG to measure the activity of back muscles during static trunk
flexion.(38–41) Andersson et al.(42) found that the EMG activity in
the lumbar back muscles increased linearly from a mean of ap-
proximately 25 mv at 108 of forward flexion to approximately 60
mv at 608 of flexion.

As already discussed, the Michigan model computes the
strength demands imposed by a task on major body joints. The
ability (or lack of ability) to perform the task is a function of the
strength capacities (i.e., the capability to produce the required re-
active mechanical moments) at the joints.(43) When a person at-
tempts to lift, carry, push, or pull, the resultant moments created
at each joint due to the load in the hands and the body weight
must be less than or equal to the strength at each joint. After the
model has computed the strength required at each joint to per-
form a specific task, this value is compared with statistical distri-
butions of the strength capabilities of U.S. adults to estimate the
percentage of males and females who are capable of performing
the task.(10) A task with a high percentage capability prediction can
be performed by most workers, whereas a task with a low per-
centage capability prediction exceeds the ability of many workers.

There is limited evidence that strength capability may be relat-
ed to the risk of overexertion injuries. Maximum isometric lifting
strength was compared with job strength demands in a study of
411 workers in an electronics manufacturing facility.(44) The
strength tests were designed to replicate job demands. During a
1-year follow-up, the rate of low-back injuries was three times
greater in workers who did not demonstrate strength equal to or
above job requirements; however, the sample size was not suffi-
cient for statistical significance. In a similar study of aluminum and
rubber workers, persons whose maximum isometric strength
matched job demands had fewer injuries than an unmatched
group; again, however, the results were not statistically signifi-
cant.(45) A study of aerospace workers found no relationship be-
tween isometric strength and back injuries; however, the strength
tests in this study were not designed to simulate job tasks.(46)

The injury studies cited in the previous paragraph compared
the strength demands of a job with an individual’s strength as
determined by an isometric test. Strength is only one of many
personal and task risk factors associated with low-back pain.(1) The
mixed results reported above may be attributed to the fact that
the individual worker was the unit of analysis, increasing unex-
plained variance due to unmeasured personal, workplace, and task
variables. In a study designed to reduce variance associated with
personal factors, the Michigan model was used to evaluate the
relationship between injuries and model-predicted population
strength demands on the jobs of 6912 workers in 5 different in-
dustries.(47) For jobs where strength demands exceeded the model-
predicted strength capability for the weakest 10% of the popula-
tion, a significant (p , .05) increase was observed in reported back

pain (sprains, strains, degenerative disc disease, and nonspecific
pain). The NIOSH Lifting Equation(33,34,48) considers population
strength capability when evaluating the safety of a lifting task. For
a job to be classified ‘‘acceptable,’’ the strength requirements must
be within the strength capability of at least 75% of the female
working population. (Note: NIOSH used a combination of bio-
mechanical and psychophysical strength considerations in devel-
oping the computational formula for the lifting equation.)

Static Biomechanical Analysis of Compression Forces on the
Spinal Discs

From a biomechanical perspective, the fact that large resultant mo-
ments are induced in the lumbar spine during lifting and/or for-
ward bending raises the question of the nature of internal forces
that must be exerted to create the required reactive moments to
stabilize the spine. An early biomechanical model developed in
1961(38) assumed that two types of internal forces act to resist the
resultant flexion moment. The largest contributor to the stabiliz-
ing reactive moment is the erector spinae muscles, located ap-
proximately 5 cm posterior to the center of rotation of the spinal
discs. Through forceful contractions, these muscles create an ex-
tension moment to maintain stability. The second stabilizing force
is created by intra-abdominal pressure, which pushes upward on
the diaphragm in front of the spinal column, creating a small ex-
tension moment to resist the external load. Recent studies(49–50)

have questioned the significance of the contribution of intra-ab-
dominal pressure in creating the extension moment, so it is fre-
quently not considered in contemporary models. Another recent
study(51) has shown that the moment arm of the erector spinae
muscles is displaced approximately 5.5–7.0 cm from the center of
rotation of the spinal discs, a slightly larger value than assumed in
the 1961 model.

Because the erector spinae muscles act through a small moment
arm, they must exert high forces to counteract flexion moments
during lifting and/or forward bending.(10) These exertions induce
high compressive forces on the spinal motion segments. (Note: A
motion segment consists of two adjacent vertebral bodies, the in-
tervertebral disc, and the connecting ligamentous structures. The
motion segment has been studied extensively because it is the
smallest segment of the spine that exhibits biomechanical charac-
teristics of the entire spine.) Figure 1 summarizes compression
forces acting at the L5/S1 spinal disc as a function of the load
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held in the hands and the horizontal reach distance. Under certain
conditions of force and horizontal distance, compression forces
may exceed limits recommended by NIOSH(33) and others.

Brinckmann et al.(52) argue that epidemiologic and clinical ev-
idence show that some low-back problems are caused by primary
mechanical destruction of tissues in the lumbar spine. Bone, car-
tilage, the intervertebral discs, and ligaments may fracture or rup-
ture due to mechanical overload caused by excessive compression
forces. Proof of this hypothesis is difficult to obtain, however, be-
cause it is unethical to perform in vivo experiments that expose
the human body to mechanical loads at levels high enough to
cause injury. Because of this dilemma, research has proceeded in
two directions. The task-imposed load on the lumbar disc is either
measured directly (see next paragraph) or calculated using bio-
mechanical models. The load bearing capacity of spinal structures
(bones, discs, and ligaments) must be determined in vitro using
tissue obtained from cadavers. By comparing task-induced loads
to load bearing capacity, it is possible to determine whether certain
work activities exceed the mechanical limits of the spinal tissues.

Although most efforts to estimate spinal loads have been done
using biomechanical models, there have been a few attempts to
measure load in vivo. Nachemson and Elfstrom(4) developed a
small pressure transducer that fits inside a hypodermic needle. The
needle can be inserted into a spinal disc, allowing the transducer
to measure the hydrostatic pressure inside the nucleus pulposis
while a person assumes different postures and performs various
tasks. In vitro experiments using this system with cadaver spinal
segments showed a linear relationship between internal disc pres-
sure and the external compressive load applied to the segment.(53)

In vivo disk pressure measurements have been used successfully to
validate biomechanical model predictions of compressive loads.(54)

Due to the highly invasive nature of this technique, it is best suited
for slow, well-controlled movements (similar to those considered
by static biomechanical models) and can be used only under strict
laboratory conditions. As a result, in vivo studies of intradiscal
pressure have been few in number.

The tolerance of spinal motion segments to compressive load-
ing has been studied extensively by biomechanical engineers and
ergonomists in vitro using cadaver specimens. Genaidy et al.(35)

reviewed 12 of the larger studies with the objective of combining
the data sources to develop a statistical model of spinal compres-
sion tolerance limits. Their resulting equation (R2 5 .83) can be
used to estimate lumbar compression strength limits for various
percentiles of the population:

CS 5 7222 2 (1048 3 A) 2 (1279 3 G) 1 57 3 PP

where CS is the load tolerance limit (Newtons); A is the age in
decades (1 for 20–29 years, 2 for 30–39, 3 for 40–49, 4 for 50
years and above); G is gender (1 for males, 2 for females); and PP
is population percentile (50th, 90th, 95th, etc.). Note that higher
values represent higher tolerance.

Using this equation for a younger male with a strong lumbar
spine (25 years old, 75th percentile), the resulting compression
limit is 9170 N. For an older male with a weaker lumbar spine
(55 years old, 25th percentile), the compression limit drops to
3176 N. For an older female with a weaker lumbar spine (55 years
old, 25th percentile), the compression limit drops to 1897 N.

One of the limitations of cadaver studies is the uncertainty
whether compression damage to spinal segments in vitro is a re-
liable predictor of the risk of injury associated with in vivo com-
pressive forces during the performance of work tasks. In spite of
this limitation, NIOSH has used epidemiological and biomechan-
ical evidence to establish 3400 N as the maximum recommended

L5/S1 disc compression force as one of the criteria used to de-
velop the NIOSH lifting equation.(33,34) Citing a cadaver study,(55)

NIOSH acknowledged the large variability in compression forces
associated with disc failure. NIOSH estimated that 21% of spinal
segment specimens would fail at 3400 N and that this limit may
not protect the entire working population.(34)

The 3400 N criterion has been incorporated into several bio-
mechanical models. Figure 1 presents L5/S1 compression forces
predicted by The University of Michigan model for various com-
binations of weight and horizontal distance. Compression forces
increase with weight and distance, and the NIOSH 3400 N limit
can be exceeded when handling relatively light loads at an ex-
tended reach distance. (Note: Disc compression is the limiting
criterion in the NIOSH lifting equation for infrequent lifting
where fatigue is not a factor. For repetitive lifting, psychophysical
and/or physiological factors become the limiting criterion due to
fatigue.(33,34,48))

Most studies of spinal segment failure have utilized experimen-
tal procedures where the compressive load on the spinal segment
was increased to the point of mechanical failure in a single trial.(35)

A small number of studies have looked at the effects of repeated
submaximal compressive loads on mechanical failure of the spinal
segment.(55–57) In these studies loads were applied at a frequency
of .25 Hz (15 cycles per minute). At compressive loads set at 55%
of the single-trial failure load, mechanical failures were observed
in 92% of the specimens after 5000 cycles. At a 65% load, failures
occurred in 91% of the specimens after only 500 cycles. At a 75%
load, some specimens failed after only 10 cycles. These numbers
must be interpreted cautiously because cadaver tissue may respond
differently to repeated loads than live tissue. However, these stud-
ies present limited evidence supporting frequency as a risk factor
for some back injuries.

Summary of Static Biomechanical Models
Static kinematic models of the human musculoskeletal system have
been used to evaluate strength capability and compressive forces
acting on the lumbar spine during common whole-body manual
materials handling tasks, such as lifting, pushing, and pulling.
Large mechanical moments can be created in the lower back re-
gion by lifting heavy, compact loads close to the body or by lifting
light-to-moderate loads at extended reach distances in front of the
body. Forward bending also increases the mechanical moment due
to the effects of body weight above the lower back. To counteract
the moments created by loads in the hand and body weight, the
extensor muscles of the lower back must exert high forces, cre-
ating a compression load on the lumbar spine. Based on biome-
chanical analysis, the critical task factors associated with lifting are
(1) the amount of weight lifted, (2) the location of the load (hor-
izontal distance from the lower back), and (3) body posture (for-
ward bending of the trunk increases the load on the lower back).

The predictions of static biomechanical models are consistent
with direct and indirect measurements of strain on musculoskeletal
tissues. Electromyographic studies have shown that EMG activity
in the erector spinae muscles increases with increased load in the
hands and/or forward bent postures. Intradiscal pressure mea-
surements have shown that hydrostatic pressure in the nucleus
pulposis of the disc increases with increased load in the hands and/
or forward bent postures. Cadaver studies of spinal motion seg-
ments have demonstrated mechanical failure of spinal tissues under
compressive loads smaller than those predicted by biomechanical
models for many lifting tasks. Furthermore, a small number of
cadaver studies have demonstrated that cyclical loading reduces
the mechanical tolerance limits of the lumbar spine, indicating that
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lifting frequency may be a factor in some back injuries. However,
cadaver studies have been questioned because it is not known
whether the behavior of cadaver tissue is similar to that of living
tissue.

Although static whole-body biomechanical models are useful
for evaluating stresses associated with common materials handling
activities, they should not be used in all situations. The database
of muscle strength capability in these models was collected using
isometric tests of maximum strength capability. Because muscles
cannot perform at maximum levels for extended periods of time
or on a highly repetitive basis, the static biomechanical models
tend to overestimate strength capability on jobs that require re-
peated exertions. For this reason, psychophysical and/or physio-
logical-based methodologies are a preferred alternative for evalu-
ating repetitive whole-body exertions.(58) Because static models do
not consider forces and moments imposed on the musculoskeletal
system from the acceleration/deceleration of external loads and
body segment masses during highly dynamic movements, they
may underestimate strain in work activities that involve rapid body
motions.(59) Finally, the spine is an extremely complex mechanical
structure. Without making many assumptions (such as using single
equivalent muscles to represent multiple muscles) to simplify the
system, solutions become statically indeterminate. As a result of
these simplifications, the models are imprecise in evaluating certain
stressors such as shear and torsional loads and the effects of coac-
tivation of multiple muscle groups. Despite these limitations, static
biomechanical models have provided good insight to some of the
risk factors associated with manual handling activities.

Dynamic Whole Body Biomechanical Models

Dynamic biomechanical models for evaluating whole body mate-
rials handling activities have been developed by several investiga-
tors.(60–67) These models are inherently more complex than static
models. In addition to considering external forces acting on the
body (the load applied to the hands and effects of body weight)
and posture, these models must also consider the effects of motion
dynamics, including velocity and acceleration. Due to inertia, ac-
celeration or deceleration of body segments and any load in hands
requires the application of additional force as stated by Newton’s
second law (F 5 ma). Because the body is composed of multiple
links and multiple joint centers, dynamic models require high-fre-
quency measurements of many reference points to determine in-
stantaneous locations, velocities and accelerations of model com-
ponents. For this reason, dynamic models are often restricted to
laboratory environments where accelerometers, goniometers,
and/or motion analysis equipment can be used to collect reliable
data. In spite of this limitation, dynamic models provide important
insights into the additional biomechanical strain imposed by rapid
motions.

Leskinen(65) used a simple two-link model (upper limbs plus
trunk above the L5/S1) to compute compression forces at the
L5/S1 spinal disc under static and dynamic assumptions. Input
for the model was collected by obtaining posture and inertial data
from 20 males who lifted a 15-kg box from a height of 10 cm to
knuckle height. Model-predicted peak L5/S1 compression was 33
to 60% higher (depending on subject and lift technique) when the
dynamic inertial load was added to the static model. Bush-Joseph
et al.(66) used a dynamic model to compute peak moments at the
L5/S1 spinal segment using data collected from 10 male subjects
who lifted a 150-N box from floor level to a height of 1 m at
slow, medium, and fast speeds. Peak moments increased linearly
with the lift speed.

The effects of movement dynamics and other task factors on
selected indices of biomechanical strain on the lower back were
evaluated using a whole body model developed at the Universität
Dortmund in Germany.(62) The basic representation of the skeletal
system in the ‘‘Dortmunder’’ model is similar to the Michigan
model described above; however, the lumbar spine is depicted as
a system of five joints representing the five lumbar intervertebral
discs (the Michigan model uses only one joint, the L5/S1, in the
lower back region). The Dortmunder model was used to estimate
the moment at the L5/S1 joint, compressive forces at the L5/S1
disc, and shear forces at the L5/S1 disc under various static and
dynamic task conditions using 50th percentile male anthropome-
try during symmetric, sagittal plane lifting. The static analysis pro-
duced results consistent with the Michigan model. All three strain
indices increased monotonically as the weight in the hands in-
creased from a no-load condition to a 50-kg load. All three indices
increased monotonically as the horizontal location of the load in
front of the L5/S1 increased. With the hands empty, increased
trunk flexion angle (forward bending) caused monotonic increases
in L5/S1 moment, compression, and shear.

The dynamic analysis with the Dortmunder model demonstrat-
ed the significance of velocity and acceleration.(62) The task of rais-
ing objects of various weights (no load, 20, and 40 kg) from floor
to elbow height was simulated in three conditions: ‘‘slow,’’ in
which the lift was completed in 2 sec; ‘‘medium,’’ in which the
lift was completed in 1.5 sec; and ‘‘fast,’’ in which the lift was
completed in 1 sec. In the slow condition, compressive forces at
the L5/S1 were similar to static conditions. At medium speed,
peak compressive forces were about 20% higher than under static
conditions. At high speed, peak compressive forces were roughly
50% higher than under static conditions. Jager et al.(62) also sim-
ulated a jerking motion, assuming that all of the upward acceler-
ation was completed in 0.1 sec. Under these conditions, the peak
L5/S1 compression for lifting a 20-kg load from the floor was
approximately 8000 N, more than double the peak load in static
conditions and considerably higher than compressive loads shown
to cause mechanical damage in cadaver tissues. Shear forces were
not reported for the dynamic analyses.

Marras and Sommerich(63,64) of The Ohio State University de-
veloped at three-dimensional dynamic biomechanical model for
evaluating loads on the lumbar spine during lifting. Instead of
using a single equivalent trunk extensor muscle, this model ex-
tended earlier work(68) by including 10 functional muscle groups
in the lower back. By considering multiple muscle groups, Marras
and Sommerich were able to evaluate the effects of co-contraction
and asymmetric postures on spinal stresses during lifting.

The Ohio State model was used to evaluate the effects of trunk
velocity (10, 20, and 30 degrees/sec), trunk torque output (27.1
and 54.2 Nm), and trunk posture symmetry (symmetric, 308
clockwise rotation) on biomechanical loads on the spine. Eleven
subjects participated in this test by performing isokinetic trunk
extensions. During these exertions, electromyography measured
muscle activity in 10 trunk muscles and was used as input to the
model along with subject anthropometry and trunk kinetics. The
model calculated compression, shear, and torsion loading in the
lumbar spine. Muscle activity levels in the erector spinae were bal-
anced between the left and right sides during symmetric lifting;
however, during the asymmetric lift (trunk twisted clockwise), ac-
tivity on the left side was dominant. In symmetric conditions peak
compression at the L5/S1 increased with velocity (approximately
100 N for each increase of 10 deg/sec) and trunk torque output.
Compression forces approached 3900 N at the 30 deg/sec, 54.3
Nm condition. In asymmetric conditions peak compression was
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level (approximately 3000 N) over the range of velocities tested
and approximately 25% lower than under similar symmetric con-
ditions. Peak anterior/posterior shear forces were greater under
symmetric conditions and increased with the magnitude of trunk
torque output. Left/right shear was approximately 40 N under
asymmetric conditions compared with about 10 N under equiva-
lent symmetric conditions.(63,64)

In a follow-up cross-sectional epidemiological study Marras et
al.(59,68) used historical medical records of low-back injuries to clas-
sify over 400 cyclical jobs as either high risk or low risk. Dynamic
trunk motions were measured for each job using a triaxial goni-
ometer system (called the Lumbar Motion Monitor) to document
three-dimensional angular position, velocity, and acceleration of
the lumbar spine while workers performed their jobs. In addition,
basic biomechanical variables (weight lifted, lift frequency, posture,
etc.) were determined for each job. Logistic regression was used
to identify the following five risk factors that discriminated be-
tween high- and low-risk jobs: (1) lifting frequency, (2) load mo-
ment, (3) trunk lateral velocity, (4) trunk twisting velocity, and
(5) the trunk sagittal angle (odds ratio for five variables combined
was 10.7).

The Ohio State group(69) used the Lumbar Motion Monitor in
a laboratory study to evaluate the effects of lift symmetry and to
compare one versus two-handed lift technique. Twenty-four sub-
jects (all male) wore the Lumbar Motion Monitor while perform-
ing one and two-handed lifts ranging between 08 (in the sagittal
plane) and 1358. Trunk motion characteristics associated with in-
creased risk of back injury(59) were all higher with one-handed lifts,
and velocities and accelerations increased substantially with the
angle of asymmetry.

Kim and Chung(70) conducted a laboratory study of the elec-
tromyographic activity of the lower back during dynamic lifting.
Eight healthy males participated in four 2-hour trials, lifting and
lowering weights between floor and knuckle height. Independent
variables were lift type (frequent-lifting, defined as lifting a weight
normalized to 10% of the subject’s strength six times per minute
versus heavy-lifting, defined as lifting a weight normalized to 20%
of the subject’s strength three times per minute) and posture
(symmetric versus 908 offset). Muscle activity (normalized EMG)
was significantly higher during heavy lifting and during asymmet-
ric lifting (p , .001). Muscle fatigue during the 2-hour trial (mea-
sured by a decrease in the mean power frequency of the EMG
signal) was significantly greater during asymmetric and frequent
lifting (p , .001).

Summary of Dynamic Biomechanical Models and
Laboratory Experiments

Dynamic biomechanical models have been used by several inves-
tigators to overcome some of the limitations of the static models
discussed previously. These models allow investigators to consider
the effects of inertia and acceleration when estimating biome-
chanical stresses on the lower back during lifting activities. Under
slow, controlled, sagittal-plane lifts (approximately 2 seconds from
floor to elbow height), the Dortmunder(62) model shows that com-
pressive forces acting at the L5/S1 spinal disk are similar to com-
pressive forces under static conditions. By doubling the lifting
speed, compressive forces increased by 50%. Studies performed at
The Ohio State University show similar results for sagittal lifts;
back compression increased with lifting speed. For asymmetric
lifts, the Ohio model found unbalanced muscle activity between
erector spinae muscles on the left and right sides, and increased
lateral shear forces.(63,64)

Based on dynamic biomechanical analyses and limited epide-
miological studies, the critical risk factors associated with lifting
are (1) load moment about the spine (weight 3 horizontal dis-
tance for the handheld load and the weight of body segments
above the L5/S1), (2) velocity of lift, (3) frequency of lift, (4) lift
asymmetry (lateral and twisting velocities), and (5) the trunk sag-
ittal flexion angle. At faster lifting speeds relatively light loads in
the hand can result in back compression forces that exceed the
3400-N threshold level established by NIOSH.

Dynamic models are not appropriate for all lifting situations.
For highly repetitive lifting, dynamic models do not consider the
effects of fatigue; therefore, psychophysical and/or physiological
methods are preferred. Due to the increased complexity of the
data collection and analysis when using dynamic models, static
approaches may prove to be more practical if lifts are performed
using slow, controlled motions.

PSYCHOPHYSICAL STUDIES OF MANUAL
MATERIALS HANDLING

Psychophysical studies of lifting and related manual materials
handling activities have focused on workers’ perceptions of

physical strain, discomfort, and fatigue associated with work.
There are several distinct differences between the biomechanical
methods previously discussed and the psychophysical methods dis-
cussed in this section. First, psychophysical methods are used to
measure subjective responses to work (discomfort, fatigue, etc.),
whereas biomechanical methods focus on objective responses
(EMG activity, disc compression, etc.) Second, biomechanical ap-
proaches are primarily concerned with predicting how body tissues
react during a single exertion, whereas psychophysical methods
can be used to assess how workers respond to work demands that
are distributed over a shift of 8 or more hours.

The Liberty Mutual Studies

The Liberty Mutual experiments (two-handed, repetitive tasks
performed for an extended work period)(22) were all performed in
a laboratory setting using subjects recruited from local industries
(evening shift workers) near Hopkinton, Mass. Subjects per-
formed a variety of common materials handling tasks, such as lift-
ing, carrying, pushing, and pulling. They were instructed to per-
form as if they were being paid on an incentive basis, working as
hard as they could without becoming unusually tired, weakened,
overheated, or out of breath. Instead of measuring maximum
strength in a single exertion, this approach measured exertions
that could be performed on a repeated basis over an extended
period without excessive fatigue or discomfort. Subjects were giv-
en control over one task variable, the weight (or resistance force
for pushing and pulling tasks) of the object being handled. They
could increase or decrease this weight at will. All other variables,
such as task frequency, initial height of load, distance lifted/low-
ered/carried, etc. were controlled by the experimenter. For each
condition tested, the subjects adjusted the weight to the maximum
amount they would be willing to handle if the task were per-
formed throughout an 8-hour work shift. (Note: The duration of
the test session was typically 4 rather than 8 hours.) The final
weight (following adjustments) was recorded as the MAW. All
tasks were performed with two hands symmetric to the sagittal
plane. Liberty Mutual has published extensive tables of MAWs for
various task conditions.(22) Separate tables exist for males and fe-
males, listing maximum acceptable weights for various percentiles
of the working population.
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The Liberty Mutual studies can be summarized by the follow-
ing points:
n Two-handed symmetric lifts. MAW decreases as the following
task variables increase: lift frequency, lift distance (displacement),
and object size. In addition, MAWs are lower when lifting is above
shoulder height than when lifting is in the floor-to-knuckle-height
or knuckle-to-shoulder height ranges.
n Two-handed symmetric lowers. MAW decreases as the following
task variables increase: lift frequency, lift distance (displacement),
object size. In addition, MAWs are lower when lifting is above
shoulder height than when lifting is in the floor-to-knuckle-height
or knuckle-to-shoulder height ranges.
n Two-handed pushes. Maximum acceptable force (MAF) decreas-
es as the following task variables increase: push frequency and push
distance. Push forces are highest when the handles are located at
approximately elbow height. MAF is reduced when the handles
are located above shoulder level or below knuckle height.
n Two-handed pulls. MAF decreases as the following task variables
increase: pull frequency and pull distance. Pull forces are highest
when the handles are located at approximately knuckle height.
MAF is reduced when the handles are raised to elbow height and
reduced again when the handles are raised above the shoulder.
n Carrying. MAW decreases as task frequency and carry distance
increase. MAW is greater when carrying at waist level compared
with carrying at midchest level.

The Liberty Mutual tables show a large variance in population
capability. Within gender, MAWs and MAFs demonstrated by the
strongest 10% of the population were roughly double those dem-
onstrated by the weakest 10%. Males as a group were stronger
than females, but there was considerable overlap between the gen-
ders.

Relationship Between Liberty Mutual Results and Workplace
Injuries
Snook et al.(71) performed a retrospective study of 191 compen-
sable work-related low-back injuries from 32 states. Physical de-
mands on the jobs where injuries occurred were evaluated and
compared with the Liberty Mutual psychophysical database to es-
timate the percentage of workers who would find the demands
acceptable. Workers assigned to jobs in which physical demands
exceeded the level deemed acceptable by 75% of the population
were three times as likely to experience a back injury when com-
pared with workers on jobs in which physical demands were below
the level acceptable to 75% of the population. Based on the dis-
tribution of workers in the 75%-and-above versus below 75% jobs,
the authors concluded that up to one-third of compensable back
injuries could be prevented by designing jobs to fit at least 75%
of the population.

The Liberty Mutual psychophysical tables were used to evaluate
the physical demands on the jobs of 6912 workers in 5 different
industries.(47) A significant negative correlation (p , .05) was
found between overexertion injury incidence rates and psycho-
physical ‘‘percentage capable’’ rating for the most stressful task on
these jobs (i.e., as percentage capable increased, injury rates de-
creased). Similar to the study described in the previous para-
graph,(71) there was a background level of overexertion injuries
that could not be attributed to physical demands.

These studies(47,71) provide evidence supporting the utility of
using psychophysical percentage capable scores for identifying
manual materials handling activities that place workers at increased
risk of overexertion injury. NIOSH included psychophysical cri-
teria (along with biomechanical and physiological criteria) in the
development a quantitative tool for evaluating stresses associated

with manual lifting. The original(33) and revised(34,48) NIOSH lift-
ing equations establish weight limits that are acceptable to 75% of
adult females and 99% of adult males.

Studies of Two-Handed Tasks During 12-Hour Work Shifts

A University of Cincinnati study (19, 20) replicated a subset of the
Liberty Mutual experiments to investigate the effects of an ex-
tended work shift (12 hours) on MAW and energy expenditure.
Independent variables were lift frequency, height of lift (floor-to-
knuckle, knuckle-to-shoulder, and shoulder-to-reach), box size,
and shift length. For a given condition of frequency, height, and
box size, subjects selected MAWs first assuming an 8-hour shift
and then assuming a 12-hour shift. Similar to the Liberty Mutual
studies, the following results were significant (p , .05): (1) MAW
decreased as lift frequency increased; (2) MAW decreased as box
size increased; (3) MAW was greater at the floor-to-knuckle height
than at the shoulder-to-reach height; and (4) MAW was greater
for males than females.

Over all conditions tested, the MAW for males decreased by
an average 22% when going from an 8 to 12-hour shift (p , .05).
Although the MAW decreased by an average of 12% for females,
the difference was not statistically significant. Energy expenditure
rates, based on measurement of oxygen uptake and computed as
a percentage of aerobic capacity, decreased with the longer work
shift. For males, average energy expenditure decreased from 29 to
23% of aerobic capacity. For females, the corresponding change
was from 28 to 24% of aerobic capacity. Neither change was sta-
tistically significant.

Studies of Asymmetric Lifting

In studies at The University of Wisconsin(72) the psychophysical
method was used to compare MAW for two-handed floor-to-table
(81 cm) lifts in the sagittal plane versus two-handed floor-to-table
lifts at asymmetry angles of 30, 60, and 908 in a laboratory study
of 18 male college students. MAW decreased by 7, 15, and 22%
as the asymmetry angle deviation from the sagittal plane increased
(p , .05). MAW also decreased with larger box sizes (p , .01).
In a follow-up experiment the effects of lift symmetry, frequency,
and height of lift on MAW were evaluated. MAW at angles of 30,
60, and 908 was compared with MAW in the sagittal plane with
mean observed decreases of 9, 14, and 21% (p , .01).(73) In ad-
dition, MAW decreased with increasing lift frequency (p , .01).

At The University of Cincinnati,(21) the psychophysical method
was used to determine the effects of lift symmetry, load symmetry,
load size, frequency, and height of lift on MAW. Heart rate and
oxygen uptake also were monitored during the experiment. Major
findings included the following:
n Asymmetric lifting (turning 908 from the sagittal plane) reduced
MAW by an average 8.4% (p , .01).
n Asymmetric loading (offsetting the center of gravity of the load
20 cm from the sagittal plane) reduced MAW by an average 10%
(p , .01).
n Similar to the Liberty Mutual studies, MAW decreased signifi-
cantly (p , .01) with increased lift frequency and increased object
size. MAW was lower when lifting above the shoulder compared
with lifting floor-to-waist. There was also a significant subject ef-
fect (p , .01) reflecting the range of capabilities in the subject
pool.

Neither lift symmetry nor load symmetry had a significant ef-
fect on heart rate or oxygen consumption.
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Studies of the Effects of Handles and Container Shape

Garg and Saxena(74) used the psychophysical method to determine
the effects of handles, container shape, and container dimensions
on MAW in a laboratory study of 10 college students at the Uni-
versity of Wisconsin. Subjects lifted six different-sized tote boxes
and three different sized mail bags from the floor to a 76-cm
bench. Each of the tote boxes had two configurations—with and
without handles. The lack of handles on boxes decreased MAW
by 7.2% averaged across all box sizes and subjects (p , .01). MAW
for the smallest box (38 3 51 cm) was on average 10% greater
than MAW for the largest box (64 3 64 cm) for both handle and
no-handle conditions (p , .01). MAW averaged across all mail-
bags was greater than the average MAW for no-handle boxes but
less than the average MAW for handle boxes (p , .01).

The effects of handles versus no handles on MAW also has been
studied at Liberty Mutual. When lifting boxes without handles,
MAW was consistently lower (median reduction of 16%) com-
pared with lifting similar boxes equipped with handles.(75)

Studies of MAWs in Restricted Work Postures

The psychophysical method was used by the U.S. Bureau of Mines
to determine MAW under conditions of restricted headroom
where it is impossible for a worker to stand fully erect, such as
when working in low-ceilinged coal mines.(76) Eight experienced
coal miners served as subjects in a laboratory study to evaluate the
effects of posture (kneel versus stoop), lift symmetry, and lift dis-
tance (35 cm versus 60 cm) on MAW. All tests were performed
under a 1.22-m ceiling to prevent the subjects from standing.
Mean MAW was reduced by 11% in the kneeling posture com-
pared with stooping (p , .05). MAW was significantly greater
under asymmetric conditions (p , .01) and at the smaller lift dis-
tance (p , .05); however, the relative differences were small (less
than 5%).

Smith, et al.(23) used the psychophysical method to determine
MAW when lifting, lowering, or carrying in nonstandard postures
such as twisting, lying down, kneeling, squatting, and work with
restricted ceiling heights. One hundred subjects (50 men, 50
women) recruited from a college-age population participated in
this laboratory study at Texas Tech University. Although this study
did not include measurements of MAW in normal lifting (two-
handed, symmetric, sagittal-plane) to use as a basis of comparison,
the following trends were observed:
n MAW decreased with increased lift height.
n MAW decreased with twisting.
n MAW decreased in one-handed lifts (compared with similar
two-handed lifts).
n MAW decreased during carrying tasks with lower ceiling
heights.

Comparison of Psychophysical Findings with Other Criteria for Job
Design

Several studies have been performed to compare MAWs estab-
lished using the psychophysical approach against energy expendi-
ture and biomechanical criteria for designing manual materials
handling tasks. Investigators have compared energy expenditure
when working at psychophysically determined MAWs to the
NIOSH(33) recommendation of 3.5 kcal/min to avoid excessive
physiologic fatigue. These studies(77–79) have shown that at rapid
lifting frequencies (4.3 lifts per minute or faster), psychophysically
determined MAWs exceed the NIOSH-recommended energy ex-
penditure levels. For low-to-moderate lifting frequencies, energy

expenditure when working at the MAW was below the 3.5 kcal/
min criterion. At the other extreme, MAWs determined for very
low lifting frequencies (once every 5 min) have been used to com-
pute spinal compression forces using biomechanical models. A re-
cent analysis(80) of floor-to-knuckle-height lifts found that the
once-per-5-min lift MAW acceptable to a relatively large propor-
tion of the working population (90% of adult males) resulted in
L5/S1 compression forces that exceed the 3400 N limit recom-
mended by NIOSH.(34)

Questions also also been raised regarding whether MAWs es-
tablished during a relatively short experimental session (typically
on the order of 30 min) are valid for extended work periods. Mi-
tal,(81) for example, found decreases in MAW at the end of an 8-
hour experimental session when lifting at frequencies greater than
six lifts/minute. Ciriello et al.(80) found stability in MAWs during
4-hour sessions as long as the lifting frequency was slower than
4.3 lifts/min.

Summary of Psychophysical Studies of Manual Materials Handling

The psychophysical method has been used in a series of laboratory
studies to determine MAW (for lifting, lowering, and carrying
tasks) and MAFs (for pushing and pulling tasks). Using this ap-
proach, subjects adjust the level of weight they are willing to lift
(or the level of force they are willing to exert) as task requirements
change. These studies have demonstrated that the following task
factors are significant:
n Frequency (repetition). As task frequency increases, MAW and
MAF are reduced.
n Posture (vertical location). MAW and MAF are reduced for tasks
performed above shoulder height.
n Posture (asymmetry). MAW is reduced when lifting activities are
performed outside the sagittal plane, requiring twisting of the
trunk.
n Displacement (travel distance). MAW and MAF decrease as the
travel distance of the handled object increases.
n Object size. MAW is reduced as the size of the lifted object
increases.
n Handles. MAW decreases when handles are not provided.
n Shift length. MAW decreases when moving from an 8 to 12
hour shift.
n Individual capability (subject effects). Within the working pop-
ulation, there is a wide range in individual capability to perform
manual materials handling tasks. Although gender is statistically
significant (MAW and MAF are greater for males), there is sub-
stantial overlap between the male and female distributions.

There is limited evidence(47,71) supporting the use of psycho-
physical guidelines for designing manual materials handling tasks.
Potentially up to one-third of compensable back injuries could be
prevented by designing jobs to accommodate at least 75% of the
working population.

SUMMARY OF BIOMECHANICAL AND
PSYCHOPHYSICAL STUDIES OF RISK

FACTORS RELATED TO LOW-BACK PAIN

This article has reviewed recent biomechanical and psychophys-
ical research on workplace factors associated with low-back

pain. The biomechanical studies have examined the relationship
between selected work parameters (e.g., weight lifted, reach dis-
tance, posture) and selected strain responses of body tissue (e.g.,
electromyographic activity of muscles, intradiscal pressure, job
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TABLE II. Summary of Job and Task Factors Significantly Related to
Biomechanical and/or Psychophysical Measures of Strain

Job or Task Factor
Biomechanical

Strain
Psychophysical

Strain

Weight lifted X (Dependent Variable)
Horizontal reach distance X X (Box Size)
Posture: trunk flexion X
Posture: trunk twisting/bending X X
Posture: lift above shoulder X
Lift frequency X X
Lift dynamics (acceleration) X
Displacement distance X
Presence of handles X
Shift duration X
Population variability X X

strength requirements versus worker strength capabilities). The
psychophysical studies have examined the relationship between se-
lected work parameters and the amount of weight that people are
willing to handle without excessive fatigue.

Table II presents a summary of task characteristics found to be
significantly relevant to one or more biomechanical or psycho-
physical measures. Considerable additional research is needed to
understand the quantitative relationships between exposure to
these factors and the incidence and severity of work-related over-
exertion injuries and disorders of the lower back. Nonetheless,
these task attributes should be considered during job evaluation
and job design procedures in order to reduce exposures to those
factors proven to cause increased biomechanical and/or psycho-
physical strain.

REFERENCES

1. National Institute for Occupational Safety and Health (NIOSH):
Musculoskeletal Disorders and Workplace Factors (Pub. no. 97 141).
Cincinnati, OH: NIOSH, 1997.

2. National Institute for Occupational Safety and Health (NIOSH):
National Occupational Research Agenda. Washington, DC: NIOSH,
1996.

3. Keyserling, W.M.: Ergonomic risk factors and occupational muscu-
loskeletal disorders, part 2: A review of biomechanical and psycho-
physical research on risk factors associated with upper extremity dis-
orders. Am. Ind. Hyg. Assoc. J. 61:000–000 (2000).

4. Nachemson, A., and G. Elfstrom: Intravital dynamic pressure mea-
surements in lumbar disks. A study of common movements, maneu-
vers, and exercises. Scand. J. Rehab. Med. 1(suppl):1–40 (1970).

5. Szabo, R.M., and L.K. Chidgey: Stress carpal tunnel pressures in
patients carpal tunnel syndrome and normal patients. J. Hand Surgery
14A:624–627 (1989).

6. Rempel, D., R. Manojlovic, D.G. Levinsohn, T. Bloom, and L.
Gordon: The effect of wearing a flexible wrist splint on carpal tunnel
pressure during repetitive hand activity. J. Hand Surgery 19A:106–
110 (1994).

7. Chapman, A.E., and J.D.G. Troup: The effect of increased maximal
strength on the integrated electrical activity of lumbar erectores spi-
nae. Electromyography 9:263–280 (1982).

8. Stokes, I.A.F., S. Rush, M. Moffroid, G. Johnson, and LD
Haugh: Trunk extensor EMG-torque relationship. Spine 12:770–776
(1987).

9. Andersson, G.B.J.: Evaluation of muscle function. In The Adult
Spine: Principles and Practice, J.W. Frymoyer (ed.). New York: Raven
Press, 1991. pp. 241–274.

10. Chaffin, D.B., and G.B.J. Andersson: Occupational Biomechanics,
2nd ed. New York: J. Wiley & Sons, 1991.

11. Stevens, S.S.: The psychophysics of sensory function. Am. Sci. 48:
226–253 (1960).

12. Eisler, H.: Subjective scale of force for a large muscle group. J. Exp.
Psychol. 63:253–257 (1962).

13. Snook, S.H.: A Brief History of Psychophysics. Hopkinton, MA: Lib-
erty Mutual Research Center for Safety and Health, 1996.

14. Borg, G.A.V.: Borg’s Perceived Exertion and Pain Scales. Champaign,
IL: Human Kinetics, 1998.

15. Snook S.H., and C.H. Irvine.: Maximum acceptable weight of lift.
Am. Ind. Hyg. Assoc. J. 28:322–329 (1967).

16. Snook S.H., C.H. Irvine, and S.F. Bass: Maximum weights and
workloads acceptable to male industrial workers. Am. Ind. Hyg. Assoc.
J. 31:579–586 (1970).

17. Snook, S.H., and V.M. Ciriello: Maximum weights and workloads
acceptable to female workers, J. Occup. Med. 16:527–534 (1974).

18. Snook, S.H.: The design of manual handling tasks. Ergonomics 21:
963–985 (1978).

19. Mital, A.: Maximum weights of lift acceptable to male and female
industrial workers for extended work shifts. Ergonomics 27:1115–1126
(1984).

20. Mital, A.: Comprehensive maximum acceptable weight of lift database
for regular 8-hour work shifts. Ergonomics 27:1127–1138 (1984).

21. Mital, A., and H.F. Fard: Psychophysical and physiological responses
to lifting symmetrical and asymmetrical loads symmetrically and asym-
metrically. Ergonomics 29:1263–1272 (1986).

22. Snook, S.H., and V.M. Ciriello: The design of manual handling
tasks: Revised tables of maximum acceptable weights and forces. Er-
gonomics 34:1197–1213 (1991).

23. Smith, J.L., M.M. Ayoub, and J.W. McDaniel: Manual materials
handling capabilities in non-standard postures. Ergonomics 35:807–
831 (1992).

24. Snook S.H., D.R. Vaillancourt, V.M. Ciriello, and B.S. Webster:
Psychophysical studies of repetitive wrist flexion and extension. Er-
gonomics 38:1488–1507 (1995).

25. Snook S.H., D.R. Vaillancourt, V.M. Ciriello, and B.S. Webster:
Maximum acceptable forces for repetitive ulnar deviation of the wrist.
Am. Ind. Hyg. Assoc. J. 58:509–517 (1997).

26. Klein, M.G., and J.E. Fernandez: The effects of posture, duration,
and force on pinching frequency. Int. J. Ind. Ergonom. 20:267–275
(1997).

27. Corlett, E.N., and R.P. Bishop: A technique for assessing postural
discomfort. Ergonomics 19:175–182 (1976).

28. Armstrong, T.J., L. Punnett, and P. Ketner: Subjective worker as-
sessments of hand tools used in automobile assembly. Am. Ind. Hyg.
Assoc. J. 50:639–645 (1989).

29. Ulin, S.S., C.M. Ways, T.J. Armstrong, and S.H. Snook: Perceived
exertion and discomfort versus work height with a pistol-shaped
screwdriver. Am. Ind. Hyg. Assoc. J. 51:588–594 (1990).

30. Ulin, S.S., S.H. Snook, T.J. Armstrong, and G.D. Herrin: Pre-
ferred tool shapes for various horizontal and vertical work locations.
Appl. Occup. Environ. Hyg. 7:327–337 (1992).

31. Kihlberg, S., A. Kjellberg, and L. Lindbeck: Discomfort from
pneumatic tool torque reaction: Acceptability limits. Int. J. Ind. Er-
gonom. 15:417–426 (1995).

32. Deyo, R.A., J. Rainville, and D.L. Kent: What can the history and
physical examination tell us about low back pain: The rational clinical
examination. J. Am. Med. Assoc. 268:760–782 (1992).

33. National Institute for Occupational Safety and Health (NIOSH):
Work Practices Guide for Manual Lifting (Report no. 81–122). Cin-
cinnati, OH: NIOSH, 1992.

34. Waters, T.R., V. Putz-Anderson, A. Garg, and L.J. Fine: Revised
NIOSH lifting equation for the design and evaluation of manual lift-
ing tasks. Ergonomics 36:749–776 (1993).

35. Genaidy, A.M., S.M. Waly, T.M. Khalil, and J.Hidalgo: Spinal
compression tolerance limits for the design of manual material han-
dling operations in the workplace. Ergonomics 36:415–434 (1993).

36. Chaffin, D.B., and W.H. Baker: A biomechanical model for analysis
of symmetric sagittal plane lifting. AIIE Trans. 2:16–27 (1970).

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
E
I
C
O
N
 
C
o
n
s
o
r
t
i
u
m
]
 
A
t
:
 
1
6
:
5
9
 
1
 
A
p
r
i
l
 
2
0
1
0



50 AIHAJ (61) January/February 2000

AP
PL

IE
D

ST
U

D
IE

S

37. Garg, A., and D.B. Chaffin: A biomechanical computerized simu-
lation of human strength. AIIE Trans. 7:1–15 (1975).

38. Morris, J.M., D.B. Lucas, and B. Bresler: Role of the trunk in
stability of the spine. J. Bone Joint Surgery 43:327–351 (1961).

39. Okada, M.: An electromyographic estimation of the relative muscle
load in different human postures. J. Human Ergonol. 1:75–93 (1972).

40. Schultz, A.B., G.B.J. Andersson, and R Ortengren: Analysis and
quantitative electromyographical measurements of loads on the lum-
bar spine when holding weights in standing postures. Spine 7:390–
397 (1982).

41. Seroussi, R.E., and M.H. Pope: The relationship between trunk
muscle electromyography and lifting moments in the sagittal and fron-
tal planes. J. Biomechanics 20:135–146 (1987).

42. Andersson, G.B.J., R. Ortengren, and A. Nachemson: Quantita-
tive electromyographic studies of back muscle activity related to pos-
ture and loading. Orthopedic Clin. NA 8:85–96 (1977).

43. Andersson, G.B.J., and A.B. Schultz: Transmission of moments
across the elbow joint and lumbar spine. J. Biomech. 12:747–755
(1979).

44. Chaffin, D.B., and K.S. Park: A longitudinal study of low back pain
as associated with occupational weight lifting factors. Am. Ind. Hyg.
Assoc. J. 34:513–525 (1973).

45. Keyserling, W.M., G.D. Herrin, and D.B. Chaffin: Isometric
strength testing as a means for controlling medical incidents on stren-
uous jobs. J. Occup. Med. 22:332–336 (1980).

46. Battie, M.C., S.J. Bigos, L.D. Fisher, T.H. Hansson, et al.: A
prospective study of the role of cardiovascular risk factors and fitness
in industrial back pain complaints. Spine 14:141–147 (1989).

47. Herrin, G.D., M. Jaraiedi, and C.K. Anderson: Prediction of over-
exertion injuries using biomechanical and psychophysical models. Am.
Ind. Hyg. Assoc. J. 47:322–330 (1986).

48. National Institute for Occupational Safety and Health (NIOSH):
Applications Manual for the Revised NIOSH Lifting Equation
(NIOSH Pub. no. 94–110), Cincinnati, OH: NIOSH, 1994.

49. McGill, S.M., and R.W. Norman: Reassessment of the role of intra-
abdominal pressure in spinal compression. Ergonomics 30:1565–1588
(1987).

50. Marras, W.S., and G.A Mirka: A comprehensive evaluation of trunk
response to asymmetric trunk motion. Spine 17:318–326 (1992).

51. Kumar, S.: Moment arms of spinal musculature determined from CT
scans. Clin. Biomech. 3:137–144 (1988).

52. Brinckmann, P. M. Biggemann, and D. Hilweg: Prediction of the
compressive strength of human lumbar vertebrae. Clin. Biomech.
4(suppl. 2):1–27 (1989).

53. Berkson, M.H., A. Nachemson, and A.B. Schultz: Mechanical
properties of human lumbar spine motion segments. Part II: Re-
sponses in compression and shear; influence of gross morphology, J.
Biomech. Engin. 101:53–57 (1979).

54. Schultz, A.B., G.B.J. Andersson, R Ortengren, A. Nachemson,
and K. Haderspeck: Loads on the lumbar spine: Validation of a bio-
mechanical analysis by measurements of intradiscal pressures and my-
oelectric signals. J. Bone Joint Surgery 64A:713–720 (1982).

55. Brinckmann, P., M. Biggemann, and D. Hilweg: Fatigue fracture
of human lumbar vertebrae. Clin. Biomech. 3(suppl. 1):1–38 (1988).

56. Brinckmann, P., N. Johannelweling, D. Hilweg, and M. Bigge-
mann: Fatigue fracture of human lumbar vertebrae. Clin. Biomech. 2:
94–97 (1987).

57. Hansson, T., T.S. Keller, and D.M. Spengler: Mechanical behavior
of the human lumbar spine. II. Fatigue strength during dynamic com-
pressive loading, J. Orthopaedic Res. 564:479–487(1987).

58. Ayoub, M.M.: Problems and solutions in MMH., Ergonomics 35:
713–728 (1992).

59. Marras, W.S., S.A. Lavender, S.E. Leurgans, S.L. Rajulu, et al.:

The role of three-dimensional trunk motion in occupationally-related
low back disorders, Spine 18:617–628 (1993).

60. Leskinen, T.P.J., H.R. Stalhammer, I.A. Kuorinka, and J.D.G.
Troup: A dynamic analysis of spinal compression with different lifting
techniques, Ergonomics 26:595–604 (1983).

61. McGill, S.M., and R.W. Norman: Dynamically and statically deter-
mined low back moments during lifting. J. Biomechan. 18:877–885
(1985).

62. Jager, M., and A. Luttmann: Biomechanical analysis and assessment
of lumbar stress during load lifting using a dynamic 19-segment hu-
man model. Ergonomics 32:93–112 (1989).

63. Marras, W.S., and C.M. Sommerich: A three-dimensional motion
model of loads on the lumbar spine: I. Model structure. Human Fac-
tors 33:123–137 (1991).

64. Marras, W.S., and C.M. Sommerich: A three-dimensional motion
model of loads on the lumbar spine: II. Model validation. Human
Factors 33:139–149 (1991).

65. Leskinen, T.P.J.: Comparison of static and dynamic biomechanical
models, Ergonomics 28:285–291 (1985).

66. Bush-Joseph, C., O. Schipplein, G.B.J. Andersson, and T.P. An-
driacchi: Influence of dynamic factors on the lumbar spine moment
in lifting. Ergonomics 31:211–216 (1988).

67. Schultz, A.B., and G.B.J. Andersson: Analysis of loads on the lum-
bar spine, Spine 6:76–82 (1981).

68. Marras, W.S., S.A. Lavender, S.E. Leurgans, F.A. Fathallah, et al.:
Biomechanical risk factors for occupationally related low back disor-
ders. Ergonomics 38:377–410 (1995).

69. Allread, G.W., W.S. Marras, and M. Parnianpour: Trunk kinemat-
ics of one-handed lifting, and the effects of asymmetry and load
weight. Ergonomics 39:322–334 (1996).

70. Kim, S.H., and M.K. Chung: Effects of posture, weight and fre-
quency on trunk muscular activity and fatigue during repetitive lifting
tasks. Ergonomics 38:853–863 (1995).

71. Snook, S.H., R.A. Campanelli, and J.W. Hart: A study of three
preventive approaches to low back injury. J. Occup. Med. 20:478–481
(1978).

72. Garg, A., and D. Badger: Maximum acceptable weights and maxi-
mum voluntary isometric strengths for asymmetric lifting. Ergonomics
29:879–892 (1986).

73. Garg, A., and J. Banaag: Maximum acceptable weights, heart rates,
and RPEs for one hour’s repetitive asymmetric lifting. Ergonomics 31:
77–96 (1988).

74. Garg A., and U. Saxena: Container characteristics and maximum
acceptable lift. Human Factors 22:487–495 (1980).

75. Ciriello, V.M., S.H. Snook, and G.J. Hughes: Further studies of
psychophysically determined maximum acceptable weights and forc-
es., Human Factors, 35:175–186 (1993).

76. Gallagher, S.: Acceptable weights and physiological costs of perform-
ing combined manual handling tasks in restricted postures. Ergonomics
34:939–952 (1991).

77. Karwowski, W., and J.W. Yates: Reliability of the psychophysical
approach to manual lifting of liquids by females. Ergonomics 29:237–
248 (1986).

78. Ciriello, V.M., and S.H. Snook: A study of size, distance, height
and frequency effects on manual handling tasks. Human Factors 25:
473–483 (1983).

79. Ciriello, V.M., S.H. Snook, A.C. Blick, and P.L. Wilkinson:
The effects of task duration on psychophysically-determined max-
imum acceptable weights and forces. Human Factors 33:187–200
(1990).

80. Chaffin, D.B., and G.B. Page: Postural effects on biomechanical
and psychophysical weight lifting limits. Ergonomics 37:663–676
(1994).

81. Mital, A.: The psychophysical approach in manual lifting: A verifi-
cation study. Human Factors 25:485–491 (1983).

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
E
I
C
O
N
 
C
o
n
s
o
r
t
i
u
m
]
 
A
t
:
 
1
6
:
5
9
 
1
 
A
p
r
i
l
 
2
0
1
0


