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Introduction 

To what extent can a worker's perception of exertion be used to establish what 
is an acceptable level of work? There is an increasing body of knowledge that 
suggests that safe levels of work can be established using psychophysical and 
psycho-scaling tools to assess the worker's perception of exertion. The pur­
pose of this chapter is to ( 1) review laboratory methods used to assess the per­
ceived exertion of workers, (2) examine the role of task variables that affect 
perceived exertion (ie, force, work rate, and type of work-static versus dy­
namic) and (3) assess the potential of psychological methods for achieving the 
goal of establishing safe levels of work. 

Numerous studies over the last 10 years have investigated the occupational 
causes of upper extremity musculoskeletal disorders. Armstrong and associ­
ates I recently reviewed a series of epidemiologic studies that linked various job 
or task attributes with disorders affecting the musculoskeletal system. To date, 
however, relatively few studies have been conducted that provide information 
which defines the limits of acceptable or safe manual work for the majority of 
healthy workers. One reason may be the manner in which human work ca­
pacity is assessed. 

To assess work capacity and the potential for musculoskeletal injury, inves­
tigators rely on one or two approaches: If the work is heavy, but intermittent, 
biomechanical measures of strength may serve as indicators of work capacity. 
If the work is light, but continuous, physiological measures of endurance may 
be needed. Studies of muscle endurance, for example, provide useful informa­
tion on the strength of an individ· ,:ii muscle or even a group of muscles. How­
ever, the problem is that even simple manual work activities can require the 
use of numerous muscles, joints, ligaments, and tendons in varying degrees. 2 

Information on the functioning of one or more muscles cannot provide much 
predictive insight as to the level of exertion a worker is willing to experience 
to carry out the job safely. 

The findings from a number of studies of muscle fatigue suggest that few 
mu'icle groups can maintain a static exertion or contractile force for more than 
a few minutes without the subject experiencing significant pain. 3 The actual 
duration of exertion depends on the load and the individual muscle group used. 
To measure the maximum duration of contraction, a load is selected that is 
some fraction of the individual's maximum voluntary contraction (MVC). The 
higher the level of MVC, the more rapid is the onset of fatigue and the shorter 
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is the voluntary contraction duration. Rohmert4 recognized this· relationship 
as logarithmic. There is a logarithmic relationship between the holding time of 
a muscle group and the maximum force it is required to maintain; ie, as force 
increases, holding time decreases in a geometric progression. 

The results of maximum-effort studies are useful in establishing the limiting 
endurance levels of physiologic fatigue for various exertions. The findings pro­
vide little guidance, however, in establishing submaximal or acceptable levels 
of effort for work performed over the course of an 8-hour day. 

Ultimately, what work a person is willing to do each day depends on the 
level of fatigue experienced. When the discomfort from muscle fatigue exceeds 
a personal threshold, the worker seeks ways in which to reduce the aversive 
state. Depending on the job and supervision, a worker may conceal a rest break, 
change a work routine, or, at the extreme, stop working. If these recourses are 
prohibited and the worker is compelled to continue to work with increasing 
fatigue or pain and with reduced capacity, the safety of work is endangered 
and, over time, occupational impairments are likely. 

Attempts at evaluating the effects of fatigue on worker behavior have been 
largely impeded by the lack of adequate methods of measurement. In the past 
researchers have tried to identify a single test to measure industrial fatigue. 5 

T0day, most industrial psych')logists recognize that fatigue is more than a de­
cline in muscle contraction, a fall in critical flicker fusion, or an increase in 
blood lactate concentration. Work fatigue can be regarded as a perceptual is­
sue, an "experienced self-evaluation," integrating psychological {motivational) 
and sensory information. 6 

Although there are no single tests for isolating the experience of fatigue, psy­
chophysical techniques have been used to research methods for quantifying the 
perception of physical events.7 Psychophysics is concerned with the quantita­
tive relationship between physical changes in stimulation and the subject's 
awareness of that stimulation. Some of the earliest psychophysical studies ex­
plored the perception of weight and force. 8•

9 More recently, the variables of 
exertion, discomfort, and effort involved in work performance have been in­
vestigated. 10 

Perceived Exertion 

Psychophysical studies of perceived exertion during work, for example, on a 
bicycle ergometer, indicate that perceived intensity increases with the physical 
work load according to a positively accelerating function, which can be de­
scribed by a power function with an exponent of 1.6. 11 This relationship is 
consistent with Stevens's power model for subjective assessments. 12 

Stevens and Cain 13 expanded the research on the perception of muscular fa­
tigue to include the role of duration. Recognizing that work is a function of 
force applied over time, Stevens and Cain identified a power function that de­
scribes the growth of perceived exertion {PE) with respect to load and dura­
tion of the exertion. Using data from hand grip contraction, the exponent for 
force was twice that for duration, as shown below. The relationship is ex­
pressed as PE= k * Load1.7 * Duration°·7 • The constant, k, defines individual 
strength differences. 

The exponent for load indicates that the perception of exertion increases at 
a rapid rate relative to changes in the physical load, whereas the exponent for 
duration indicates a more gradual change in perceived exertion as duration in­
creases. The exponents were derived from studies of highly repetitive work, 
such as bicycle pedaling. For static or eccentric work, the exponent would be 
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larger. The implication is that with an equivalent load, perceived fatigue in­
creases at a faster rate for static work than for dynamic work. 14

• 
15 Regardless 

of the size of the exponent, it is apparent from the multiplicative relationship 
between load and duration (holding perceived effort constant) that variations 
in load will produce compensatory variations in duration. This reflects the ev­
eryday experience that heavy loads cannot be supported for as long as lighter 
loads. 

Studies also indicate that individuals are capable of reliably estimating their 
endurance in a physical task and that there is a strong positive correlation be­
tween the objective and subjective aspects of a fatigue state. 16- 18 Caldwell and 
Smith 19 and Park and Rodbard20 suggested that the sensation of local muscle/ 
joint pain is a reliable indicator of physiologic stress associated with physical 
work load. Moreover, Park and Rodbard noted that the subjective feelings as­
sociated with static loads increase consistently with the level of accumulated 
pain-inducing metabolites. 

Further evidence of the close relationship between subjective and objective 
aspects of work endurance is reported by Tanii and associates.21 In comput­
ing the endurance time course for different forces that loaded the arm, they 
found that the median time for onset of pain sensation occurs at between 30% 
and 40% of the maximum enduraP.ce time. For example, if the maximum en­
durance was 60 seconds for a given task, the subject would begin to experi­
ence pain between 18 and 24 seconds after the task began. Hence, the sensa­
tion of pain can be used as an early warning sign for overexertion that is time­
locked to the course of maximum work endurance. Corlett and associates22•23 

also recognized that "acceptable discomfort" was a valid measure for evaluat­
ing how long a person could hold a work posture. 

In addition to pain, several other studies in recent years have been con­
ducted to evaluate the importance of physiological cues in the rating of exer­
tion. Pandolf24 concluded that two factors determine the level of perceived ex­
ertion: a local factor (ie, sensations or feelings of strain in the working muscles 
and/or joints) and a central factor (ie, sensations or feelings primarily associ­
ated with the cardiorespiratory system). Central factors contribute to the sen­
sation of exertion when large muscle groups are involved and the work ex­
ceeds intensities of 50% aerobic power. Local factors contribute to the sensation 
of exertion for tasks in which static postures are maintained. For static pos­
tures, sensory cues are extracted primarily from muscle spindles, Golgi tendon 
organs, and various mechanoreceptors. As a result, joints such as the shoulder 
girdle with its rich supply of muscles and tendons are capable of responding 
to very distinct levels of static or repetitive loading. 

Rating Scales 

The two Borg scales provide a practical example of the application of psycho­
physical methods in the field of ergonomics.25 In 1970, Borg26 published the 
first of his scales, entitled the Rating of Perceived Exertion (RPE) scale (Table 
1). The RPE scale consists of 15 numbers from 6 to 20, accompanied by nine 
descriptive labels that ranged from "no exertion" at one end to "maximum ex­
ertion" at the bottom of the scale. For practical purposes, he chose a simple 
category rating scale, in contrast to the ratio scaling methods used by Stevens 
and Cain." 13 The RPE scale was designed to grow linearly with exercise inten­
sity and heart rate during work on a bicycle ergometer. Borg chose the nu­
merical values on the RPE scale to correspond to one-tenth value of the heart 
rate. For example, a person performing a task in which a heart rate of 90 beats 
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Table 1 Borg 15-point rating of perceived exertion (RPE) scale* 

Rating Scale 

6 No exertion at all 
7 
8 Extremely light 
9 Very light 

10 
11 Light 
12 
13 Somewhat hard 
14 
15 Hard 
16 
17 Very hard 
18 
19 Extremely hard 
20 Maximal exertion 

* Scale of perceived whole-body exertion 

per minute occurs would likely rate that task on the RPE scale as a 9 (very 
light). The RPE scale has proven useful in exercise physiology for the evalua­
tion and monitoring of exercise intensities. In 1982, Borg27 developed the sec­
ond of his scales, which has become known as the CR-10 scale because it is 
based on category ratios of Oto 10 (Table 2).27 The CR-10 scale is widely used 
for assessing the level of muscular exertion during manual work, such as lift­
ing or carrying. The numbers on the CR-10 scale are assigned expressions that 
are simple and understandable by most people. Exertions assigned a "10" are 
defined as "very, very strong" or "very, very heavy," usually the heaviest physi­
cal work perceived by the subject. Exertions rated as a "0.5" are considered 
"very, very weak" intensity or "very, very light" work. When using the scale, 
people are permitted to use decimals and to use values greater than 10.25 An­
choring the highest number in a very well-defined maximum effort or exertion 
provides a point of reference for individuals, which aids in defining "same-

Table 2 Borg CR-10 Discomfort Rating Scale* 

. Rating 

0 
0.5 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Scale 

No discomfort at all 
Very, very weak 
Very weak 
Weak 
Moderate 
Somewhat strong 
Strong 

V.::ry strong 

Very, very strong (maximal) 

* Scale of perceived muscular exertion 
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ness" for different individuals. The concept of the level of effort required to 
assign a value of 10 on the Borg CR-10 scale has become a public unit for com­
parisons between noise, vibration, pain, and exertion. 

Because the Borg CR-10 scale is conceptually very simple and easy to ad­
minister, the rating procedure can be carried out at almost any stage during a 
work task. Typically, a subject provides a response by verbally indicating the 
numerical point on the scale that best represents his or her degree of exertion. 
An alternate procedure is to use one or more points on the scale as a criterion 
or target value for adjusting work load. 

Yonda28 and Deeb and ass9ciates29 tested the hypothesis that the values on 
the Borg CR-10 scale, when multiplied by 10, are roughly equal to the per­
centage of maximum muscle strength (% MVC) that a given effort requires. 
For example, if an individual exerts a force and rates it as a "6" on the CR-10 
scale, then that person is using roughly 60% of his or her maximum strength. 
This relationship is not perfectly linear; studies have shown that subjects con­
sistently overestimate their efforts at lower forces and underestimate their ef­
forts at high forces, with nearly perfect estimation occurring near 55% of 
MVC.29

•30 Deeb and associates29 demonstrated that the RPE for a specific level 
of effort tends to increase with age, which is consistent with what is under­
stood about the effect of aging on strength. To account for this age effect, psy­
chophysical recommendations for working limits may need to be based on 
workers representing the spectrum of the working population. 

Hogan and Fleishman31 conducted a series of psychoscaling studies to as­
sess the reliability and validity of subjective methods for measuring perceived 
physical effort (PPE). They developed a PPE index, which was a c0ndensed ver­
sion of the Borg 15-point RPE scale (Table 1). The PPE index consisted of a 
7-point scale with the same labels as the Borg RPE scale with the numerical 
intervals reduced by half, beginning with "1" instead of "6." They found that 
relatively inexperienced participants could accurately and reliably characterize 
the physical effort of various common tasks using the PPE index. The tasks 
included activities such as sawing wood, carrying trays, operating a crane, and 
stocking shelves. The actual task ratings provided by the inexperienced par­
ticipants were highly correlated (r = .88) with actual metabolic costs and mea­
sures of biomechanical or ergonomic demands. The authors concluded that the 
PPE index, even in the hands of inexperienced individuals, would be very use­
ful as a job analysis method for physically demanding work.32 

Acceptability Scaling 

Much of the original psychophysical research into manual work has focused 
on ratings of maximum acceptable loads (RALs), ie, the individual's assess­
ment of the maximal work load that can be tolerated without feeling overex­
ertion or fatigue. 33 Measures of maximum acceptable frequency for a task are 
labeled as MAFs and, similarly, measures of maximum acceptable torque are 
labeled as MATs. The rationale for "acceptability scaling" is based on the view 
that the worker can best determine an appropriate individual work load based 
on his or her own interpretation of physical sensations resulting from the task. 
Psychophysical rest protocols are usually designed to give the subject control 
over one task variable, such as load or frequency of exertion. The subject, based 
on perceived sensations of fatigue or exertion, adjusts the variable so that the 
subject can perform the task without experiencing excessive strain or fatigue. 

Psychophysical methods including the use of both RPEs and RALs have 
proved valuable in the assessment of the individual's working capacity in 
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manual material handling tasks. Chaffin and Andersson34 concluded that un­
til comprehensive dynamic testing methods and biomechanical models are de­
veloped, psychophysical limits, based on simulations of specific tasks of inter­
est, may be the most accurate means of determining a person's acceptable 
performance limit for a given task. Poulton35•36 also concluded that subjective 
rating techniques represent a valid procedure for assessing rhe subject's re­
sponse to physical stimuli, reasoning that subjective assessment is the individu­
al's "own perception" of a stimulus and, as such, provides a unique and valid 
response measure that no "objective measure" can replace. 

Applications to Upper Extremity Work Activities 

Despite widespread use in manual materials handling research, the application 
of psychophysical methods to the study of upper extremity work activities has 
only recently been explored. Interest in psychophysical techniques emanates 
from industry demands for guidelines or limits designed to prevent cumulative 
trauma disorders, combined with the difficulties inherent in assessing upper ex­
tremity work using more objective approaches. These difficulties with more ob­
jective work were demonstrated by Snook and Irvine37•38 and Garg and Sax­
ena, 39 who showed that physiologic measures of metabolic energy expenditure 
or heart rate criteria have little meaning in the study of upper extremity work. 
Similarly, although electromyography (EMG) can be helpful for quantifying 
muscular activity and fatigue, it requires expensive instrumentation, careful 
calibration, and an experimental design that preserves characteristic relation­
ships between EMG and muscle. An advantage of psychophysical measures is 
that (unlike EMG) they are applicable to highly dynamic tasks, intermittent 
tasks, or exertions chat involve combinations of several different muscles. Fur­
thermore, psychophysical methods are less invasive in the workplace, require 
no expensive instrumentation or painstaking calibration to implement, and pro­
vide data that are readily interpretable. 

Recent laboratory studies using psychophysical techniques to examine the 
effects of different variables on perceived exertion are described below (Table 
3). These studies have also served to identify appropriate tool, task, and work­
station designs for various manual activities. Much of _this research yields in­
sight into the reliability and reproducibility of psychophysically derived limits 
and the relationship between psychophysical measures and other measures of 
upper extremity exertion. 

Variables Affecting Psychophysically Perceived Exertion 

The results of psychophysical studies of upper extremity work are generally 
consistent with the results of biomechanical and epidemiologic studies; ie, con­
ditions that impose biomechanical loads on the body and are associated with 
increased risk of musculoskeletal injury are also perceived as more stressful and 
less "acceptable" to workers than conditions that do not. 

Force 

Several studies clearly demonstrate that force of movement has a powerful ef­
fect on perceived exertion and the acceptability of manual work activities. As 
manual effort increases (often because the weight of a tool or object in­
creases), the RPE increases. 40-4

7 Furthermore, increased manual force require­
ments generally have significant deleterious effects on the length of time sub-



Table 3 Psychophysical studies of upper extremity work 

Independent Dependent 
Reference Task Variable(s) Variable(s) Psychophysical Method(s) Results/Recommendations 

Snook and Lifting boxes Box weight MAF* of lift MAF determined using MAF decreased with height and 
lrvine·17

•·
18 using arms Lift height Heart rate method of adjustment over weight of lift. No difference in heart 

1 hour rate between conditions. 

Garg and One-handed Load MAF of lift MAF determined using Increasing the load weight and 
Saxena·1'J lifting in the Reach distance Heart rate method of adjustment over lifting distance reduced MAF. At 

horizontal plane RPE 1 40-minute period MAF, subjects rated exertion as 

Borg RPE scale fairly light to somewhat hard. No 
heart rate variation. 

""O 

Hammarskji.ild S;1wing, nailing, Task type RPE Borg RPE scale Screwing consistently rared as hard It> 
;:; 

et al"" and screwing Day EMG1 or very hard, sawing as somewhat It> 

< 
(carpentry work) Time of day Force exerted hard, and nailing as fairly light. It> 

a. 
Motions Work m 

ti me 
>< 
It> 
;::i 

Armsrrong ct Powered hand 'fool weight Raring of weight, Attribute rated using a Weight and grip force assessments i5 
al~! tool use (assembly Tool handle handle size, grip continuous scale (0-10), correlated with tool mass. Perceived 

:::i 
0., 

work) diameter force, and anchored at 0, 5, and 10 handle size related to handle "' 
0., 

Vertical work comfort of tools circumference. Discomfort increased ,, 
distance used with horizontal and vertical work 

C 
:::i 
n 

Horizontal work distance. ..... 
i5 

distance Gender, :::i 

stature, hand size 0 -
Garg and One-handed Speed of pull RPE for elbow, Borg RPE scale RPE and strength decreased, 

""O 
:r 
'< 

Beller" 1 handle pulling Vertical height of shoulder, and comfort increased with increased "' ?i " 
handle Angle of hack pulling speed. Pull height and angle ~ 

pull Comfort had little effect on RPE. m 
~ 

Pulling strength 0 
;::i 

Genaidy er Holding weights Task type (static, RPE Heart rate Borg RPE scale RPE increased, endurance rime 
al 411 and moving the dynamic, and Blood pressure decreased with weight. Static task v, 

v, 
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Table 3 Psychophysical studies of upper extremity work (cont.) Vl 
0\ 

Independent Dependent 
Reference Task Variable(s) Variable(s) Psychophysical Method(s) Results/Recommendations m 

"O 
ci 

lower arm about combination) Time until associated with greatest RPE an<l ro 
3 

the elbow. Weight Lift exhaustion blood pressure, shortest endurance i5' 
frequency time. Lift frequency had no effects. 0 

lO 

Park et al"2 Carpet trimming Carpet type RPE, EMG Borg CR-10 scale RPE affected by carpet type and ;::; · 

(3 studies) Type and Wrist deviation blade angle (straight blade OJ 
::, 

direction of cut Grip force associated with lowest RPE). 
a. 
-0 

Knife temperature Length of cut V, 
'< 

Blade angle 
/"'I 
::I" 
0 

Snook et Wrist morion Wrist motion and MATS Isometric MAT determined using MAT decreased with repetition and 0 
al49.% against resistance grip type wrist strength method of adjustment hour of day; greater for wrist flexion 

lO 
;::; · 

(2 studies) Repetition rate Tactile sensitivity (averaged and recorded each than extension. No MAT difference r 
OJ 

Days of exposure Symptoms Errors minute for 7 hours) between days. Increase in weekly rr 
0 

(2 vs 5 days/ Duration of force Discomfort recorded on series work load (from 2 to 5 days) OJ -week) of graded scales (0 to 3) produced 36.3% decrease in MAT. 0 
'< 

Ulin et Driving s-::rews Vertical and RPE Borg CR-10 scale RPE increased with tool mass, VI -al45 .. SO •. ~., .H (4 studies) horizontal work Discomfort rating Body part discomfort survey vertical and horizontal work C 
a. 

location distance, and work pace, io' 
V, 

Tool type 
Tool mass 
Work rate 

Marley and I. Drilling holes 1. Force, wrist MAF . MAF determined using MAF decreased, RPE increased with 
Fernandez41 in sheet metal flex ion RPE method of adjustment over a increasing force, duration, and wrist 
Kim and 2. Wire crimping 2. Grip force as a Blood pressure 20-minute period .flexion. RPE and MAF (-) 
Fernandez42 (All simulated 01., of MVC, ** EMG RPE-Borg scale correlated. RPE, HR t 1, EMG, and 
Dahalan and tasks) grip duration No discomfort blood pressure (+) correlated. 
Fernandez4" measure 
Krawczyk·14 3 studies: I. Bottle weight, 1. RPE, RPE-, 10 cm visual analog RPE increased with weight and 

I. Moving plastic frequency and discomfort scale (anchored at ends) frequency but not distance of 
bottles distance of 2. PW,** RPE, Discomfort of 11 body parts transfer. For combination task, RPE 



Table 3 Psychophysical studies of upper extremity work (cont.) 

Independent Dependent 
Reference Task Variable(s) Variable(s) Psychophysical Method(s) 

2. Moving movement, time discomfort (ranked) 
containers 2. Frequency and 3. RPE, PW determined using method 
(combination distance of discomfort of adjustment over 8-hour 
task) movement, time period 

3. 'X, time spent 
on each task 

Putz-Anderson Lifting and I. Discomfort Work duration Borg CR-10 scale used to 
and Galinsky48 lowering a tool level, force as a % (time until onset designate fatigue/discomfort 

handle (4 studies) of MVC of a specified level criterion 
2. Repetition rate, 
force 
3. Repetition rate, 
tool weight 
4 . Repetition rate, 
reach height 

Harber et al·17 Repetitive Wrist position 
grasping motions Force 

Repetition rate 
Grip type 

Granr ct al 4
" Grasping and Handle 

moving rool shape/diameter 
handles (3 studies) Tool weight 

* MAF, maximum acceptable frequency 
I Rl'E, rating of perceived exertion 
~ EMG, electromyography 
§MAT, maximum acceptable torque 

of fatigue) 

RPE 
Comfort (overail 
and wrist) 

Rl'E 
Grip force 
Fon:arm 
EMG 

.. PW, preferred container weighr; MVC, maximum voluntary contraction 
11 1-IR, heart rate 

Borg CR-lO scale (RPE) 
Discomfort scale (1-8, 
anchored at 4 points) 

RPE measured using 
Borg CR-10 scale 

Results/Recommendations 

and discomfort were minimized 
when time was evenly split between 
tasks. PW decreased with increased 
frequency and distance of movement. 
RPE and PW stable during workday; 
discomfort increased. 
Work duration increased with 
fatigue criterion; decreased with 
increased force, tool weight, reach, 
and repetition. Increases in force or 
repetition attenuated the other's 
effect. No change in average work 
time through workday. Limiting 
fatigue maintained rest effectiveness. 

RPE and discomfort affected by grip 
type, force, wrist position, and 
rapid repetition. 

RPE increased with weight, not 
affected by handle shape or diameter. 
RPE correlated with grip force, 
EMG. 
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jeers can work without becoming excessively fatigued and the rate of work 
subjects find acceptable for an 8-hour period. 37.39.4 l-43 ,48 

Repetition 

Likewise, researchers are in nearly universal agreement that the repetitiveness 
of manual work (ie, the work rate) has a direct impact on the RPE and 
RAL.44•47-50 All agree that increasing the rate of task repetition increases the 
level of perceived stress associated with the task. Furthermore, as the rate of 
repetition increases, the length of time workers are able to work without fa­
tigue decreases and the acceptable force of exertion required by the task is re­
duced.44·48•49 There is also evidence that as repetition rates continue to in­
crease, compensatory mechanisms for reducing the stress associated with 
manual work become less effective. For example, Putz-Anderson and Galin­
sky48 found that at extremely high rates of repetition, reducing the force re­
quired to perform the task was relatively ineffective in forestalling shoulder fa­
tigue and discomfort. Similarly, Snook and associates49 found that even though 
subjects were encouraged to adjust force requirements to avoid discomfort, and 
subjects actually did reduce force levels as repetition rates increased, subjects 
reported more discomfort throughout the workday when repetition rates were 
high. Although these findings do not invalidate studies that suggest that trade­
offs are possible to achieve acceptable work loads, they do challenge the as­
sumptions and recommendations of many ergonomists-namely, that high rates 
of repetition are permissible if awkward postures or manual forces associaced 
with manual work can be reduced. 

Posture 

Awkward working postures frequently result from the faulty layout and de­
sign of workstations and tools. 51 It has been suggested that psychophysical 
measures represent a direct method for evaluating the interface between tools, 
tasks, and workers for the purpose of establishing design criteria for tools and 
workstations. 

To evaluate this hypothesis, Armstrong and associates52 asked workers in 
an automotive assembly plant to rate the handle size, grip comfort, and pos­
ture comfort of tools used during their work activities. Objective measures of 
handle circumference and the horizontal and vertical location of the tool rela­
tive to the body were collected, along with data on worker gender, stature, hand 
breadth, and hand length. The results indicated that workers' subjective as­
sessments strongly correlated with tool, task, and worker attributes (Table 3 ). 
While acknowledging a need for further studies, Armstrong and associates ar­
gued that psychophysical ratings could be used to target and prioritize areas 
for ergonomic interventions. 

In an extension of this work, Ulin and associates45·50
•53·54 conducted a se­

ries of laboratory studies to examine the effect of work location/orientation 
on the RPE in m

0

anual assembly operations. Subjects rated the exertion asso­
ciated with driving screws into perforated sheet metal at different horizontal 
and vertical work locations with different pneumatic screwdrivers using the 
Borg CR-10 scale. The results agreed favorably with predictions based on an­
thropometric and biomechanics data, indicating that exertion is minimized 
when tools and workstations allow workers to maintain neutral wrist and 
shoulder postures during their work activities. As a result, specific design guide­
lines for minimizing perceived exertion were offered. 
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Other studies tend to confirm that worker tolerance for various work con­
ditions is increased when extreme joint deviations are avoided. Garg and Sax­
ena 39 and Krawczyk44 found that doubling the reach distance in a manual 
transfer task reduced the maximum acceptable frequency of transfer by about 
18% and the preferred weight of transfer by 37%. Marley and Fernandez41 

and Kim and Fernandez42 found that the MAF of work in a drilling task was 
optimized when workers were allowed to perform the task with a neutral wrist 
posture. As angle of wrist flexion increased, the MAF decreased and RPE in­
creased. 

Job Content 

Rotating workers between dissimilar jobs or giving workers responsibiliry for 
a larger number of work tasks is frequently proposed as an administrative 
means of controlling musculoskeletal stress. The goal of these strategies is to 
reduce the load on any one muscle group by breaking up long periods of static 
muscle contraction and by spreading the work load over additional body parts. 

Recognizing that the mechanisms of injury associated with static and dy­
namic exertions are different, and that many jobs have both static and dy­
namic activities, Genaidy and associates40 undertook a study to examine the 
effects of static and dynamic arm tasks on RPEs, endurance time, blood pres­
sure, and the heart rate. Subjects performed three tasks: (1) a static task in 
which subjects held equal loads in both hands with the upper arms freely hang­
ing at the sides and the elbows flexed at 90°; (2) a dynamic task in which sub­
jects lifted loads in both hands by repetitively flexing and extending the elbow; 
and (3) a combination task in which the subject held a load in the left hand as 
described in (1) and lifted an equal load in the right hand as described in (2). 
The RPE and blood pressure measures indicated that the static arm task was 
the most stressful, followed by the combination task and the dynamic task. This 
agrees with findings by Stevens and Krimsley 14 and deVries 15 that perceived 
fatigue increases at a faster rate for static work than for dynamic work, if load 
is held constant. Genaidy and associates40 also noted that static effort induces 
the blood vessels in the working muscle to compress; therefore, the muscle does 
not receive sufficient nutrients from the blood and waste products rapidly ac­
cumulate. Although energy expenditure and heart rate measurements are usu­
ally insensitive to disturbances in small muscle groups, Genaidy and associates 
demonstrated that psychophysical measures provide a valid indicator of these 
effects during manual work tasks. 

The effect of varying job content on psychophysical stress was also exam­
ined by Krawczyk.44 Workers either transferred objects along a conveyor with 
the left hand or drove screws with a pneumatic screwdriver using the right 
hand. Various amounts of time were recorded for each task. The results indi­
.cated that perceived exertion and body part discomfort were minimized when 
the workers' time was evenly divided between the two tasks. Krawczyk noted 
that not only did the evidence indicate the positive effects of work enlarge­
ment but also that this evidence would have been more difficult to obtain us­
ing more objective means. 

Potential of Psychophysical Methods for Establishing Safe Levels of 
Work 

Reliability Reliabiliry refers to the consistency or stability of measures of a vari­
able over time or across representative samples.55 Researchers have repeatedly 
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examined the reliability of psychophysically derived limits for upper extrem­
ity work by replicating trials under similar task conditions. Garg and Saxena39 

reported no significant differences in RPEs or in the maximum frequency of 
lift selected by subjects in two replications of a one-handed lifting task con­
ducted using six weight-distance combinations. In two studies to identify MATs 
for various patterns and frequencies of wrist motion, Snook and associates49

•56 

reported no significant differences in MATs from day to day during either ex­
periment. Similarly, Putz-Anderson and Galinsky48 compared work trial dura­
tions resulting from three replications of various repetitive arm tasks. In each 
trial, subjects were instructed to initiate a rest pause each time sensations in 
the shoulder exceeded a prespecified threshold of discomfort. The researchers 
reported no significant differences in average work trial duration between rep­
lications of the same task. This finding was interpreted as demonstrating that 
subjects were able to reliably monitor their own feelings of discomfort, and 
that providing appropriate rest breaks was an effective method of preventing 
overaccumulation of fatigue. Finally, Marley and Fernandez41 and Kim and 
Fernandez42 both reported that subjects were consistent in their selection of 
acceptable work rates for three experimental replications of a hand-held pneu­
matic drilling task. 

Validity Measurement techniques are considered valid if they measure what they 
purport to measure. As previously discussed, evidence for the validity of RPEs 
and RALs is provided by several studies that demonstrate strong correlations 
with objective measures of muscular exertion. More recent studies of upper 
extremity work tasks tend to corroborate the reports of earlier researchers. In 
experiments in which subjects were required to repeatedly grasp and move vari­
ous tool handles, Grant and associates46 found that the RPE was significantly 
correlated with both the grip force exerted during the task (measured using a 
strain gauge embedded in the handle) and with the amplitude of EMG signals 
measured in the forearm. Marley and Fernandez,41 Kim and Fernandez,42 and 
Dahalan and Fernandez43 also found that the RPE was strongly correlated with 
the pulse rate, systolic blood pressure, and forearm EMG amplitudes during 
drilling and gripping tasks. 

With reference to laboratory experiments, results are also considered valid 
to the extent to which the findings can be generalized to nonlaboratory situ­
ations. 57 The validity of applying limits derived from laboratory studies to in­
dustrial settings has only recently been addressed. One issue relates to the se­
lection of subjects for psychophysical studies of manual work. There is evidence 
from manual material handling research to indicate that subjects who are in­
experienced or are not sufficiently trained (usually college students) tend to 
overestimate their capacity to work for an 8-hour period. This source of bias 
is easily avoided by limiting study participation to experienced industrial work­
ers and by providing training at the beginning of the experiment. 

There is also a concern that certain psychosocial processes, such as high 
arousal, that can occur at a specific workplace may not be present in a labo­
ratory setting where psychophysical data usually are collected. High arousal 
can temporarily lower or elevate the threshold for experiencing a sensation of 
discomfort from the locomotor system. This effect could reduce the general- · 
izability of laboratory-based psychophysical data for use at the work site.58 

For example, an individual experiencing extremely high levels of arousal, such 
as from fast-paced, high-demand work conditions, could fail to notice the on­
set of local muscle discomfort until many minutes after the incident occurred. 
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Another concern relates to the validity of generalizing from laboratory data 
that are collected on subjects during psychophysical tests which are consider­
ably shorter in duration than the 8-hour typical work duration experienced by 
most workers. Are workers able to accurately judge from a 20-minute or even 
a 2-hour test what their capacity for work is over an 8-hour day? Because in­
creasing trial duration can considerably increase the cost of experimentation, 
some researchers have attempted to examine and characterize the bias intro­
duced by limited trial durations. Krawczyk4 4 compared preferred weights and 
RPEs gathered at intermediate points during a manual transfer experiment (ie, 
after 1 or 2 hours) with results gathered at the end of an 8-hour work period. 
The difference between weights and RPEs selected in the first 2 hours and the 
last 2 hours of work averaged only 5% and 8%, respectively. 

Slightly different findings were reported in two experiments by Snook and 
associates.49

•
56 In two experiments, Snook and associates found that although 

MAT tended to decrease during the course of an 8-hour workday, the differ­
ence between forces selected after the first hour of work and the fifth hour of 
work was generally less than 10%, and forces did not decline significantly af­
ter the fifth hour. However, Snook also found that the duration of the work­
week had a significant effect on the acceptability of manual forces . Compar­
ing results from study I (in which subjects worked 2 days per week for 10 
weeks) with results gathered in study II (in which subjects worked 5 days per 
week for 4 weeks-a work schedule more typical of industrial operations), the 
average force that workers found acceptable was 36.3% lower in study II, if 
all other task-related factors are held constant. Because the difference in work 
schedule was the only explanation that was provided for the dramatic differ­
ence in the results of these two experiments, a need for additional research on 
this topic is suggested. 

Perhaps the ultimate test of the validity of psychophysical measures is their 
ability to separate safe work conditions from those that cause injury. Some of 
the most compelling evidence for the validity of psychophysical methods in es­
tablishing safe levels of manual lifting, pushing, and pulling has been reported 
by Snook and associates, noted above. In a report in which they compared three 
approaches to the prevention of low back injuries, they concluded that design­
ing jobs with maximum weight limits that are acceptable to 75% of the popu­
lation will reduce back injuries by 33%.59 To date, however, there are limited 
work site data to demonstrate that designing tasks in accordance with psy­
chophysically derived limits will reduce the morbidity associated with forceful 
and repetitive manual tasks. One main explanation is that psychophysical meth­
ods have been used only recently to derive recommendations for preventing 
upper extremity disorders. Field studies are needed to relate the incidence and 
severity of upper extremity injuries to the extent to which manual demands 
are judged acceptable by experienced workers. 

Summary 

There is growing evidence that, when carefully applied, psychophysical meth­
ods provide a practical means for achieving the goal of establishing safe levels 
of work. To date, laboratory results indicate that psychophysically derived lim­
its are consistent and reproducible. Psychophysical measures of effort also ap­
pear to correlate with other physiologic measures of effort, as well as predic­
tions based on anthropometric and biomechanical analyses. Additional evidence 
is needed to demonstrate that designing work in accordance with psychophysi-
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cally derived limits will eliminate or reduce the rate of musculoskeletal injury 
associated with manual work. 
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