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ABSTRACT 

Does greater strength capacity in the shoulder-complex afford increased protection against regional- 
ized fatigue and discomfort induced by sustained awkward arm postures in light-weight manual assembly 
environments? This question was addressed by testing the relationship between differences in shoulder 
complex strength capacity, produced by variations in arm posture within a subject, and among subjects 
assuming equivalent arm postures, and severity of fatigue and discomfort sensed during a low-exertion 
manual performance task. Experimental findings showed that: (a) awkward arm postures produced 
substantial and rapid onset of postural fatigue and discomfort during a light-weight manual performance 
task where strength demands were low (i.e., less than 15 percent of maximum voluntary contraction 
(MVC)), (b) variations in strength capability found among arm postures within an individual subject, or 
among subjects assuming the same arm posture, did not affect onset of substantial fatigue or discomfort 
when hands are postured near or above shoulder level, and (c) postures which simply appeared to be 
awkward, or which compromised strength capacity (e.g., working with the arm to the side of the body, or 
aligned in the coronal plane), did not necessarily increase discomfort of fatigue. Our findings suggest 
caution against sole reliance upon population or individual worker upper-extremity strength capabilities 
as predictors of fatigue and discomfort in the shoulder complex when manual exertions are small (e.g., 
light-weight manual assembly activities involving small parts or small hand-tools) and hands are postured 
at or above shoulder level. 

RELEVANCE TO INDUSTRY 

Stronger workers are often selected for manual assembly overhead, or when other awkward upper 
extremity postures must be sustained. Measurements of subject upper-extremity isometric strength 
capability in an array of arm postures, and computation of external shoulder load moments, were of no 
significant value in predicting or gauging onset or severity of fatigue and discomfort experienced in 
elevated arm postures. Ergonomists are encouraged to eliminate overhead work even in light-weight 
manual assembly environments and to extend their upper-extremity posture analyses beyond evaluation of 
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anthropometrics, shoulder external load moments, and upper extremity strength capability when specify- 
ing arm and shoulder postures in light-weight manual assembly environments, 
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INTRODUCTION 

Numerous studies may be cited in which exer- 
tion magnitude is related to exertion endurance, 
and to onset and severity of sensations of localized 
fatigue and discomfort. Perhaps the most fre- 
quently cited are studies by: (a) Rhomert (1973), 
who recommends for avoidance of fatigue that 
exertions not exceed 15 percent of maximum 
voluntary contraction (MVC) capacity, and (b) 
Bjorksten and Jonsson (1977) who recommend 
limits of 15 and 8 percent of MVC for dynamic 
and static exertions, respectively. Though these 
guidelines are rarely violated in manual assembly 
operations involving small light-weight parts or 
hand-tools, it is not unusual to find worker com- 
plaining of postural discomfort and of localized 
muscle fatigue. 

Ergonomists generally agree with the concept 
of minimizing job strength demands; especially if 
sustained and forceful exertions are required. 
However, the utility of strength capability alone as 
a guide for specifying acceptable workplace pos- 
tures, when task exertions are small, is uncertain. 
Factors beyond that of postural exertion demand, 
may also affect circulatory feed to, and mechani- 
cal strain in, musculoskeletal tissues. For example, 
working with hands and arms postured above the 
level of the heart, or at the limits of range of 
motion, might produce significant levels of fatigue 
and discomfort even when relative strength de- 
mands are quite small. If so, variations in strength 
capability found among upper extremity postures 
within individual workers, or between workers, 
may fail to account for posturally-based onset and 
magnitude of localized muscle fatigue (LMF) or 
discomfort. 

The principal question addressed by this paper 
is whether shoulder strength capacity is a useful 
criterion in choosing among candidate upper ex- 

tremity postures when task exertions are small 
(e.g., use of sustained overhead postures while 
performing light-weight manual assembly oper- 
ations). The experiment described in this paper 
was designed to test the relationship between mea- 
sured shoulder strength within and among test 
subjects, and magnitudes of both global and re- 
gional fatigue and discomfort sensed during per- 
formance of a low-exertion manual performance 
task. 

BACKGROUND 

Upper extremity circulation and arm 
elevation 

Studies of circulation in elevated arms have 
consistently reported reductions in muscle perfu- 
sion rates and venous pH levels, and increased in 
arterial pressure, arterial-venous differences in 
oxygen concentration, and venous lactate levels, 
with little or no change in oxygen uptake rates 
(Holling and Verel, 1957; Astrand et al., 1968; 
Yamamoto and Fujita, 1983; Yata et al., 1985). 
When muscle blood flow is sufficiently impeded, 
sensations of fatigue and discomfort, and changes 
in other physiological metrics (e.g., electromyo- 
gram recordings) indicative of LMF, are con- 
sistently encountered (Dorpat and Holmes, 1955; 
Holling and Verel, 1957; Start and Holmes, 1963; 
Mortimer et al., 1970; Yamamoto and Fujita, 
1983). Posturing arms above heart level for sus- 
tained periods serves to reduce muscle perfusion, 
through increased hydrostatic and intramuscular 
pressures which, in turn, increase concentrations 
of noxious catabolites associated with signs and 
symptoms of LMF (Holling and Verel, 1957; 
Astrand et al., 1968; Yamamoto and Fujita, 1983). 



Holling and Verel (1957) reported that arm 
positions 50 cm above the heart reduced dynamic 
work capacity by 30 percent during a two-minute 
continuous exertion task. Reductions in arm work 
capacities with elevated arm postures occurred 
with workloads which could be maintained "in- 
definitely" when the arm was held at or below 
heart level. No reactive hyperemia was encoun- 
tered upon cessation of arm elevations of dura- 
tions up to 2 hours in length, and sensations of 
pain and discomfort were immediately relieved 
when the arm was brought down below the heart. 
Of significant interest to this study was the find- 
ing that symptoms continued undiminished in 
severity if the arm was passively supported in an 
elevated position. Thus, sustained elevation of the 
arm (i.e., increased hydrostatic pressures) during 
low-exertion manual activities may have great im- 
pact upon circulatory feed to musculature and 
subsequent symptomatology with or without tax- 
ing postural exertion capacity. 

Range-of-motion limits, passive strain, 
and discomfort 

Vertical or horizontal flexion or abduction of 
the arm towards its' range-of-motion (ROM) limits 
serves to increase tension in muscle and associated 
connective tissues. Basmajian (1961) suggested that 
discomfort experienced in some postures may be 
due simply to ligament and tendon strain, and not 
to ischemic muscle fatigue. He found complaints 
of discomfort could be obtained from muscle re- 
gions under stress, but which were electrically 
silent, and concluded that "muscles are spared 
where ligaments suffice". 

Subsequent investigations point to the impor- 
tance of connective tissue stress in provoking pos- 
tural discomfort. Van Wely (1970), after ex- 
amining several industrial work postures, con- 
cluded that excursions of limbs to near ROM 
limits, as well as increased load moments at the 
shoulder, were important determinants in worker 
complaints of discomfort in the upper extremity. 
Later, Chaffin (1973) showed experimentally that 
increasing shoulder load moments, through flex- 
ion, abduction, or arm extension, increased both 
onset and severity of subject reports of fatigue and 
discomfort. Cain (1973), investigated the nature of 
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discomfort experienced during stressful exertions, 
also found sensations initially associated with liga- 
ment and tendon strain, which intensified follow- 
ing onset of muscle ischemia. Thus, upper extrem- 
ity postures which passively stress involved 
tendons and ligaments may immediately provoke 
significant levels of discomfort even in the face of 
minimal exertion demands. 

Cross-modal gauging of fatigue and dis- 
comfort 

Intensity of fatigue or discomfort are positively 
correlated with exercise endurance time (Lloyd 
and McClaskey, 1971; Caldwell and Grossman, 
1973; Kinsman et al., 1973; Kirk and Sadoyama, 
1973), the degree of impedance of muscle blood 
flow (Caldwell and Smith, 1966), and with EMG 
and tremor indices of LMF (Lloyd et al., 1970). 
Matching intensities of fatigue or discomfort 
sensed with another sensory modality offers several 
advantages for assessment of posturally-based fa- 
tigue and discomfort. First, the method permits 
detection of discomfort due to ligamentous strain 
which metabolic indices of muscle fatigue (i.e., 
EMG, lactic acid, etc.) would not. Second, cross- 
modal techniques provide estimates of the magni- 
tude of fatigue or discomfort experienced along an 
operationally relevant continuum. Third, the 
method appears to be useful in assessing postural 
stress even when postural exertions are not de- 
manding (Kuorinka, 1981; Boussenna et al., 1982; 
Wiker, 1986). Fourth, cross-modal estimates of 
fatigue or discomfort have proven to be reliable 
for a wide range of muscle exertion levels or 
fatigue states (Caldwell and Smith, 1966; Weber et 
al., 1975). Finally, use of cross-modal matching 
techniques such as those described by Corlett and 
Bishop (1976) provide a means to simultaneously 
assess a large number of body regions and to 
determine which regions are most stressed. 

METHODS AND MATERIALS 

Subjects 

Four subjects were selected from a group of 
volunteers in a graduate level engineering class. 
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TABLE 1 

Descriptive characteristics of subjects 

Metric Subject 

F1 F2 M1 M2 

Gender F F M M 
Age (years) 20 22 22 22 
Height (cm) 160 159 186 168 
Weight (kg) 59 60 74 67 

Subjects reported and appeared to be in good 
health, reported no remarkable history of muscu- 
loskeletal disease or injury, and participated on an 
informed consent and paid basis. We intentionally 
selected young adults for this study. Cumulative 
trauma and musculoskeletal pathos in the shoulder 
complex increase with age. These phenomena 
would serve to confound any relationship between 
postural fatigue or discomfort, and measured 

strength capability; thus, the probability of find- 
ing a relationship between strength capability and 
posturally-induced fatigue and discomfort would 
be greatest in a younger population. General de- 
scriptive anthropometric measurements are pro- 
vided in Table 1. 

Apparatus and procedures 

Subjects performed a Fitts' reciprocal move- 
ment task using a pistol-gripped stylus held by 
their preferred hand. Each movement trial re- 
quired subjects to continuously move the stylus 
back and forth between a pair of response plate 
holes, shown in Fig. 1, as rapidly and as accu- 
rately as possible for a period of 30 s. Each 
movement trial was then followed by a 30 s rest 
period. Upon  completion of a set of 12 trials (6 
IDs × 2 movement  axes), subjects rested for 3 
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Fig. 1. Movement task plate, pistol-grip stylus, and data acquisition system used to record movement performance. Note that scalers 

are in centimeters and that the drawing is not to scale. 



minutes. Five sets of 12 trials were completed 
within a 75 minute period, on any given test day, 
with subjects assuming one of the 8 test posture 
and stylus weight combinations described in Fig. 
2. Data collection for each subject was conducted 
over a three-week period and the order of treat- 
ments randomized. See Wiker et al. (1989) for a 
more detailed presentation of the movement task, 
movement analysis, and psychomotor perfor- 
mance findings. 

The response plate was mounted upon a verti- 
cally sliding support beam, and was pivoted about 
the plate's horizontal axis to provide a working 
surface perpendicular to the longitudinal axis of 
the stylus when gripped by a seated subject of any 
particular anthropometry. Subjects sat upon an 
industrial s tand/s i t  chair to control the distance 
between subject's shoulder and response plate, 
and to help stabilize the torso during arm move- 
ments. 

The stylus consisted of a hollow pistol-shaped 
metal handle in which various stylus nubs could 
be exchanged. A racket-type wrapping tape 
covered the stylus handle to prevent slippage of 
the handle within the subject's hand. A removable 
lead core could be inserted into the center of the 
handle to provide additional weight as required. 
The stylus weighed 0.40 kg. Adding the lead core 
to the stylus handle increased stylus weight to 1.50 
kg. 

Figure 2 shows that the dominant arm was 
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Fig. 2. Display of shoulder girdle postures and task variables 

investigated. 
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postured either in the sagittal or coronal plane (i.e. 
bearing 0 or 90 deg, respectively), elevated 45 or 
135 deg from the side of the body in a flexed or 
abducted posture, and extension of the arm (i.e. 
range of grasp) was constrained to either 71 or 90 
percent of the functional reach of the fully ex- 
tended arm assuming a power grip (see Wiker 
(1986) for a detailed description and diagram of 
the functional reach measurement). 

Reports of generalized, or global, and regional 
discomfort and fatigue were collected from sub- 
jects after completion of each set of 12 movement 
trials during the 3 minute rest period using a 
modified form of Corlett and Bishop's (1976) dis- 
comfort questionnaire. Corlett and Bishop's (1976) 
method, motivated by the work of Allen and 
Bennett (1958), requires subjects to successively 
rank-order body regions presented on a anthropo- 
morphic diagram in terms of their discomfort, and 
to provide an overall assessment of discomfort 
using a seven-point scale using "extremely com- 
fortable" and "extremely uncomfortable" as 
anchoring adjectives. Two sets of scores are ob- 
tained. The first score is the average global, or 
generalized, score of discomfort. The second score 
is the number of absolute discriminations of body 
regions perceived as differentially painful. For ex- 
ample, if subjects ranked body regions into four 
levels of discomfort (e.g., none or 0, 1, 2, and 3) 
then the most painful regions would receive scores 
of 3. The ranks for body parts are averaged be- 
tween subjects, or are averaged across body re- 
gions within subjects. 

Our modifications included segmenting the 
body into smaller functional regions, adding both 
right and left sides to the body, as shown in Fig. 3, 
and using a magnitude estimation score rather 
than ordinal ranking procedures. Subjects esti- 
mated the magnitude of fatigue and of discomfort 
for each symptomatic functional muscular region 
by indicating the length of a line anchored at the 
extremes by "n o  fatigue" and "extreme fatigue", 
or "n o  discomfort" and "extreme discomfort", 
respectively. The procedure was repeated to sep- 
arately scale the magnitude of global fatigue and 
discomfort sensed. 

Subjects were instructed to judge discomfort as 
sensations of sharp or dull pain, soreness, cramp- 
ing, localized heat, throbbing, or aches as discom- 
fort. Fatigue was judged as a sense of decline in 
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Discomfo r t  
None I I I I I Extreme 

2 3 4 

F a t i g u e  
None [ I I [ I Extreme 

2 3 4 
Fig. 3. Cross-modality matching questionnaire used to record 

global and regional sensations of fatigue and discomfort. 

muscle contractility or strength, a feeling of weari- 
ness or exhaustion, or a reduction in one's en- 
durance or stamina. Descriptions used were 
checked via interview for consistency with a sub- 
ject 's past experiences with fatigue and discom- 
fort. 

Each subject's isometric strength capability was 
measured for each direction of hand movement in 
each upper extremity posture studied save vertical 
extension and adduction movements wherein exer- 
tion magnitudes were confounded by the addition 
of body weight to force recordings. Strength tests 
were conducted following the procedures specified 
by Foulke and Keyserling (1979). Means of three 
replications served as strength estimates. 

Experimentation commenced after several days 
of practice with the movement task and with 
fatigue and discomfort magnitude estimation pro- 
cedures. The experimental protocol required that 
subjects be symptom-free for at least a twenty-four 
hours prior to any experiment session. Experimen- 
tal apparatus and the s tand/s i t  chair were adjusted 
to premarked positions based upon an individual's 
anthropometry and experimental posture required. 
Arm and shoulder posture, required for the par- 
ticular experimental session, was initially con- 
firmed using a set of calipers and goniometers, 
and then checked at 15 minute intervals as experi- 
ment sessions progressed. 

ANALYSIS AND RESULTS 

Loci and magnitude of fatigue and dis- 
comfort experienced 

Reports of global fatigue and discomfort ranged 
between "none"  and to near "extreme" during the 
course of this experiment. Reports of regional 
fatigue and discomfort were concentrated princip- 
ally in the posterior-medial region of the deltoid, 
the upper trapezius, and to a much smaller degree, 
the anterior-medial region of the deltoid. Other 
functional anatomical regions were, for the most 
part, asymptomatic.  Average reports of global, 
anterior medial deltoid, posterior medial deltoid, 
and upper trapezius reports of fatigue and discom- 
fort are plotted across all experimental conditions 
in Figs. 4 and 5, respectively. 

Impact of postural and task variables upon 
postural fatigue and discomfort 

Magnitude estimates of fatigue and of discom- 
fort, obtained during the second, third, and fourth 
rest periods *, were log-transformed to stabilize 
variances, and then analyzed using a repeated- 
measures mixed-effects analysis of variance 
(ANOVA) model in which changes in stylus weight 
were confounded with the three-way interaction 
between hand-height  x hand-bear ing  x hand-  
range to produce a half-fraction of a full-factorial 
experiment design. Subjects experienced all ex- 
perimental conditions in random order and served 
as the random-effect blocking variable (see 
Montgomery (1976) for detailed presentations of 
the ANOVA model used). 

The number and severity of reports of global 
fatigue were materially greater in magnitude when 
subjects performed movement tasks with hands 
elevated to 135 deg (i.e., 45 deg above the level of 
the shoulder) (F(1,3) = 10.2, MSE = 3.7, p < 0.05). 
The sample size was insufficient to interpret the 
statistical significance of the effects of stylus 
weight (F(1,3) = 3.0, MSE = 1.18, p = 0.18), or 

* Reports obtained following the first and last set of trials 
were excluded a priori from analyses to minimize any potential 
warm-up and end effects. 
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the interaction between hand elevation and stylus 
weight (F(1,3) = 6.9, MSE = 1.2, p = 0.08) upon 
reports of fatigue (i.e., statistical power was less 
than 0.90 for an increase of 10 percent of the 
magnitude range). However, changes in hand 
bearing, arm extension, task duration, and all 
remaining interactions showed no impact upon 
global sensations of fatigue ( p  > 0.05, power > 
0.90). See Wiker (1986) for a complete presenta- 
tion of ANOVA tables for all tests reported in this 
paper. 

Reports of global discomfort were also more 
severe when subjects performed the movement  
task in the elevated arm posture (F(1 ,3 )=  9.6, 
MSE = 1.65, p < 0.05). The sample size was again 
insufficient to interpret the statistical significance 
of increased stylus weight (F(1 ,3 )=  4.5, MSE = 
1.71, p = 0.12), as well as the interaction between 
hand elevation and stylus weight (F(1 ,3 )=4 .6 ,  
MSE = 1.33, p = 0.16), upon reports of discom- 
fort. Changes in hand bearing, arm extension, task 
duration, as well as the interactions studied, 
showed no effect upon sensations of global dis- 
comfort  ( p  > 0.05, power > 0.90). 

Regional reports of fatigue and discomfort were 
typically smaller in magnitude than global reports. 
In many treatment combinations, particularly with 
low hand elevations, or with initial samples in test 
sessions, fatigue or discomfort were not reported. 
The number of treatment combinations in which 
regional discomfort and fatigue were not experi- 
enced was sufficiently large that a general linear 
test was used for hypotheses testing; a regression 
approach to an ANOVA in which only non-zero 
responses were included in the analysis. Tests were 
conducted on main and two-way interaction ef- 

fects following the procedures of Neter and 
Wasserman (1974). 

Greater magnitudes of fatigue in the trapezius 
muscle region were found with arm elevation 
(F(1,23) = 17.7, MSE = 0.64, p < 0.05), with arm 
elevation when manipulating the heavier stylus 
(F(2,22) = 0.59.5, MSE = 0.18, p < 0.05), and with 
progression of the task when arms were elevated 
(F(9,15) = 3.6, MSE = 0.54, p < 0.05). No signifi- 
cant changes in reports of fatigue in the upper 
trapezius were found with changes in hand bear- 
ing, arm extension, or task duration ( p  > 0.10). 

Reports of fatigue in the anterior-medial and 
posterior-medial deltoid regions were greater in 
magnitude when stylus weight was increased 
(F(1,25) = 6.8, MSE = 0.53, p < 0.05 and F(1,49) 
= 6.6, MSE = 0.82, p < 0.05, respectively); with 
heavier styli producing much greater fatigue in 
elevated arm postures (F(2,24) = 4.6, MSE = 0.50, 
p < 0.05 and F(2.47) = 3.8, MSE = 0.78, p < 0.05, 
respectively). No effects were found with changes 
in hand bearing, arm extension, or task duration 
( p  < 0.10). 

It was not possible to perform a meaningful 
statistical analysis on reports of discomfort in the 
anterior medial deltoid region. Only 13 out of 160 
questionnaires contained nonzero reports of dis- 
comfort  in the anterior medial deltoid region. All 
nonzero reports were obtained in elevated arm 
postures, and 11 out of 13 reports occurred when 
subjects were performing movements with the 1.5 
kg stylus. 

Upper  trapezius discomfort increased with arm 
elevation (F(1,28) = 5.1, MSE = 0.40, p < 0.05). 
No other main effects, or two-way interactions, 
were found to be significant ( p  > 0.10). 
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Fig. 6. Average magnitude of global and regional reports of fatigue plotted against hand elevation and stylus weight. 
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Posterior-medial deltoid region discomfort in- 
creased with added stylus weight (F(1 ,30)=  5.1, 
MSE = 0.35, p < 0.05); particularly with elevated 
arm postures (F(2,29) = 4.2, MSE = 0.35, p < 
0.05). No other main effects, or two-way interac- 
tions, were found to be significant (p  > 0.10). 

In Figs. 6 and 7 average magnitudes of reports 
of global, upper trapezius, anterior-medial deltoid, 
and posterior-medial deltoid regional fatigue and 
discomfort are respectively collapsed across hand 
elevation and stylus weight conditions examined. 

Relationships among reports of fatigue 
and discomfort 

Correlations were computed between mean re- 
ports of global and regional fatigue and discom- 
fort obtained for each subject in each test posture 
and stylus weight combination. Results, presented 
in Table 2, show correlations between reports of 
global fatigue and global discomfort, and between 
estimates of fatigue and discomfort within a func- 
tional muscle grouping, were typically strong. In- 
creasing reports of global discomfort or fatigue 

were associated with greater numbers of symp- 
tomatic functional muscle regions which is borne 
out by the number and magnitude of statistically 
significant intercorrelations obtained. 

Shoulder strength, moments, and pos- 
tural fatigue and discomfort 

Measurements of subject horizontal flexion and 
extension, and vertical flexion isometric strength 
capability, within each test posture, are sum- 
marized in Table 3. External moments at the 
glenohumeral articulation were estimated using 
the subject's measured anthropometry, link angles 
recorded while assuming postures examined in this 
experiment, predictions of link mass and centers 
of mass from Dempster (1955), and procedures 
described by Chaffin and Andersson (1984). Pre- 
dicted external shoulder moments are summarized 
across subjects and test postures in Table 4. 

Table 5 presents correlations computed be- 
tween mean reports of fatigue and discomfort 
obtained from each test posture and stylus weight 
combination, postural and task variables which 

T A B L E  2 

Corre la t ions  among  repor ts  of d i scomfor t  and  fat igue 

Variable  1 2 3 4 5 6 7 

1 Globa l  Discomfor t  (D.) . . . . . . .  

2 G loba l  Fa t igue  (F.) 0.76 . . . . . .  
3 Ant.  Med. Del to id  D. 0.36 0.48 . . . . .  

4 Upper  Trapez ius  D. 0.37 0.38 0.16 . . . .  
5 Post. Med. Del to id  D. 0.63 0.66 0.43 0.32 - - - 

6 Ant.  Med. Del to id  F. 0.39 0.49 0.82 0.33 0.30 - - 
7 Uppe r  Trapezius  F. 0.62 0.60 0.21 0.49 0.56 0.14 - 
8 Post. Med. Del to id  F. 0.70 0.67 0.04 0.38 0.70 0.11 0.77 

Note :  Boldface corre la t ions  ( N  = 32, p < 0.05). 
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TABLE 3 

Average isometric strength capability of subjects 

Subject Arm posture Strength (N) Stylus w t .  

% MVC for 

F1 45 0 71 

45 0 90 

45 90 71 

45 90 90 
Mean 
St. Dev. 

F1 135 0 71 
135 0 90 
135 90 71 

1 3 5  90 90 
Mean 

St. Dev. 

M1 45 0 71 

45 0 90 
45 90 71 

45 90 90 
Mean 

St. Dev. 

M1 135 0 71 
135 0 90 

135 90 71 
135 90 90 

Mean 

St. Dev. 

F2 45 0 71 

45 0 90 
45 90 71 

45 90 90 
Mean 

St. Dev. 

F2 135 0 71 
135 0 90 
135 90 71 

135 90 90 
Mean 
St. Dev. 

M2 45 0 71 

45 0 90 
45 90 71 
45 90 90 

Mean 
St. Dev. 

M2 135 0 71 
135 0 90 
135 90 71 
1 3 5  90 90 

Mean 
St. Dev. 

a 0 = Sagittal plane 
b 90 = Coronal plane. 

72 66 143 3 

55 63 102 15 
70 55 134 11 

60 54 134 3 
64.3 59.5 128.3 7.9 

8.1 5.9 18.0 6.0 

36 49 108 14 

36 60 67 6 
84 54 104 4 
55 51 93 16 

52.8 53.5 93.0 9.9 
22.7 4.8 18.5 6.0 

160 111 182 2 
118 102 170 9 
111 81 130 12 

91 106 143 3 

120.0 100.0 156.3 6.3 
29.0 13.2 23.9 4.6 

129 84 134 11 

118 67 116 3 
127 90 99 4 
106 100 164 9 

120.0 85.3 128.3 6.8 
10.5 13.8 27.8 3.8 

64 64 157 3 
60 60 149 10 

90 72 99 15 

57 57 90 4 
67.8 63.3 123.8 8.0 

15.1 6.5 34.1 5.7 

63 49 133 11 
46 42 93 4 
79 75 116 3 

70 63 91 16 
64.5 57.3 108.3 8.9 
14.0 14.7 20.0 6.2 

127 81 154 3 
93 78 121 12 
93 75 122 12 
82 67 109 4 
98.8 75.3 126.5 7.7 

19.5 6.0 19.3 5.3 

82 57 67 22 
86 79 78 5 
91 82 121 3 
82 78 97 15 
85.3 74.0 90.8 11.5 

4.3 11.5 23.7 9.0 

Hand Hand Hand Horz. Horz. Vertical Vertical 

elevation a bearing b range (%) flexion extension flexion flexion 



T A B L E  4 

Es t ima ted  external  momen t s  at  subjects '  shoulder  and  e lbow jo in t s  for given a rm pos tures  and  s tylus  weights  
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H a n d  elevat ion ° 45.0 135.0 

A r m  extens ion  (%) 71.0 71.0 90.0 90.0 71.0 71.0 90.0 
Stylus weight  (kg) 0.4 1.5 0.4 1.5 0.4 1.5 0.4 

90.0 

1.5 

Subject F1 
A r c r o m i o n - E l b o w  (cm) 29.0 . . . . . .  

E l b o w - G r i p  (cm) 33.0 . . . . . .  
8o a - 9 6 . 0  - 9 6 . 0  - 7 4 . 0  - 7 4 . 0  - 6 . 0  - 6 . 0  16.0 

fl o b -- 2.0 -- 2.0 -- 20.0 -- 20.0 88.0 88.0 70.0 

Shoulder  m o m e n t  (Nm)  - 2 . 9  - 5 . 8  - 5 . 7  - 9 . 6  - 8 . 1  - 1 1 . 1  - 9 . 0  

E lbow m o m e n t  (Nm)  - 3.8 - 7.0 - 3.5 - 6.6 - 0.1 - 0.2 - 1.3 

Subject F2 
A r c r o m i o n - E l b o w  (cm) 28.0 . . . .  

E l b o w - G r i p  28.0 . . . . . .  
8 o - 93.0 - 93.0 - 73.0 - 73.0 - 3.0 - 3.0 17.0 

fl o - 3.0 - 3.0 17.0 17.0 93.0 93.0 73.0 

Shoulder  m o m e n t  (Nm)  - 2.8 - 5.5 - 5.5 - 9.0 - 7.9 - 10.5 - 8.7 

E lbow m o m e n t  (Nm)  - 3.3 - 6.1 - 5.1 - 5.8 - 0.2 - 0.3 - 1.0 

Subject M1 
A r c r o m i o n - E l b o w  (cm) 34.0 . . . . . .  

E l b o w - G r i p  (cm) 38.0 . . . . .  

~ °  - 9 5 . 0  - 9 5 . 0  - 7 4 . 0  - 7 4 . 0  - 5 . 0  - 5 . 0  16.0 

fl ° 2.0 2.0 20.0 20.0 88.0 88.0 70.0 
Shoulder  m o m e n t  (Nm)  - 4.0 - 7.5 - 8.0 - 12.6 - 11.7 - 15.2 - 12.9 
E lbow m o m e n t  (Nm)  - 5.0 - 8.8 - 4.8 - 8.3 - 0.2 - 0.3 - 1.7 

Subject M2 
A r c r o m i o n - E l b o w  (cm) 33.0 . . . . . .  

E l b o w - G r i p  (cm) 33.0 . . . . . .  1 

8 ° - 9 1 . 0  - 9 1 . 0  - 7 1 . 0  - 7 1 . 0  - 1 . 0  - 1 . 0  18.0 
fl o - 1.0 - 1.0 18.0 18.0 91.0 91.0 72.0 

Shoulder  m o m e n t  (Nm)  - 3.9 - 7.1 - 7.2 - 11.4 - 10.3 - 13.5 - 11.2 
E lbow m o m e n t  (Nm)  - 4.1 - 7.4 - 3.9 - 7.0 - 0.1 - 0.2 - 1.3 

16.0 

70.0 

- 1 2 . 8  
- 2 . 4  

17.0 

73.0 

- 1 2 . 2  

- 1 . 8  

16.0 

7.0 

- 1 7 . 4  

- 3.0 

18.0 

72.0 
- 1 5 . 3  

- 2 . 3  

M e a n e l b o w  m o m e n t ( N m )  - 4 . 1  - 7 . 3  - 4 . 3  - 6 . 9  - 0 . 2  - 0 . 3  - 1 . 3  - 2 . 4  

S.D. 0.7 1.1 0.8 1.0 0.1 0.1 0.3 0.5 

M e a n s h o u l d e r m o m e n t ( N m )  - 3 . 4  - 6 . 5  - 6 . 6  - 1 0 . 7  - 9 . 5  - 1 2 . 6  - 1 0 . 5  - 1 4 . 4  

S.D. 0.6 1.0 1.2 1.7 1.8 2.2 2.0 0.4 

a 8 o = angle of the uppe r  a rm above  ( + ) or be low ( - ) the hor izonta l  axis. 
b fl o = angle of the forearm above  ( + ) or b low (-) the hor izon ta l  axis. 

a f f e c t e d  s h o u l d e r  m o m e n t s  a n d  s t r e n g t h ,  p r e -  

d i c t e d  s h o u l d e r  e x t e r n a l  m o m e n t s ,  a n d  s h o u l d e r  

f l e x i o n  o r  a b d u c t i o n  i s o m e t r i c  s t r e n g t h  c a p a b i l i t y .  

T h o u g h  e l e v a t i o n  o f  t h e  a r m  t h r o u g h  f l e x i o n  i n  

t h e  s a g i t t a l  p l a n e ,  o r  a b d u c t i o n  i n  t h e  c o r o n a l  

p l a n e ,  w a s  m o d e r a t e l y  a s s o c i a t e d  w i t h  d e c r e m e n t s  

i n  s h o u l d e r  f l e x i o n  o r  a b d u c t i o n  s t r e n g t h  c a p a b i l -  

i t y ,  o r  p o s t u r a l  e x e r t i o n  c a p a c i t y ,  n o  s t a t i s t i c a l l y  

o r  m a t e r i a l l y  m e a n i n g f u l  c o r r e l a t i o n s  w e r e  f o u n d  

b e t w e e n  g l o b a l  o r  r e g i o n a l  r e p o r t s  o f  f a t i g u e  o r  

d i s c o m f o r t .  

H a n d  e l e v a t i o n  w a s  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  

s h o u l d e r  e x t e r n a l  m o m e n t s ,  a n d  b o t h  s h o w e d  

m e a n i n g f u l  a n d  d i r e c t  r e l a t i o n s h i p s  b e t w e e n  a l l  

g l o b a l  a n d  r e g i o n a l  r e p o r t s  o f  f a t i g u e  a n d  o f  d i s -  

c o m f o r t .  S h o u l d e r  e x t e r n a l  m o m e n t s  e x h i b i t e d  

c o n s i s t e n t l y  s t r o n g e r  r e l a t i o n s h i p s  t h a n  d i d  h a n d  

e l e v a t i o n .  L a r g e r  s h o u l d e r  e x t e r n a l  m o m e n t s  w e r e  

e n c o u n t e r e d  w i t h  a r m  e x t e n s i o n  o r  a d d e d  s t y l u s  

w e i g h t ;  h o w e v e r ,  t h e  c o n s e q u e n c e s  w e r e  s m a l l  i n  

c o m p a r i s o n  w i t h  t h o s e  o f  h a n d  e l e v a t i o n ,  a n d  n o  
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TABLE 5 

Correlations among hand elevation, arm extension, stylus weight, shoulder isometric flexion strength, estimated external shoulder 
moments, and reports of discomfort and fatigue 

Variable 1 2 3 4 11 12 

1 Hand E l e v a t i o n  . . . .  0.49 0.16 
2 Arm E x t e n s i o n  . . . .  0.20 0.07 
3 Stylus W e i g h t  . . . .  
4 Shoulder Moment 0.66 0.38 0.49 - - 0.26 0.16 
5 Global Fatigue (F.) 0.59 0.05 0.28 0.70 0.02 0.29 
6 Upper Trapezius F. 0.36 - 0.10 0.19 0.56 0.10 0.19 
7 Post. Med. Deltoid F. 0.49 0.07 0.24 0.72 0.17 0.13 
8 Global Discomfort (D.) 0.41 0.08 0.26 0.65 0.16 0.21 
9 Upper Trapezius D. 0.39 0.19 0.01 0.52 - 0.06 0.16 

10 Post. Med. Deltoid D. 0.42 0.16 0.24 0.65 0.10 0.25 
11 Shoulder Isometric Strength 
12 Stylus Wt: Shoulder Flexion Strength Ratio 

Note: Boldface correlations (N = 32, p < 0.05). 

relationships were found between either variable 
and reports of global or regional fatigue and dis- 
comfort.  

DISCUSSION 

Differences in upper  extremity strength capa- 
bility found among test subjects, or among  differ- 
ent arm postures within a subject, were unrelated 
to differences in the severity of reports of  postural  
fatigue or of discomfort  when exertions were small 
(i.e., less than 15% MVC). Moreover,  reports of 
fatigue and discomfort  were not  materially af- 
fected by changes in arm posture which did not  
significantly increase arm elevation. If  arms were 
postured above shoulder-level, substantial com- 
plaints were reported in less than one-hour  in 
spite of  low-level exertions (i.e., mean exertions of 
9.1 percent of MVC) and comparat ively generous 
rest intervals. Elevation of the dominan t  hand  to 
135 deg (i.e., 45 deg above shoulder-level) and 
manipulat ion of a 1.5 kg stylus, produced aver- 
aged reports of global fatigue and of discomfort  
which approached 40 percent of  the available re- 
sponse range; ranging between no symptoms and 
extreme sensations. N o  significant accumulat ion 
of  fatigue was observed during the 75 minute test 
period; a result which may be attr ibuted to gener- 
ous rest periods (e.g., 15 minute performance cycles 
contained 9 minutes of rest). 

Strength capacity, as shown in this and many  
other studies, is significantly influenced by changes 
in arm posture. However,  elevation of the arm, 
regardless of other posture variables (e.g., align- 
ment  within the sagittal or coronal  plane), results 
in significant and comparable  levels of co-contrac-  
tion of, and increased mechanical  strain and in- 
t ramuscular  pressure within, musculature and con- 
nective tissues comprising the shoulder complex 
(Codman,  1934; Inman  et al., 1944; Dempster,  
1965). In  addit ion to mechanical  strain, and the 
vascular challenges produced  by added intramusc- 
ular pressure, raising the arm above heart-level 
serves to progressively increase hydrostatic imped- 
ance to circulatory feed of  shoulder musculature; 
again, regardless of the arm's  relative alignment 
about  the body  (Barcroft  and Millan, 1939; Holl- 
ing and Verel, 1957; Start and Holmes, 1963; 
Ast rand et al., 1968; Kadefors  et al., 1968; Jarv- 
holm et al., 1988; Yata  et al., 1985). Thus, while 
postural changes in the elevated arm produced 
material differences in strength capability, levels 
of  mechanical  and vascular stress in muscle or 
connective tissue, leading to symptoms of  fatigue 
and discomfort,  may  not  have changed signifi- 
cantly with changes in arm bearing or  extension. 
Thus, unless exertion demands  were high, relation- 
ships between exertion level and fatigue symp- 
tomatology would be undermined both  within and 
between individuals and experimental findings, 
such as ours, would be encountered. 



The remainder of our findings were mostly 
supportive of past studies of postural discomfort. 
Postures which were fatiguing were also uncom- 
fortable, and severity of global reports increased 
with the number of regions reported as fatigued or 
uncomfortable. This result is in agreement with 
Corlett and Bishop's (1976) study of postural dis- 
comfort, with findings of a recent perceived exer- 
tion experiment (Robertson et al., 1979), and with 
several sensory physiology experiments in which 
perceptions of stimulus severity increased when 
areas of stimulation were increased (Mountcastle, 
1974). However, contrary to Corlett and Bishop 
(1976), we found that global reports of discomfort 
or of fatigue were strongly related to the severity 
of symptoms experienced in specific muscle 
groups; namely, the upper trapezius and deltoids. 
Differences in the assessment methods used may 
account for the apparent contradiction in findings. 
We asked subjects to match the severity of fatigue 
or discomfort for each symptomatic region, as 
well as globally, using a magnitude estimation 
technique. Corlett and Bishop, on the other hand, 
asked subjects to segregate regions of discomfort 
into groups of equivalent severity, and that dif- 
ferences in severity between groupings should be 
distinct. The range of regional severity was, there- 
fore, dependent upon the number of distinct 
groups obtained. The rank-order scaling approach, 
limited range in ranks, along with the use of much 
larger body regions in their assessments, may 
account for weaker relationships found in Corlett 
and Bishop's study. 

From a job design perspective, results of this 
experiment do not support a strategy of relying 
solely upon upper extremity strength capability to 
choose from among candidate extremity postures 
which include over-shoulder work, or the conten- 
tion that stronger workers are better suited to 
perform light-weight manual assembly tasks with 
sustained elevated arm postures. Moreover, our 
results show that postures which may appear awk- 
ward (e.g., working with hands postured within 
the coronal plane near waist-level) did not neces- 
sarily provoke significant fatigue and discomfort. 
Though the probability that we failed to detect 
such relationships is low (Type II error < 0.10), 
the reader is reminded that our subject population 
was small in number and was selected for their 
youth and absence of cumulative damage to the 
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shoulder complex. Older workers, or workers who 
have experienced longterm postural or exertion 
stress or pathology in the shoulder, would prob- 
ably demonstrate less tolerance for the conditions 
tested in this study. Nevertheless, our findings 
should encourage ergonomists to eliminate over- 
head work wherever possible, even in light-weight 
manual assembly environments, and to extend 
their analyses beyond anthropometrics and upper 
extremity strength capability when evaluating or 
specifying arm and shoulder postures in light- 
weight manual assembly environments. 

CONCLUSIONS AND RECOMMENDA- 
TIONS 

Differences in exertion capacity found between 
subjects, or among postures within a subject, 
showed no relationship with either the locus or 
magnitude of global or regional fatigue and dis- 
comfort experienced in this study. Periodic sus- 
tained elevation of the dominant hand above 
shoulder level provoked substantial postural dis- 
comfort and fatigue in light-weight manual assem- 
bly environs in spite of low-level exertion de- 
mands (i.e., less than 10 percent MVC). This 
finding supports Bjorksten and Jonsson's (1977) 
recommendation that static or postural exertions 
should be much less than the 15 percent of MVC 
which is found in most extant engineering design 
guides. 

Our findings suggest that evaluation or specifi- 
cation of light-weight repetitive working postures 
requires careful consideration of a number of fac- 
tors which go well beyond the determination of an 
individual's functional reach and strength capac- 
ity. It is not unusual to find stronger workers 
selected for manual assembly overhead or using 
other awkward upper extremity postures. Neither 
characterization of each test subject's isometric 
strength capability, which exceeded population 
norms summarized by Chaffin and Andersson 
(1984), and which differed considerably between 
subjects as well as among postures within subjects, 
or computation of external shoulder load mo- 
ments, were of value in predicting or gauging 
onset of severity of fatigue and discomfort expe- 
rienced in elevated arm postures. Though the 
probability that we failed to detect such relation- 
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ships is low (Type II error < 0.10), independent 
verification of our findings using a broader sample 
of the eligible working population is warranted. 
Until then, our findings should encourage 
ergonornists to eliminate overhead work even in 
light-weight manual assembly environments, and 
to extend their analyses beyond evaluation of an- 
thropometrics and upper extremity strength capa- 
bility when specifying arm and shoulder postures 
in light-weight manual assembly environments. 
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