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OCCUPATIONAL APPLICATIONS The findings from the current study il-
lustrate the adverse effects of concurrent physical and mental demands on
shoulder muscle activation. Furthermore, the results also suggest that the ef-
fects of concurrent physical and mental demands are more pronounced during
static, as opposed to dynamic, exertions. As such, it is important to consider
the interaction of said work parameters (i.e., force levels, mental demands, and
type of exertion) when evaluating/designing tasks. Occupational tasks requir-
ing concurrent physical and mental work should be redesigned to reduce static
loading (by changing postures or providing frequent breaks). With tasks requir-
ing static exertions, other physical parameters (such as force) should be reduced
to minimize interference due to additional cognitive processing. To conclude,
concurrent physical and mental demands affect muscle activation and impede
worker performance; ergonomists should consider this interaction during task
design/redesign, evaluations of injury risk, and potential causal models of injury
development.

TECHNICAL ABSTRACT Background: Static work is considered an occupa-
tional risk factor in the development of injuries, thus there is an emphasis on
employing dynamic exertions to work tasks. With workers experiencing con-
current physical and mental demands in their daily jobs, it is unclear whether
these exertion types affect overall task demands differentially. Objective: The
aim of this study was to compare exertion-dependent physiological responses
due to concurrent physical and mental workload during intermittent shoul-
der exertion. Methods: Twelve young participants, balanced by gender, per-
formed intermittent static and dynamic shoulder abduction for 3 minutes at
three levels of physical workload (low, moderate, and high) in the absence and
presence of a mental arithmetic task. Study measures included muscle activ-
ity, muscle oxygenation, motor and mental arithmetic task performance, and
subjective responses (NASA-Task Load Index and Borg CR10 Scale). Results:
Static exertions and higher physical demands adversely affected physiological
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responses (i.e., muscle activity and oxygenation) and performance measures,
and they were associated with higher levels of perceived exertion and work-
load. Additional mental demands negatively affected muscle activity, mental
task performance, and subjective workload measures. However, these results
were more pronounced during static exertions at high physical demand lev-
els. Conclusions: Results indicated that certain job parameters (static exertions
and high physical demands) are more susceptible to interference with men-
tal demands than others (dynamic exertions and low demands). When as-
sessing overall demands placed on workers during concurrent physical and
mental work, it is important to consider the interaction of work parameters,
specifically physical demand levels and exertion type, with mental demands.

KEYWORDS Static, dynamic, physical workload, mental workload, task performance

INTRODUCTION
According to the Bureau of Labor Statistics (BLS,

2010), there were 348,740 cases of work-related mus-
culoskeletal disorders (WMSDs) in 2009, accounting
for ∼28% of the total reported non-fatal injuries. Task-
related factors, such as repetitiveness and forceful ex-
ertions and the combination of both, have shown the
strongest association to WMSDs (Kilbom, 1994), with
repetitive motion responsible for injuries with the high-
est median days away from work (21 days) (BLS, 2010).
Work-related psychosocial factors, such as intensified
workload and social support, have been consistently
associated with WMSDs (Bernard, 1997; NRC, 2001).
Psychosocial factors can influence musculoskeletal pain
by varying biomechanical demands (Bongers et al.,
1993), increasing awareness of pain symptoms (Sauter &
Swanson, 1996), or affecting physiological attempts at
recovery (Melin & Lundberg, 1997). Evidence of these
mechanisms, which have been previously reported in
several laboratory experiments, include increased mus-
cle tension (Lundberg et al., 1999), altered joint kine-
matics (Faucett & Rempel, 1994), interference with
blood flow and energy metabolism (reviewed in War-
ren, 2001), and changes in blood catecholamine levels
(Lundberg, 2002). Although most of the research in-
vestigating physiological reactivity of mental demands
and/or stress has focused on low-level static exertions
(Waersted, 2000; Laursen et al., 2002), recent studies
have demonstrated the differential effects of mental de-
mand on varying force levels during static work (Mac-
donell & Keir, 2005; Mehta & Agnew, 2011, 2012).
Findings from these studies suggest that additional cog-
nitive demands reduce generation of muscular effort

at higher force levels and, concomitantly, cause greater
impairment in motor coordination.

Repetitive work is common in many industrial tasks,
such as computer-based and assembly line work. These
tasks may be comprised of either static or dynamic exer-
tions, or a combination of both, during continuous or
intermittent work. Low-level static efforts are one of the
major predictors of musculoskeletal disorders (Bernard,
1997); thus, there is a greater emphasis on employ-
ing dynamic exertions to occupational tasks to reduce
risk of injuries (Takala, 2002). However, dynamic exer-
tions result in greater energy consumption compared to
equivalent static exertions for low force levels (Bridges
et al., 1991; Vedsted et al., 2006), resulting in larger
muscular load. Even so, sustained static exertions can
cause greater reductions in muscle oxygenation due to
the absence of the rhythmic muscle contraction that
facilitates muscle perfusion in dynamic contractions
(Jensen et al., 1999; Heiden et al., 2005). These large
reductions in muscle oxygenation levels have been sug-
gested to contribute to the development of work-related
musculoskeletal injuries (Carayon et al., 1999).

Additional task demands, such as mental processing
or increased pacing, may exacerbate the existing risk of
injuries on workers during static and dynamic exertions
by evoking specific physiological responses that may re-
sult in impairment of muscular functions. Specifically,
these responses include alteration of muscle contrac-
tility and reduced muscle spindle sensitivity (Passatore
& Roatta, 2003). Changes in spindle sensitivity during
limb movement detrimentally affect proprioceptive in-
formation flow and may alter motor control by causing
joint perturbations (Johansson et al., 2003). Research
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investigating the effects of mental demands on mus-
cular responses has largely focused on static exertions
(Lundberg et al., 1994, 2002). Although a few studies
have reported changes in physiological responses dur-
ing dynamic exertions (van Loon et al., 2001; Galen
et al., 2002), it is unclear if one exertion type might
be more susceptible to mental stress than the other at
higher force levels.

The aim of this study was to compare exertion-
dependent physiological responses due to concur-
rent physical and mental demands during intermittent
shoulder exertion. Physiological responses, motor and
mental task performance, and subjective assessment of
perceived exertions and workload were measured under
conditions of intermittent static and dynamic shoulder
abduction at different physical workload (PWL) levels,
in the absence and presence of a mental arithmetic task.
To this end, two hypotheses were proposed: (1) changes
in physiological responses due to concurrent physical
and mental workload (MWL) will be dependent on the
type of exertion; (2) these exertion-specific changes will
be dependent on PWL levels.

METHODS
Experimental Design

A 2 (exertion type) × 3 (PWL) × 2 (MWL) full-
factorial repeated-measures design was utilized to
evaluate changes in physiological responses during
intermittent shoulder abduction. Exertion type in-
cluded intermittent static and dynamic exertions; PWL
was induced as percent maximum voluntary contrac-
tion (MVC) of each subject at three force levels: low
(15% MVC), moderate (30% MVC), and high (50%
MVC); and MWL was presented at two levels: absence
(control) and presence (concurrent condition) of a
mental arithmetic task. Each participant underwent
two experimental sessions; each experimental session
focused on one exertion type to minimize equipment
set up time.

Participants
A total of twelve participants, balanced by gender,

were recruited from the local community, whose mean
(SD) age, stature, and body mass were 22.11 (1.7) years,
1.57 (0.57) m, and 68.39 (12.0) kg, respectively. Par-
ticipants were limited to right-handed individuals with
no self-reported injuries, illnesses, or musculoskeletal
disorders within the past year. Informed consent, using

procedures approved by the university’s Institutional
Review Board, was obtained prior to the experiment.

Procedures
Participants attended one preliminary session and

two experimental sessions, with at least two days in
between to avoid any fatigue or carryover effects. In
order to avoid any potential learning or order effects,
presentation of the two experimental sessions were
counterbalanced, and a balanced Latin Square design
was employed within each session to counterbalance
the six treatment conditions. At the preliminary session,
participants were familiarized with the experimental
task, i.e., both the physical task (intermittent static and
dynamic shoulder abduction) and the mental arith-
metic task. Once familiarized, participants performed
a series of static and dynamic MVCs to determine the
levels of PWL used during the experimental sessions.
They were seated in a dynamometer (BiodexTMSystem
3 Pro Medical System, Shirley, New York, USA), com-
fortably secured at the shoulder and waist in a seated
position. Static MVCs were obtained by instructing
participants to maximally abduct their arm at 45◦

against a padded dynamometer arm fixture, keeping
the other arm resting at the side (Fig. 1 (left)). To obtain
dynamic MVCs, the dynamometer was activated in the
isokinetic mode, with a set speed of 20◦/s, and partic-
ipants were instructed to maximally abduct their arm,
from arm at side to arm horizontal (at 90◦) against the
dynamometer arm fixture (Fig. 1 (right)). A minimum
of three static and dynamic MVCs were performed,
with 2-minutes rest given between each. The maximum
torque value of three MVCs for each exertion was used
to determine the PWL levels for that exertion type. The
MVCs collected were corrected for gravitational effects
acting on the limb and the BiodexTM apparatus.

At the beginning of each experimental session, par-
ticipants were instrumented with electromyography
(EMG) electrodes (Measurement Systems Inc., Ann
Arbor, MI, USA) and a near-infrared spectrometer
(NIRS) probe (OxiplexTS, ISS, Champaign, IL, USA).
EMG signals were collected using 10-mm, rectangular
Ag/AgCl pre-gelled bipolar electrodes from the middle
deltoid, as it has been shown to play a predominant role
in shoulder abduction (Yassierli & Nussbaum, 2007),
and supporting co-contractors, such as the anterior and
posterior deltoid, upper trapezius, and latissimus dorsi.
Muscle sites on each subject were shaved and cleansed
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FIGURE 1 Participant posture for static shoulder abduction at 45◦ (left) and dynamic shoulder abduction from arm at side to arm
horizontal (right) (color figure available online).

with alcohol to reduce skin resistance, and electrodes
were placed on the muscle sites according to clinical
procedures (Perotto, 1994). The NIRS probe was placed
on the belly of the middle deltoid, aligned in the direc-
tion of muscle fiber. A quiet trial and muscle-specific
MVCs were obtained across several standardized pos-
tures assumed to elicit maximal strength output of each
muscle. A minimum of three MVCs were performed
per muscle, with at least 2-minutes rest given between
each, and the maximum value was used to normalized
EMG signals for that muscle.

Similar to the preliminary session, participants were
seated and comfortably strapped in the dynamometer.
Depending on the exertion type, participants were in-
structed to perform intermittent static or dynamic ex-
ertions, presented at three levels of PWL levels in the
absence and presence of the mental arithmetic task. The
task comprised of a series of work and rest cycles of 5
seconds each, for a duration of 3 minutes. For the in-
termittent static task, participants were strapped to the
dynamometer arm fixture positioned at 45◦, and they
were asked to abduct their shoulder against the fixture.
Visual feedback was presented on a computer screen

placed at eye height as a series of square waves display-
ing work and rest periods, thereby visually controlling
the duration of the work–rest cycle (Fig. 2). For each
control condition (i.e., no mental arithmetic task), at
15%, 30%, and 50% of the static MVC, participants
were instructed to maintain their exertion levels within
±5% of the target torque values during the work phase.

For the intermittent dynamic task, participants were
strapped to the dynamometer arm fixture, and from
“arm at side” they were instructed to abduct their shoul-
der against the padded arm to “arm horizontal” (at
90◦). The dynamometer was activated in the isotonic
mode, providing resistance equivalent to PWL levels.
Participants were provided a visual feedback of the dy-
namometer arm position from 0◦ to 90◦, on a computer
screen, as a series of triangular waves displaying work
and rest periods (Fig. 2). The work period included the
concentric phase of the arm abduction, and partici-
pants were asked to passively return to “arm at side”
position at the end of each work period. PWL con-
ditions were presented by manipulating the resistance
offered by the dynamometer arm, along with external
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FIGURE 2 Illustration of intermittent static (STA) and dynamic
(DYN) exertions.

weights if needed, at 15%, 30%, and 50% of the dy-
namic MVC, and participants were asked to accurately
track their position with respect to the feedback.

For the concurrent task conditions, participants were
asked to concurrently perform the mental arithmetic
and the physical task. At every rest period, partici-
pants were verbally presented with a two-digit num-
ber (from 11–49) and a one-digit number (2–9) and
were instructed to multiply these numbers and verbally
provide an answer by the end of the following work
period. Participants were encouraged to provide accu-
rate answers while successfully maintaining the required
force/position, and performance on the mental task was
recorded. To help avoid any fatigue carryover effects, a
6-minute rest break (minimum) was provided after each
treatment condition.

Measures
Physiological Measures

Raw EMG signals of the trials sampled at 1024 Hz
were corrected for signal bias (using a quiet EMG trial),
band-pass filtered (20–450 Hz), full-wave rectified, and
subsequently low-pass filtered (dual-pass, fourth-order
Butterworth filter with effective cutoff frequency of 3
Hz), using a custom program developed in LabVIEW
(National Instruments, Austin, TX, USA). EMG signals
from each muscle were normalized with respect to their
maximum value (which were processed similarly). EMG
amplitudes for all muscles were obtained as an average
of the middle 3-second window of each 5-second work
period for each treatment condition. Further, the co-
contraction index (CCI) of the shoulder was calculated
as the ratio of the activation of latissimus dorsi with

respect to the combined activation of the three deltoids
and the upper trapezius, multiplied by the sum of the
activity of all muscles (Rudolph et al., 2001). Activation
of the agonist shoulder muscles was determined as the
summation of the activation of the three deltoids and
upper trapezius.

NIRS was employed to non-invasively monitor local
muscle oxygenation to quantify PWL (Chuang et al.,
2002; McGorry et al., 2009) and compare oxygen con-
sumption during static and dynamic work (Vedsted
et al., 2006). Oxygen saturation data were collected with
a sampling frequency of 2 Hz. Before probe placement,
the system was calibrated according to the manufac-
turer’s instructions. The absolute value of percent sat-
uration was recorded continuously for the whole trial.
The middle 3-second data of each work period were
utilized and averaged across each treatment condition
to obtain mean oxygen saturation levels.

Performance Measures

Motor performance was assessed by measuring
steadiness in force generation (Enoka et al., 2003).
Torque output data from the dynamometer were col-
lected for the entire duration of each treatment con-
dition, sampled at 1024 Hz, and low-pass filtered at
15 Hz. Utilizing the middle 3-second window of each
work period, force fluctuations were quantified as the
coefficient of variance of the exerted force and aver-
aged across each treatment condition (Enoka et al.,
2003). Performance on the mental arithmetic task was
recorded (i.e., the number of incorrect answers/no an-
swers) and quantified for each treatment condition.

Subjective Measures

The Borg CR10 scale was used to obtain Ratings
of Perceived Exertion (RPEs) of the shoulder at the
end of every treatment condition (Borg, 1990). The an-
chors ranged from “0, nothing at all,” to “10, extremely
strong (almost max).” Additionally, the NASA Task
Load Index (NASA-TLX) was employed to obtain par-
ticipants’ perception of workload on six scales: Mental
Demand, Physical Demand, Temporal Demand, Per-
formance, Effort, and Frustration (Hart & Staveland,
1988). Participants were asked to rate the levels of these
sub-scales between 1 (low) and 20 (high) after the com-
pletion of each treatment condition. Weighted ratings
for each sub-scale, obtained from 15 pair-wise compar-
isons, were calculated by multiplying each rating by the
weight given to that sub-scale by the participant. The
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individual sub-scale measures and an overall workload
score (scored from 0 to 100), calculated as (sum of the
weighted ratings of each sub-scale/15), were used to
compare between the different treatment conditions.

Statistical Analyses
Separate three-way repeated-measures ANOVAs

were conducted to determine main and interaction
effects of exertion type, PWL, and MWL on the phys-
iological, performance, and subjective measures. Fur-
thermore, a two-way ANOVA was conducted to test
for main and interactive effects of exertion type and
physical demand on mental task performance. For all
analyses, gender was included as a blocking variable.
As no substantial violations of parametric assumptions
were evident, parametric analyses were conducted using
JMP 8.0 (SAS Institute Inc., Cary, NC, USA). Where
required, post-hoc comparisons were conducted using
Tukey’s Honestly Significant Difference test. Statisti-
cal significance was determined when p < 0.05. All
summary values are presented as means (standard devi-
ation).

RESULTS
Significant main and interaction effects of exertion

type, PWL, and MWL on the physiological, perfor-
mance, and subjective measures are summarized in Ta-
ble 1. Gender did not influence any dependent mea-
sures (all p > 0.05).

Physiological Responses
EMG

A significant main effect of PWL was observed for all
EMG measures (mean EMG, agonist EMG, and CCI),
with higher physical demands resulting in increased
muscle activity and coactivity (all p < 0.0001). Ad-
ditionally, exertion type significantly affected agonist
EMG ( p < 0.0001) and CCI ( p = 0.0024), with static
exertions causing greater coactivity than dynamic ex-
ertions. However, these main effects were driven by
significant interaction effects of exertion type × PWL
(both p < 0.0001). Compared to dynamic exertions,
agonist EMG and CCI increased by 67% and 116%,
respectively, at 50% MVC during static exertions. Al-
though not significant, a similar borderline interaction
effect was observed for mean EMG ( p = 0.055).

MWL significantly reduced agonist EMG ( p =
0.003) when compared to the control (104.43 (61.49)%
MVC versus 111.03 (66.77)% MVC). Although no ev-
ident trend was found for the CCI ( p = 0.828), mean
EMG decreased by 4% ( p = 0.128) in concurrent de-
mand conditions compared to the control. A signifi-
cant interaction effect of PWL × MWL was found on
agonist EMG ( p = 0.008), with agonist EMG decreas-
ing by 7% due to MWL at moderate and high PWL
levels (30% and 50% MVC, respectively). No such dif-
ferences were observed at 15% MVC. Mean EMG also
followed a similar trend, although not significant ( p =
0.064), that indicated a greater decrease in mean EMG

TABLE 1 Summary of ANOVA results ( p-values) for the effects of exertion type (E), PWL, and MWL on physiological, performance, and
subjective measures

Measures E PWL MWL E × PWL E × MWL PWL × MWL E × PWL × MWL

Mean EMG 0.917 <0.0001∗ 0.128 0.055 0.348 0.064 0.126
Agonist EMG <0.0001∗ <0.0001∗ 0.003∗ <0.0001∗ 0.055 0.008∗ 0.01∗

CCI 0.0024∗ <0.0001∗ 0.828 <0.0001∗ 0.498 0.668 0.981
Oxygen saturation 0.77 <0.0001∗ 0.767 0.002∗ 0.36 0.083 0.502
Motor performance 0.029∗ 0.003∗ 0.608 <0.0001∗ 0.709 0.974 0.933
Mental task performancea 0.061 <0.0001∗ – 0.172 – – –
RPE 0.6542 <0.0001∗ 0.7293 0.0031∗ 0.7293 0.4856 0.2711
MD 0.4264 0.0988 <0.0001∗ 0.8287 0.4558 0.9418 0.4225
PD 0.0001∗ <0.0001∗ 0.9057 0.0449∗ 0.8589 0.8046 0.8786
TD 0.0388∗ <0.0001∗ <0.0001∗ 0.0649 0.0262∗ 0.0649 0.1321
NASA-TLX

EF 0.0036∗ <0.0001∗ <0.0001∗ 0.0912 0.0143∗ <0.0001∗ 0.0314∗

PF 0.0014∗ 0.0032∗ <0.0001∗ 0.1202 0.0529 0.0077∗ 0.3866
FR 0.2245 0.0001∗ <0.0001∗ 0.0124∗ 0.0012∗ 0.0109∗ 0.5473
OWL <0.0001∗ <0.0001∗ <0.0001∗ 0.0018∗ 0.0113∗ <0.0001∗ 0.2897

Note. MD: Mental Demand, PD: Physical Demand, TD: Temporal Demand, EF: Effort, PF: Performance, FR: Frustration, and OWL: overall workload.
Asterisk indicates a significant effect ( p < 0.05).
aA two-way (E × PWL) ANOVA was conducted for mental task performance.
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FIGURE 3 Interactive effects of exertion type, PWL, and MWL on agonist EMG (left) and trends observed on mean EMG (right)
during intermittent static (STA) and dynamic (DYN) shoulder abduction. Error bars represent standard deviation. The asterisk indicates a
significant difference between the control and mental arithmetic conditions.

induced by the mental arithmetic task at higher PWL
levels (Fig. 3 (right)). A borderline interaction effect of
exertion type × MWL was found on agonist EMG ( p
= 0.055), implying a greater decrease in coactivity due
to MWL during static compared to dynamic exertions.
A significant second-order interaction between exertion
type × PWL × MWL ( p = 0.01) further confirmed this
trend, with a greater decrease in agonist EMG found in
concurrent task conditions compared to the control for
static exertions than dynamic exertions. However, this
interaction was only significant at 50% MVC (Fig. 3
(left)).

Muscle Oxygenation

Increasing PWL levels resulted in greater reductions
in oxygen saturation ( p < 0.0001). A significant inter-
action effect of exertion type × PWL was found ( p =
0.002), with static exertions (63.88 (6.9)) resulting in
greater reduction on oxygen saturation than dynamic
exertions (65.96 (4.1)) at 30% MVC (Fig. 4). No signif-
icant main effects of MWL ( p = 0.767) or any first-
or second-order interaction effects of exertion type ×
MWL ( p = 0.36) or exertion type × PWL × MWL ( p =
0.502) were found on oxygen saturation. Although fail-
ing to reach significance, an interaction effect of PWL ×
MWL was observed ( p = 0.083), which indicated a
greater reduction in oxygen saturation during concur-
rent demand conditions compared to the control at
50% MVC.

Performance Measures
Motor Performance

Significant main effects of PWL ( p = 0.003) and ex-
ertion type ( p = 0.029) were found on force fluctuation.
Higher fluctuations were observed at 15% MVC (5.47
(4.89)) compared to 30% (4.42 (2.46)) and 50% MVC
(4.73 (3.18)) and for dynamic exertions (6.04 (4.6)) com-
pared to static exertions (3.67 (1.65)). A significant in-
teraction of exertion type × PWL was observed ( p <

0.0001), with higher fluctuations observed at 15% MVC
during dynamic exertions than in any other condition.
No significant main effect of MWL or any first- or

FIGURE 4 Interactive effects of exertion type and PWL on oxy-
gen saturation. Error bars represent standard deviation. The as-
terisk indicates a significant difference between the static and
dynamic conditions.
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FIGURE 5 Mental task performance (presented as mean errors)
during intermittent static and dynamic exertions. Error bars rep-
resent standard deviation.

second-order interaction effects with exertion type and
PWL were found in regards to force fluctuations.

Mental Task Performance

A significant main effect of PWL ( p < 0.0001) was
found on mental task performance. Higher errors were
observed at 15% MVC (12.79 (4.52)) compared to 30%
(11.08 (4.62)) and 50% MVC (11.21 (4.84)). Although
not significant, a borderline main effect of exertion type
was observed ( p = 0.061) on mental task performance,
with higher errors made during static exertions than
during dynamic exertions (Fig. 5). No significant inter-
action effect of exertion type and PWL was found on
mental task performance.

Subjective Measures
RPEs

RPEs increased significantly with increases in PWL
levels ( p < 0.0001). A significant interaction effect of
exertion type and PWL was found on RPEs, with partici-
pants reporting greater perceived exertion at 50% MVC
for static (5.97 (3.03)) compared to dynamic exertions
(4.97 (2.24)). The effect of MWL was not significant,
and no additional significant interaction effects were
found.

NASA-TLX Scores

A significant main effect of exertion type was found
on four of the six NASA-TLX sub-scales, including
Physical Demand, Temporal Demand, Effort, Perfor-
mance, and the overall workload score (refer to Table
1 for p-values). PWL was found to significantly affect

the Frustration sub-scale, in addition to the above mea-
sures. In general, participants reported higher scores
during static exertions than dynamic exertions and at
50% MVC compared to 30% and 15% MVC. Note that
higher scores indicate increased perception of mental,
physical, and temporal demand; higher perceived ef-
fort and frustration; and greater perception of failure.
Additionally, a significant interaction effect of exertion
type × PWL was found on the Physical Demand and
Frustration sub-scale and the overall workload score,
with participants reporting higher scores at 50% MVC
during static exertions than during dynamic exertions.

MWL was found to significantly increase scores on
all sub-scales and overall workload, except the Physical
Demand sub-scale. A significant interaction effect of ex-
ertion type × MWL was found on Temporal Demand,
Effort, and Frustration sub-scales, as well as the overall
workload score. Although participants reported higher
scores in the concurrent demand conditions compared
to the control, they reported higher scores when per-
forming static exertions than dynamic exertions in the
control condition. An interaction effect of PWL ×
MWL was found significant on the Performance, Ef-
fort, and Frustration sub-scales and overall workload,
with higher scores reported at 15% MVC in the pres-
ence of mental arithmetic compared to other condi-
tions (Fig. 6). Finally, a significant three-way interaction
effect of exertion type × PWL × MWL was found on
the Effort sub-scale, with participants reporting greater
effort at 50% MVC during static exertions than during
dynamic exertions. However, this interaction was only
significant during the control conditions.

DISCUSSION
The present work addressed differential effects of

exertion type on concurrent physical and mental
demands during intermittent static and dynamic
shoulder abduction. In general, exertion type and
physical demand were found to influence physiological
responses (i.e., EMG and oxygenation measures), mo-
tor and mental task performance, and most subjective
measures. Additional mental demands significantly
affected some EMG measures and NASA-TLX scores;
more importantly, the relationship was influenced by
exertion type and physical demand. These findings
supported the primary hypothesis that mental demand
caused stronger interferences during static exertions
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FIGURE 6 Influence of PWL and MWL on Performance, Effort, and Frustration sub-scales and overall workload score. Error bars
represent standard deviation.

at higher intensities, resulting in reduced muscular
output and impaired mental performance.

Exertion Type and Physical Demand
Higher physical demands and static exertions were

associated with increased muscle activity and coactiv-
ity; these relationships were more pronounced at higher
force levels. In agreement with Vedsted et al. (2006), re-
sults from this study reported similar increases in EMG
activity during dynamic exertions when compared to
static exertions at 10–20% MVC. However, oxygen
consumption increased in static compared to dynamic
conditions at moderate physical intensity with equiva-
lent muscular effort. This may be explained, at least in
part, by a generation of higher intramuscular pressure
that may have resulted in impeded blood flow during
intermittent static contractions (Sjogaard et al., 2004;
Zhang et al., 2004). At 50% MVC, although mean EMG

was similar across both exertion types, agonist EMG (a
summed measure of EMG from all agonist muscles) was
considerably higher during static compared to dynamic
exertions. This was further supported with greater per-
ceptions of physical demand, effort, and frustration
during static compared to dynamic exertions. Finally,
muscle co-contraction (CCI) was lower during dynamic
than during static exertions, specifically at higher phys-
ical demand levels. This may have negatively affected
joint steadiness, resulting in the greater decrements of
motor performance (increase in force fluctuations) that
were documented during dynamic exertions.

Differential Effects of Exertion Type
on Concurrent Demands

With regards to additional mental demand, a de-
crease in EMG activity was observed; however, both
physical demand levels and exertion type influenced

11 Exertion effects of physical and mental workload
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this relationship. As seen in Fig. 3, there was no change
in EMG (mean or agonist) at 15% MVC, but a signif-
icant EMG decrease was observed at 50% MVC due
to the mental arithmetic task. Previous work that ad-
dressed high force levels found similar decreases during
shoulder abduction due to the Stroop color word test
(Macdonell & Keir, 2005; Au & Keir, 2007; Mehta &
Agnew, 2011). In the current study, the task required
participants to maintain their force levels at a target
level while performing a mental arithmetic task. It could
be argued that at low-level exertions, participants were
able to maintain their exertion, with the biofeedback
preventing them from overshooting their target, while
mentally processing the arithmetic questions. However,
to maintain exertions at higher physical demand levels
and to perform mental arithmetic, a lack of available at-
tentional resources caused a decrease in muscular effort
(Welford, 1973), resulting in a decline of EMG activ-
ity and coactivity. This decrease in muscular effort due
to mental demands has been shown to adversely affect
joint steadiness (Mehta & Agnew, 2011). Additionally,
the absence of any compensatory antagonistic contrac-
tions indicated that muscle recruitment did not change
in an attempt to increase joint steadiness/stiffness in
the concurrent demand conditions. As such, deteriora-
tion in motor coordination (or potential loss of joint
stability) due to mental demands may place the worker
at a higher risk of injury (Cameron et al., 2003; McGill
et al., 2003).

Interestingly, the interaction effects of physical and
mental demands on EMG activity were further influ-
enced by exertion type. When compared to control
conditions, a greater decrease in agonist EMG activ-
ity was found in concurrent demand conditions during
static exertions at 50% MVC than during dynamic exer-
tions (9.7% versus 1.5%, respectively). With no change
observed in the CCI between the control and concur-
rent demand conditions, a greater decrease in muscular
effort during static exertions may potentially lead to
greater decrements in motor coordination than that
during dynamic exertions. Thus, it may be essential
to consider the type of exertion when designing work
tasks that require concurrent physical and mental pro-
cessing. Although it could be argued that an agonist
EMG measure may not offer a precise measurement of
muscle activity for a given force level, it provides infor-
mation regarding the collective activation of muscles
around a joint. A similar trend observed in mean EMG
activity of middle deltoid (prime mover during shoul-

der abduction) at 50% MVC (Fig. 3) further validates
the differential effect of exertion type on concurrent
demands.

Existing literature focusing on mental task perfor-
mance has used dual-task paradigms to evaluate re-
source allocation strategies and attentional demands by
assessing changes in performance (Lorist et al., 2002;
Zijdewind et al., 2006). The primary objective of em-
ploying a mental arithmetic task in this study was to
manipulate MWL (a study variable), and a secondary
purpose was to quantify the amount of interference in
attentional resource allocation by means of a dual-task
paradigm. According to the Inverted U-Hypothesis,
greater performance decrements are observed at low
and high levels of physical arousal (Yerkes & Dodson,
1908; Martens, 1974). With tasks characterized by low
physical intensity, the decrement in mental task per-
formance has been previously attributed to boredom
(Welford, 1973). In contrast, tasks with high physical
intensity correspond to greater physical arousal, which
has been shown to improve performance on cognitive
tasks (Brisswalter et al., 2002). In the current study,
performance on the mental arithmetic task was influ-
enced by both physical demand and type of exertion.
At a low force level, although participants made more
errors, the performance was similar during both static
and dynamic exertions. However, as the force levels in-
creased, participants performed the arithmetic task less
accurately in the static conditions compared to the dy-
namic conditions (Fig. 5). These trends were compara-
ble with EMG activity, indicating a greater interference
of mental demand with static exertions than dynamic
exertions at higher force levels. Greater attentional costs
or delay in information processing in the static exer-
tions may be attributable, at least in part, to increased
muscular load compared to dynamic exertions, evident
by higher EMG activity, increased metabolic consump-
tion, and increased perception of exertion, effort, and
overall workload.

Subjective assessment of perceived effort and work-
load, measured by Borg CR10 ratings and NASA-TLX
scores, respectively, were both found to be sensitive to
physical task parameters, such as force levels and type
of exertion. Except for the Physical Demand subscale,
all other components and overall workload score were
also influenced by additional mental demands. In par-
ticular, participants perceived concurrent demand con-
ditions at the low force level to be more demanding
(with respect to Temporal Demand, Effort, Frustration,
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and overall workload) than the control, resulting in
greater perception of failure than at higher force levels
(Fig. 6). Recent work evaluating subjective assessment
of the interaction of physical and mental demands has
demonstrated similar trends, highlighting the sensitiv-
ity of NASA-TLX measures to specific force levels when
studying concurrent task demands (Mehta & Agnew,
2011).

Limitations and Future Directions
There are potential methodological issues and lim-

itations that should be addressed. The effect of exer-
tion type on physiological responses have been widely
studied (SoGaard, 1995; Vedsted et al., 2006), but few
studies provided a comparable assessment of workload
based on exertion type by employing identical time-
tension products derived from static MVC (Stebbins
et al., 2002; Vedsted et al., 2006). PWL conditions in
the current study were derived from separate static and
dynamic exertions (explained in Section 2) to incorpo-
rate true muscle maximum for a given type of exertion.
Although the work periods during both intermittent
static and dynamic exertions were 5 seconds, the study
did not employ an identical time-tension product due
to the difference in the determination of PWL levels.
Despite this methodological issue, EMG measures dur-
ing 15% and 30% MVC were comparable between the
two types of exertions. At 50% MVC, EMG activity dur-
ing static exertions was higher than dynamic exertions.
It is possible that that the difference in static and dy-
namic MVCs may have potentially confounded the re-
sults. Future work should thus build on the results from
the current study by employing equivalent workload
conditions to evaluate the effects of exertion type and
concurrent demands on physiological and performance
measures. The dynamic task employed in this study in-
cluded an active phase of concentric contraction (i.e.,
shoulder abduction from arm at side to arm horizontal)
and a passive return of the arm to original posture. As
concentric and eccentric contractions have been shown
to have differences in motor units activation patterns
(Linnamo et al., 2003; Vedsted et al., 2006), it is unclear
if these variations in neural activity would interact dif-
ferently with concurrent physical and mental demands.
Thus, in order to better understand the differential ef-
fects of exertion type on concurrent demands, further
investigations that compare concentric and eccentric
contractions with static exertions are warranted.

Mental arithmetic has been widely used as a
laboratory stressor (Carter et al., 2005; DiDomenico
& Nussbaum, 2008) and has been associated with in-
creased mental stress (Allen & Crowell, 1989; Schleifer
et al., 2008). Mental demands, induced using an arith-
metic task in the current study, were representative
of cognitive processing that workers experience with
their tasks. However, these demands only constitute a
portion of the psychological strain placed on workers
(Bernard, 1997). Other psychosocial factors, such as
time pressure, have been associated with increased
upper extremity musculoskeletal disorders (Bongers
et al., 1993; NRC, 2001). As such, future work should
build on the findings from the current study by
considering the relative contributions of prevalent
psychosocial risk factors and physical task parameters
on the development of musculoskeletal disorders.

CONCLUSIONS
As static work is associated with increased risk of

WMSDs, dynamic exertions are being employed to
lower the risk of workplace injuries. Additionally, work-
ers experience multiple demands in their daily jobs,
such as concurrent physical and mental demands. How-
ever, it is unclear whether physiological responses are
affected by exertion type, namely static and dynamic
exertions, under combined demands. Results from this
study highlight adverse effects of concurrent physical
and mental demands during intermittent static work
on shoulder muscle activity and coactivity when com-
pared to dynamic work. Further, static exertions were
more susceptible to decrements in mental task perfor-
mance than dynamic exertions, specifically at higher
force levels. As such, it is important to consider the
interaction of work parameters, specifically force levels
and exertion type, when assessing overall task demands
and worker performance during concurrent physical
and mental work.
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(Eds.), Chronic work-related myalgia—neuromuscular mechanisms
behind work-related chronic muscle pain syndromes (243–263).
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