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Fatigue during prolonged intermittent overhead
work: reliability of measures and effects of
working height

DEEPTI SOOD, MAURY A. NUSSBAUM?* and KRIS HAGER

Industrial and Systems Engineering, Virginia Tech, 250 Durham Hall (0118), Blacksburg,
VA 24061, USA

Shoulder pain is prevalent among industrial workers and existing evidence
supports that overhead work is an important specific risk factor. Existing
guidelines are limited, with overhead work typically recommended to be
avoided, and research on overhead work has been mixed in terms of the
effects of increasing arm reach. A laboratory-based simulation of overhead
work was conducted, at three working heights, in order to facilitate improved
guidelines and to identify potential non-linear effects of overhead work
height. Several indicators of shoulder fatigue served as outcome measures and
a preliminary study was performed to assess the reliability of several of these
measures. Fatigue measures based on electromyography (EMG) generally
had low reliability, whereas excellent reliability was exhibited for ratings of
perceived discomfort (RPD). Consistent with this, no effects of overhead
work height were found on EMG-based measures, yet clear non-linear effects
were found on RPD and task performance. The source of the effects of work
height appeared to be related to a combination of muscle activation levels
and demands on precision/control at the highest location. These results
support the utility of subjective measures for relatively low-level intermittent
exertions and demonstrate increasingly detrimental fatigue and performance
effects at extremes in reach during overhead work.

Keywords: Fatigue; Overhead work; Intermittent work; Shoulder; Reliability;
Electromyography; Perceived discomfort

1. Introduction

Existing evidence suggests a relatively high prevalence of shoulder pain among industrial
workers (Allander 1974, Maeda 1977, Kourinka and Koskinen 1979, Brox 2003,
Sommerich and Hughes 2006). Contemporary trends in the design of work tasks include
increasingly simplified and repetitive yet less strenuous work, much of which involves the
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upper extremity. Such trends may explain why the prevalence appears to be increasing
(Sommerich et al. 1993). Several studies have found relationships between the
development of shoulder musculoskeletal disorders (MSDs) and work exposures,
including static efforts, insufficient recovery or rest and non-neutral postures (National
Institute for Occupational Safety and Health 1997). While risk factors for shoulder
MSDs appear to be complex and multifactorial, repetitive overhead work (defined here as
working with a hand above the head) appears to be an important specific risk. Extensive
convergent evidence for this exists from epidemiological, physiological and biomecha-
nical investigations on overhead work per se, as well as upper extremity elevation
(Herberts and Kadefors 1976, Bjelle et al. 1979, 1981, Kilbom et al. 1986, Hagberg and
Wegman 1987, Ohlsson ef al. 1995, Sakakibara et al. 1995, Punnett et al. 2000, Bjorkstén
et al. 2001, Svendsen et al. 2004a,b).

Several pathophysiological mechanisms have been proposed to link overhead work and
shoulder MSDs. Hagberg (1984) suggested that work requiring arm elevation impairs
circulation and compresses tendons, thereby accelerating rotator cuff degeneration.
Intramuscular pressure increases with arm elevation (Jarvholm et al. 1991), which in turn
impairs local muscle blood flow (Jirvholm ez al. 1988b). Jirvholm et al. (1988a) further
suggested that fatigue and shoulder pain related to elevated arm positions may result
from intramuscular pressure-induced ischaemia. It is notable that these intramuscular
pressure-related effects were observed with no external loads and that effects further
increased with hand loads (Jarvholm et al. 1988a). Arm elevation resulting from overhead
work can also lead to mechanical impingement of subacromial tendons (Flatow et al.
1994), with additional injury risk imposed by the poor vascularization of rotator cuff
tendons (Lohr and Uhthoff 1990).

In contrast to the evidence linking overhead work with shoulder MSDs, there remains
a lack of formal guidelines for situations where such work cannot be avoided, specifically
related to whether certain overhead working heights may be more disadvantageous in
terms of MSD risk and performance. A review of common text books and other sources
indicates that overhead work height is usually considered categorically (i.e. overhead
work exists or does not) and that it is to be avoided if possible. Other sources consider
overhead work height using a single criterion value, for example, highlighting increased
risk when shoulder abduction or flexion exceeds 60° (National Institute for Occupational
Safety and Health 1997).

A number of studies have been conducted that can contribute to the type of
overhead work guidelines noted, although inconsistencies exist. For precision move-
ment tasks, several studies have indicated little or no effect of hand elevation (Wiker
et al. 1989, Putz-Anderson and Galinsky 1993, Nussbaum ez al. 2001). In contrast,
overhead work height was found to significantly increase shoulder muscle activity and
moments (Anton et al. 2001) and perceived discomfort (Ulin ez al. 1990). In order to
supplement this existing evidence, as well as to identify potential non-linear effects of
overhead work height, the current study assessed three heights during simulated
overhead work. Indicators of localized muscle fatigue (LMF) served as outcome
measures. Given mixed evidence for some of these indicators in terms of reliability
(e.g. Nagata et al. 1990, Gamet et al. 1993, Elfving et al. 1999) and the lack of such
evidence in the context of intermittent overhead work, a preliminary study was
conducted to quantify reliability of several subjective and objective fatigue indices. It
was anticipated that some measures would be more reliable than others, and such
results were used to guide interpretation of results obtained from the main study on
overhead work height.
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2. Methods

Two experiments were conducted, the first to determine the reliability of several objective
and subjective measures used to directly or indirectly assess localized shoulder fatigue and
the second to determine the influence of task height on fatigue during intermittent
overhead work. Both experiments used laboratory simulations, designed based on
observations made at an automotive assembly plant and with levels of the tasks
parameters described below consistent with values or ranges observed. An overhead
tapping task was used in both experiments, which was considered representative of
common overhead occupational task demands by inclusion of precise movements to
targets and obstacle avoidance. This is illustrated in figure 1.

2.1. Experiment 1: Reliability of measures

2.1.1. Experimental task. Participants stood underneath a height-adjustable overhead
platform (with a maximum height of 263 cm), set according to individual anthropometry
(as described below). A keyboard was attached to the bottom of this platform, oriented
horizontally and with the keys pointing downward. A modified, non-functional electric
drill (mass = 1.25 kg), into which a wooden dowel was chucked, was used to tap the keys
on the keyboard. Four designated keys were tapped in a defined sequence, which was
indicated by numbers 1-4 marked on the S, 5, L and U keys. A rubber hose was attached
to the drill (diameter =2.0 cm, mass =0.28 kg/m), simulating the weight of a pneumatic
or electric power supply line. Two thin, rigid wires were strung over the keyboard, 3 cm
below the key tops and 10 cm apart, to force vertical movements of the drill (thereby
simulating obstacle avoidance).

Task height was derived from two anthropometric measures of the dominant hand/
arm: hand height with the shoulder and elbow flexed to 90° in neutral upper arm rotation
(A), and hand height with the upper arm in full flexion (maximum overhead reach) with
shoulders parallel to ground (i.e. no shoulder elevation) (B). Hand height was measured
to the centre of the grip as the participant held the same drill that they used in the
overhead tapping task. For the first experiment, the platform height was set so that the
hand height was A + 0.40(B—A), corresponding to a midpoint between the two extreme
values of hand height, which were tested in the second experiment (and illustrated in
figure 2).

The tapping task was performed intermittently, using the dominant arm, with a cycle
time of 54 s and a 50% duty cycle. The first half of each cycle consisted of 27 s of work,
involving repetitive key tapping. This was followed by 27 s of ‘rest’, during which the tool
was placed in a holder and the participant performed light manual work at waist height,
involving screwing and unscrewing nuts and bolts. Fixed pacing for the key tapping was
achieved by using a digital metronome set at 80 beats per min. Hence, this pace required
36 key taps per work cycle (with nine repetitions of the four-key sequence noted above).
This was selected based on preliminary work to provide a moderate psychomotor
challenge. Onset and termination of the work cycle was controlled using computer-
generated auditory signals. Participants freely selected their postures throughout the
experiments and were allowed to adjust their postures as desired.

2.1.2. Experimental design and participants. Two sessions were used to determine
between-days, test—retest reliability of several measures obtained during the overhead
tapping task. Sessions were separated by 2-7 d. For each participant, the two sessions
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Figure 1. Participant shown performing the overhead task (with the hand height
corresponding to middle height in figure 2).

were conducted at a similar time during the day (e.g. afternoon) and by the same
experimenter.

Potential participants were recruited from the university and local community. Ten
participants (five males and five females) were involved, with a mean age of 24.2 (SD 2.7)
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Figure 2. Illustration of the three overhead work heights. a), low; b), middle; ¢) high.

years. All were right hand dominant. Stature and body mass were 175.74 (SD 5.71) cm
and 72.52 (SD 10.02) kg, respectively. All participants reported either recent manual
work experience or performance of upper extremity exercise on a regular basis. None of
the participants reported any recent injuries (within the last 12 months) or any
musculoskeletal problems that might have influenced their performance.

2.1.3. Experimental procedures. Participants provided written informed consent using
procedures approved by the Virginia Tech Institutional Review Board. Following this, a
videotape recording was shown of selected overhead assembly tasks, from an automotive
plant, to provide familiarization with the ‘real world’ equivalent of the experimental task
simulations.

Surface electromyography (EMG) was obtained from three accessible shoulder
muscles: anterior deltoid; medial deltoid; and upper trapezius. These muscles were
selected because prior evidence indicated their recruitment and susceptibility to fatigue
during overhead work (Gerdle ef al. 1988, Nussbaum, 2001). Pairs of pre-gelled bipolar
Ag/AgCl electrodes (1 cm diameter), with a 2.5 cm inter-electrode distance, were placed
midway between the lateral third of the clavicle and the deltoid insertion for the anterior
deltoid, midway between the acromion and the deltoid insertion for medial deltoid, and
2 cm lateral to the midpoint of a line connecting the C7 spinous process and the acromion
for the upper trapezius. Adjustments to these electrode positions were made to ensure
placement on the muscle belly and orientation parallel to muscle fibres. A reference
(ground) electrode was placed on the clavicle. Prior to electrode placement, the skin was
shaved, lightly abraded and cleaned with 70% rubbing alcohol. Impedance between
electrode pairs was kept below 10 kQ (measured after a 10 min stabilization period) and
distances from bony landmarks were measured and maintained across experimental
sessions. Raw signals were preamplified ( x100) near the source, amplified to a range
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near +5 V and hardware filtered (10-500 Hz). Raw and root mean square (RMS; 110 ms
time constant) values were sampled at 2048 Hz and 128 Hz, respectively.

In each session, maximum voluntary contractions (MVCs) were obtained from the
dominant arm in postures intended to isolate the three shoulder muscles. The procedures
are described in Nussbaum et al. (2001). During MVC trials, forces were obtained using a
load cell (AMTI, Watertown, MA, USA, model MSA-6-250) sampled at 2048 Hz. It
should be noted that, since analyses in both experiments were made ‘within-participants’,
forces were considered an adequate dependent measure, without a need for determining
net shoulder moments. EMG data were also collected, with maximal RMS values used
later for normalization. At least three MVC trials per muscle were performed, with a
minimum of 1 min rest between trials. MVC trials were conducted until the maximum
force exerted in a subsequent trial was lower than the maximum force exerted in a
previous trial, and the maximum value across all trials was recorded as the MVC.

Participants used an existing 10-point scale (Borg 1982) to rate their level of perceived
shoulder discomfort. An initial practice session using the scale was employed, involving
holding a 0.5 kg mass in the non-dominant arm, while the arm was abducted to 90°.
Standardized instruction was provided on the use of the scale, in particular to focus on
perceptions localized to the shoulder. Participants held the posture while providing
ratings of perceived discomfort (RPDs) every 5-10 s until reaching their endurance limit
(or until a 10 was reported on the scale). Such practice was believed, based on prior pilot
work, to facilitate better conceptualization of the scale and to improve reliability by
‘normalizing’ participants’ ratings over the full range of the scale (0-10).

After 10 min of rest, 5 min of practice was provided on the overhead tapping task, a
duration considered sufficient for procedural familiarization without the addition of
shoulder fatigue. Following task practice, participants rested for 5 min or until RPD =0
was reported. Participants then began the tapping task. EMGs were recorded during the
last 6 s of the tapping portion of each cycle. RPDs were provided every fifth cycle (or
every 4.5 min). The task was continued until one of the following stopping criteria was
met: 1 h had elapsed; participant reported RPD >9 on two consecutive samples; or
participant reported RPD = 10.

2.1.4. Response variables and analysis. Three categories of response variable were
obtained: MVCs for each muscle; EMG-based measures; and shoulder RPDs. EMG
RMS values were averaged over the sampling period and normalized to maximal values
obtained from MVCs, while raw values were processed to obtain mean (MPF) and
median (MDF) power frequencies. Temporal changes in the RPD and EMG measures
were interpreted as indicative of fatigue. As these were generally linear, slopes from linear
regression were used to characterize temporal changes. Intercepts derived from regression
were used to more reliably estimate the initial values of the EMG-based measures,
whereas the level of discomfort at task termination was assessed using the final reported
RPD.

Reliability of each measure was evaluated using three indices: intraclass correlation
coefficient (ICC); standard error of measurement; and coefficient of variation (CV). ICC,
a measure of relative reliability, examines between-participant variability vs. within-
participant variability (Denegar and Ball 1993). ICC (2,1) was estimated following Shrout
and Fleiss (1979) and can range from 0 (no reliability) to 1 (perfect reliability). A negative
ICC indicates that the within-participant variance has exceeded the between-participant
variance and is equivalent to an ICC of 0. ICCs were interpreted qualitatively using the
following scheme (Bartko 1976, Stokdijk et al. 2000): 0-0.39 =poor; 0.40-0.59 =fair;
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0.60-0.79 = good; 0.8-1.0 =excellent. A measure of absolute reliability, SEM, was
reported along with ICC to check for cases where ICC might overestimate reliability.
SEM estimates the precision of a measure (Denegar and Ball 1993) and is determined as
[sV (1 — ICC)], where s is the standard deviation. A high value of SEM, in relation to the
measurements, indicates a high level of error, which in turn implies non-reproducibility of
tested values. The final measure, CV, defined as [(SEM/mean) x 100], allowed for
comparisons between different variables and methods by scaling the SEM to the mean
(although it is notable that alternative definitions of CV exist).

2.2. Experiment 2: Effect of working height on shoulder fatigue

2.2.1. Experimental task and procedures. The same overhead tapping task was used as
described for experiment 1. Three working heights were examined, with each
determined relative to each participant’s anthropometry (as illustrated in figure 2).
The middle height was determined as described earlier. The lowest height was set at A
and the highest height was set at [A +0.80 (B — A)]. This value for the highest height
was intended to avoid limits to the range of motion and associated high levels of force
developed in passive shoulder tissues. Preliminary observations also indicated that this
height led to the use of primarily shoulder motion, as opposed to torso and lower body
motions used at higher levels.

All participants attended four sessions, separated by 2-7 d, which included one
practice session and three experimental sessions (one at each height). Except as indicated
below, experimental procedures, data collection and data reduction were the same as
described for experiment 1. In the practice session, 5 min of practice was provided at all
three heights, with the order determined using balanced Latin Squares, and the same
order was used in the experimental sessions. Participants then practised at the last height
in the treatment order for 1h or until they experienced substantial discomfort
(RPD > 9). These practice procedures were developed in order to provide familiarization,
both with different heights and with experimental procedures involving continuation of
the task for a prolonged time, and to minimize carryover effects.

In the three experimental sessions, ‘task-specific’ MVCs were conducted, in order to
determine if there was a relationship with endurance/fatigue. Additional MVCs, as
described for experiment 1, were also obtained for EMG normalization. To obtain
task-specific MVCs, participants pushed upward against the overhead platform, the
height of which was set at a level to replicate the postures used while tapping at the
height specified for that session. Participants stood on a force platform (ORG;
Advanced Mechanical Technology Inc., Watertown, MA, USA), which was used to
obtain peak vertical forces (recorded at 2048 Hz) after subtraction of body weight. As
in experiment 1, at least three task-specific MVC trials were conducted, with a
minimum of 1 min rest between trials. After a rest period, practice was provided at the
specified height, additional rest was given and then the tapping task was performed
until one of the stopping criteria noted earlier was met. Key taps were recorded during
each work cycle, comprising nine sets of the sequence of four marked keys (a total of
36 key taps). The number of errors made in each work cycle was determined, to
indicate changes in performance during the prolonged task, where errors consisted of
missed keys, double hits or incorrect key hits.

2.2.2. Participants. A total of 12 participants (six males and six females) were selected,
based on a priori power analysis to detect a ‘large’ effect (Keppel 1991). This sample size
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also allowed for a complete replication of the balanced design for each gender.
Participant selection criteria were the same as for experiment 1 and the participants’
stature and body mass were 172.8 (SD 8.8) cm and 71.7 (SD 13.9) kg, respectively. Mean
age was 27.3 (SD 8.0) years and length of reported employment was 4.7 (SD 9.7) years
(the latter distribution being right-skewed).

2.2.3. Response variables and analysis. Temporal changes in EMG-based measures were
determined from linear regression slopes. RPD onset times were used to determine the
progression in reported shoulder discomfort, derived as the earliest time at which specific
RPD levels were reported (i.e. 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5). Key tap errors were highly
variable across work cycles. In order to analyse error trends, trials were divided into
thirds and errors made in each third were combined to yield an error rate (per cycle) in
each third of a trial. Separate repeated measures ANOVA was used to identify
statistically significant factor effects (gender, working height and their interactions) on
each response variable. Factor effects, and post-hoc comparisons made using Tukey’s
HSD, were considered significant when p < 0.05.

3. Results
3.1. Experiment 1: Reliability of measures

Table 1 summarizes the three indices of reliability for MVC and EMG-based variables
along with mean values for each. ICC values for MVCs of all three muscles were quite
high and were complemented by low SEM and CV values. Among the EMG-based
measures, only initial values of MPF and MDF demonstrated good —excellent reliability
for all muscles and good agreement between the reliability indices. As indicators of
fatigue, slopes of both MPF and MDF had reliability that ranged from poor to excellent.
Spectral measures tended to be more reliable than RMS, although this difference varied
between muscles. Across muscles, EMG-based measures were typically more reliable for
the medial deltoid. Such generalizations, however, must be made with caution due to the
frequent qualitative disagreement between the three reliability measures.

Mean final reported and rates of change of RPD ratings were 3.9 and 0.05/min,
respectively. All participants completed the 1 h sessions (that is, the trials were not
stopped due to high levels of RPD). ICCs indicated excellent reliability of final RPDs
(ICC=0.86) and RPD slopes (ICC=0.92) and these were supported by relatively low
levels of SEM (0.77 and 0.008/min, respectively) and CV (19.6 and 16.9, respectively).

3.2. Experiment 2: Effect of working height on shoulder fatigue

3.2.1. Maximum voluntary contractions and electromyography. Order effects on the task-
specific MVC values were not significant (p > 0.87). Significant height effects on the task-
specific MVCs were present (p < 0.001). Specifically, mean vertical forces were 192.8 (SD
85.5) N for the low work height, 227.8 (SD 81.9) N for the middle height and 429.5 (SD
228.4) N for the high height, with low and middle work heights not significantly different
(p=0.38). A significant (p =0.0003) gender x height interaction effect was found on the
task-specific MVCs, wherein gender differences (males > females) were most evident at
the highest level. None of the EMG-based fatigue measures obtained during the
experimental task showed any significant main or interactive effects of task height or any
consistent trends.
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3.2.2. Ratings of perceived discomfort. Ten of the 12 participants were able to complete
the task (for 1 h) at all three heights. The highest final reported RPD was less than 5 at all
three heights for nine of the 12 participants. The times at which selected values of
shoulder discomfort (RPD) were reported were different for the three working heights
(figure 3). Compared to the low and middle heights, a given level of discomfort was
generally reported earlier when the task was performed at the high work height. Very low
levels of perceived discomfort (RPD =0.5) appear to have occurred latest at the middle
height, while moderate levels of discomfort (RPD =1.0-3.5) occurred latest at the low
height. The effect of height, however, was significant only for RPD=2.5 (p=0.03).
Trends in the effect of height were evident for RPD = 1.0 (»p =0.08), RPD =1.5 (p =0.06),
RPD=2.0 (p=0.08) and RPD =3.5 (p=0.06). Height effects were not significant for
RPD =0.5(p=0.66) or RPD =3.0 (p =0.11). Order effects were not significant for any of
the RPD levels (p > 0.52), except for RPD =0.5. There were no significant gender effects
on RPD onset times (p > 0.69) and no significant gender x height interactions (p > 0.18).

3.2.3. Task (key tapping) performance. Indications of initial decreases in errors
(occurring during the first 10-15 min) were present for tapping at the low and high
heights, but these trends were not significant across trials (p = 0.86). Significant (p =0.03)
decrements in performance (increased error rates) were observed with increasing work
heights (figure 4). Females overall made more frequent errors than males, with mean
values of 4.51 (SD 2.54) and 3.12 (SD 2.74) errors/cycle, respectively, although the gender
effect was not significant (p =0.10). A significant gender x height interaction was found
(p=0.014), wherein gender differences decreased with height. Specifically, females had 91,
45 and 15% higher errors rates at the low, middle and high work heights, respectively.

4. Discussion

Given the recognized problem of shoulder pain among industrial workers, and evidence
for overhead work as an important risk factor, the current research represents part of an

70
60 L A == 3.5
50' T =0= 3.0
E 1 A 4 \ * . 2.5
§/40- .\\ t - 2.0
)
£ 304 —— 1 -—p— 15
= ]
20 - 1.0
10- ./.\- e A2
0

I I
Low Middle High
Working Height
Figure 3. Mean times at which several rating of perceived discomfort levels were reached

for each working height (n=12). *Indicates significant effect of working height.
fIndicates trends. (Standard deviations not shown for clarity, range = 13-27 min.)
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Figure 4. Mean error rates during key tapping at three working heights, low height (LH),
middle height (MH) and high height (HH) in each third of the trial. (Standard deviations
not shown for clarity, range =2.3-3.3 errors/cycle.)

ongoing effort to derive practical guidelines for such work. This research was also
motivated by the lack of specificity in contemporary guidelines regarding the effects of
working height and mixed evidence from studies that have explicitly addressed overhead
work. A central assumption was that LMF, whether measured using subjective or
objective measures, is a valid approach in assessing injury risk (or in developing
guidelines). Causal relationships between LMF and occupational injury have been
proposed (e.g. Armstrong et al. 1993, Sejersted and Vollestad 1993, Oberg ez al. 1994). It
is acknowledged, however, that LMF development does not necessarily equate to injury
and that complex temporal factors are likely involved. In contrast, LMF can be argued to
be a surrogate indicator of risk (Nussbaum 2001) and/or a biomarker for complex
cumulative exposures (Dennerlein et al. 2003). Support for this stems from the
relationships (or responsiveness) of LMF to several more fundamental and acknowledged
risk factors, such as force, repetition and duration, as well as from the adverse influence
of LMF on comfort and performance (Herberts et al. 1980, Wiker et al. 1989,
Hammarskjold and Harms-Ringdahl 1992).

Earlier work suggested potential concerns regarding the reliability of some LMF
indices and indicated a lack of such evidence in the context of overhead work. Strength
measures (MVC) were employed here only indirectly in assessing LMF, in order to
normalize EMGs. MVCs exhibited excellent reliability, with very low error estimates,
consistent with earlier reports (Elfving ez al. 1999, Dvir and Keating 2001, Rainoldi e? al.
2001). Although not assessed directly, reliability of the task-specific MVCs performed in
the main study was supported by the lack of any order effects.

The tasks studied here involved relatively low levels of exertion, which were
intermittent and dynamic. In such conditions, EMG-based measures have, in general,
been found inconsistent or contradictory in terms of the expected changes in these
measures (e.g. Nagata et al. 1990, Gamet et al. 1993). Here, the reliability of EMG RMS,
both initial values and temporal changes, was quite variable across muscles, ranging from
fair to high, similar to earlier reports (Sleivert and Wenger 1994, Larsson et al. 1999,
Arnall et al. 2002). Initial values of EMG spectral measures had generally high reliability
and a good correspondence among the three muscles tested, whereas the temporal
changes exhibited lower reliability and more variability between muscles, both of which
are again consistent with earlier reports (e.g. Elfving e al. 1999, Dedering et al. 2000,
Rainoldi ez al. 2001). The present results are likely due to the low exertion levels involved
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in the overhead work tasks (~15-20% MVC), which is associated with low EMG
reliability (Nargol et al. 1999). Additional analyses were conducted using both
normalized and absolute values of temporal changes. As has been found by others
(Dedering et al. 2000, Lariviére et al. 2002), there was no clear improvement in estimated
reliability.

In contrast to EMG, the subjective measure (RPD) demonstrated excellent reliability
for both final reported values and temporal changes. Each of the three measures of
reliability for final reported RPD were surprisingly similar to those reported by Elfving
et al. (1999) after a 45 s isometric trunk extension (ICC=0.84; SEM =0.8; CV=17%),
despite the obvious differences in protocols from the current study. In the replication of
the overhead tapping task, participants appeared to reach similar discomfort levels after
1 h and the rate of increase in discomfort was also similar between sessions. Both support
the validity of this measure as an indicator of LMF, as does earlier work showing that the
development of discomfort is well correlated with endurance time in both a static task
(Dedering et al. 1999) and a comparable overhead task (Nussbaum et al. 2001).

No effects of working height during the overhead tapping tasks were found for any
EMG-based measures and this can be explained by the above noted limitations in
reliability, lack of sensitivity or potential confounding effects. An earlier study
(Nussbaum ez al. 2001), involving a tapping task on a vertically oriented overhead
target, similarly found only marginal effects of height on EMG-based fatigue indices.
Results of Wiker et al. (1989) are also consistent, in terms of a lack of sensitivity of EMG-
based measures to working height.

Clear, and non-linear, effects of working height were indicated by RPD measures.
Onset times for low—moderate levels of discomfort (RPD = 1-3) were generally later at
heights in the low—-middle range of overhead reach capacity, indicating a more rapid
development of fatigue with more extreme reaches. The detrimental effect of higher work
locations, in terms of perceived discomfort, has been reported earlier (Wiker et al. 1989,
Ulin et al. 1990, Nussbaum ez al. 2001). What is the underlying mechanism, however, to
explain the effect of working height? Increases in relative muscle activation occur with
more extensive overhead reaches (Anton et al. 2001, Nussbaum ez al. 2001). Since
endurance time has an inverse relationship with muscle activation level (e.g. Rohmert
1960), the more extreme reaches can be expected to lead to more rapid fatigue
development and reduced endurance times. These increases in activity with working
height, however, are somewhat counterintuitive, since with increasing reach (as in
figure 2), external moments at the shoulder decrease. Several additional mechanisms are
likely to be involved. Additional muscle force is needed to equilibrate the increasing
involvement of passive tissues with higher reaches. In the current tapping tasks,
movements in the horizontal plane were similar at each elevation, yet the increasing
elevation led to smaller angular movements between keys. Smaller movements require
more control, which may be achieved by increasing co-contraction of the shoulder
muscles. The need for higher levels of control is corroborated by the increased error rates
observed at the higher task levels and evidence that shoulder muscle activity increases
with the addition of precision required for a manual task (Sporrong et al. 1998).

The observed non-linear influence of overhead work height on perceived discomfort
and error rates can only be partially explained by the levels of relative muscle activity.
Here, muscle activity was estimated as the intercept values from linear regression of
normalized RMS values vs. time. Activity of the anterior deltoid and medial deltoid were
significantly affected by working height, increasing from 22.1 to 27.0% MVC and 16.1 to
24.4% MVC, respectively, from the low height to the high height. Post-hoc comparisons
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yielded two groups for each muscle, specifically (low and middle heights) and (middle and
high heights). There was no indication of non-linear changes in muscle activity with
increasing height (p > 0.58 from quadratic trend analysis). Given the roughly exponential
relationship between muscle activity (%MVC) and endurance time (Rohmert 1960), a
linear increase in muscle activity with working height should result in a non-linear
decrease in endurance time (and an increase in fatigue rate). These arguments suggest,
however, that the effects of working height should have been most apparent in moving
from the low to the middle height, whereas the present results indicated the effects were
most prominent when moving from the middle to the high height. Issues noted above,
related to precision and control, are a likely explanation for the observed trends and are
supported by the more substantial effects of extreme reaching (at the high work height)
on task errors (figure 4).

While consistent results were obtained for the effects of overhead work height on
perceived discomfort and errors, there are clear discrepancies with the task-specific MVCs
obtained. At the most extreme reach (high work height), participants exerted nearly twice
the upward force that was exerted at the other two levels. Since the same tool was used in
all cases, it is logical to suppose that the relative demands imposed at the high height are
smallest and, in turn, that fatigue development would be slowest. It may be, however,
that the muscles used for the short task-specific MVCs are not the same as those used
during the tapping task, that this, difference is more pronounced in the most extreme
reach, or that the effects of increasing precision at the high height were predominant. In
any case, use of such task-specific measures to estimate task performance is clearly not
supported (that is, relative strength does not directly relate to relative fatigability with
changing task height). The present results are also inconsistent with those of Garg et al.
(2002), who indicated that endurance time decreased with increases in shoulder flexion up
to 120° (comparable to the middle height condition in the present study) and then
increased. It may be that the static, relatively constrained postures in their study are not
comparable with the present dynamic and intermittent task, in which participants had a
fair degree of flexibility in using postural adjustments.

Performance, assessed here as tapping error rates, exhibited effects of overhead
working height that were consistent with perceived discomfort. Specifically, error rates
tended to increase with time, particularly at the most extreme reach (high work height).
This association between fatigue and decreased performance supplements existing
evidence in several diverse contexts (Chaffin 1973, Wiker et al. 1989, Hammarskjold and
Harms-Ringdahl 1992, Jaric et al. 1999). Performance decrements over time may be
caused by LMF, resulting from fatigue-induced decrements in proprioception (Carpenter
et al. 1998, Bjorklund et al. 2000) or increases in force fluctuations (Hunter and Enoka
2003), although confounding attentional influences cannot be ruled out. This relationship
between fatigue and performance is considered important, since performance changes, or
decreases in task quality, have the potential for justifying and driving ergonomic changes.

Several limitations are inherent in the present study. Although the supraspinatus
muscle is often a focus in the study of occupational shoulder injuries, this muscle was not
monitored in the present study as it is not accessible by surface EMG. It can be
anticipated, however, that supraspinatus EMG would have been similarly unreliable and
insensitive as the results found here for other shoulder muscles. More generally, it is
inherently assumed here that a focus on muscles is warranted (e.g. as opposed to tendon
loads). Support for this focus comes from Madeleine et al. (1998), who found that
injections of hypertonic saline in the trapezius or infraspinatus muscles led to pain that
was similar to that occurring with chronic work-related neck/shoulder pain and
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concluded that the latter pain is likely muscular in origin. A single case of overhead work
was studied here and the main conclusion, that more extreme reaches during overhead
work are detrimental, may not be generalizable to all cases. Generality is supported,
however, by the similarity of findings here, using a horizontal surface, to those in an
earlier study (Nussbaum et al. 2001) using a vertical surface.

5. Conclusions

In summary, RPDs exhibited excellent reliability (high ICC, low SEM and CV) during
performance of an intermittent overhead work (key tapping) task. In contrast, the
reliability of EMG-based measures was relatively lower. Working height was found to
have significant effects on the rate at which perceived discomfort increased. This height
effect was non-linear, with the highest rates observed at the most extreme reaches. A
similar effect was found on performance, quantified as the errors made during the tapping
task. In contrast, no effects of working height on EMG-based fatigue measures were
found (consistent with the observed lower levels of reliability) and task specific capacity
(MVC) was not predictive of the discomfort trends. Levels of muscle activation, along
with demands on precision and control, appeared to explain both the overall effect of
working height and the non-linear trends. Future work should determine if these effects
are more general (vs. task specific) and consider additional levels of overhead working
height. Based on the present results, it is recommended that, if overhead work cannot be
avoided, extreme reaches should be avoided.
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