
3008 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 69, NO. 10, OCTOBER 2022

An Occupational Shoulder Exoskeleton Reduces
Muscle Activity and Fatigue During

Overhead Work
Sander De Bock , Marco Rossini , Dirk Lefeber , Member, IEEE, Carlos Rodriguez-Guerrero ,

Joost Geeroms , Romain Meeusen, and Kevin De Pauw

Abstract—Objective: This paper assesses the effect of
a passive shoulder exoskeleton prototype, Exo4Work, on
muscle activity, muscle fatigue and subjective experience
during simulated occupational overhead and non-overhead
work. Methods: Twenty-two healthy males performed six
simulated industrial tasks with and without Exo4Work ex-
oskeleton in a randomized counterbalanced cross-over
design. During these tasks electromyography, heart rate,
metabolic cost, subjective parameters and performance
parameters were acquired. The effect of the exoskeleton
and the body side on these parameters was investigated.
Results: Anterior deltoid activity and fatigue reduced up
to 16% and 41%, respectively, during isometric overhead
work, and minimized hindrance of the device during non-
overhead tasks. Wearing the exoskeleton increased feel-
ings of frustration and increased discomfort in the areas
where the exoskeleton and the body interfaced. The assis-
tive effect of the exoskeleton was less prominent during
dynamic tasks. Conclusion: This exoskeleton may reduce
muscle activity and delay development of muscle fatigue
in an overhead working scenario. For dynamic applica-
tions, the exoskeleton’s assistive profile, which mimics the
gravitational torque of the arm, is potentially sub-optimal.
Significance: This evaluation paper is the first to report
reduced muscle fatigue and activity when working with an
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occupational shoulder exoskeleton providing one third of
the gravitational torque of the arm during overhead work.
These results stress the potential of occupational shoul-
der exoskeletons in overhead working situations and may
direct towards longitudinal field experiments. Additionally,
this experiment may stimulate future work to further inves-
tigate the effect of different assistive profiles.

Index Terms—Device evaluation, electromyography, er-
gonomics, industrial work, wearable robotics.

I. INTRODUCTION

R ESEARCH efforts identified biomechanical, psychosocial
and individual risk factors in order to decrease the preva-

lence of work-related musculoskeletal disorders (WMSDs) [1],
[2]. Biomechanical risk factors included heavy object manip-
ulation, repetitive work and non-ergonomic body postures [1].
The identified psychosocial risk factors were monotonous work
and limited job control [2]. Older age, high BMI and seden-
tary lifestyle were classified as individual risk factors for de-
veloping WMSDs [2]. Despite increasing attention for these
risk factors, repetitive movements are still reported in 61% of
the European working population [3]. Fifty-one percent of the
workers within this population suffered from shoulder disorders
in the past year [4]. A more specific risk factor for these upper
extremity WMSDs is overhead work, which places complex
and concurrent stresses on tissues of the upper extremities [5].
Exercise programs have shown limited effects on the prevention
of WMSDs, and preventive ergonomic interventions struggle to
meet the flexibility and agility requirements of the occupational
environment [6]. Therefore, the industry has high interest in
exoskeletons as a mean to decrease the risk of developing
WMSDs [7]–[9].

While most powered exoskeletons are still constrained to
laboratory environments, passive exoskeletons are already being
used in industry, as they are cheaper and provide a compromise
between effectiveness and wearability [11]. Laboratory-based
passive shoulder exoskeleton assessments showed promising
effects [12], but up to now, implementation of this technology
in working environments is still low [13]–[15]. Limitations in
wearability and functional performance [16]–[18], and the quest
for the optimal exoskeleton assistance [19], [20] are still open
challenges.
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Fig. 1. (a) Passive shoulder exoskeleton with its kinematic representation. The green dashed lines represent the cable driven remote actuation
system: I) shoulder harnesses; II) shoulder joint of the exoskeleton; III) compression springs for energy storage; IV) hip belt; (b) Delivered assistance
during lifting/lowering the arms. Figures adapted from [10].

Several shoulder exoskeleton assessment studies have been
published. Most of them focused only on overhead work [19],
[21]–[28]. These studies show that, in general, shoulder ex-
oskeletons substantially decrease muscle activity around the
shoulder joint during overhead work [12], [29]. Relative muscle
activity reductions between 5 and 73% were reported for shoul-
der anteflexion and abductor muscles [12], [19], [22]–[26], [29]
and upper trapezius activity reduced up to 32% [19], [24], [25],
[30]. Besides changes in muscle activity, anterior deltoid muscle
fatigue reduced and reductions up to 19 and 33% were reported
for heart rate and oxygen uptake, respectively, during continuous
overhead work [31]–[33].

Physiological evaluations are one important aspect of ex-
oskeleton assessment [13], [15]. It was shown that effort ex-
pectancy affects exoskeleton acceptance [34], suggesting that
the worker’s preferred tool is likely to be the tool that is easy to
use, optimizing the worker’s well-being and overall performance
without compromising its natural kinematics or comfort [35],
[36], while it also reduces the physical workload. This is a
delicate balance, as higher torques result in higher forces applied
on the body, and higher pressures at the level of the human-robot
interfaces, which were associated with discomfort [37], [38].

Although the reported positive effects on physiological pa-
rameters support exoskeleton implementation in the field, dis-
crepancy between the effectiveness of exoskeletons in the field
and a laboratory environment was recently reported [39]. This
emphasizes the importance of simulating characteristics of oc-
cupational tasks during the evaluation of exoskeleton prototypes
in the lab when the device’s technology readiness level is too low
for assessments in the field [15], [40].

In our previous work [10], [41], the design and validation
of a passive and cable-driven occupational shoulder exoskele-
ton, Exo4Work, was presented. The kinematic structure of
Exo4Work was proven to be compatible with the motion of the
human arm [41]. Moreover, the potential beneficial effect of a
low assistance provided to the exoskeleton user was preliminar-
ily investigated [10]. A low assistance may potentially avoid the

increased muscle activity observed in muscles working against
the assistance of the exoskeleton (e.g. triceps brachii) [19],
[26], [29].

The current study aims to assess the impact of the Exo4Work
exoskeleton on muscle activity, muscle fatigue and the subjective
experience during simulated occupational overhead tasks. A
priori, the assistance of the Exo4Work exoskeleton was set at 3
Nm, with the aim of relieving load on the shoulder, without lim-
iting movements (Section II-A). Therefore, the assistive effect
of the exoskeleton was expected to be smaller compared to other
exoskeleton evaluations where higher levels of assistance were
provided [19], [20]. It was hypothesized this moderate amount
of assistance may also result in an attenuated development of
muscle fatigue. The evaluation protocol also included common
occupational tasks beyond the functionality of the device. Here,
it was hypothesized that the exoskeleton’s design and support
characteristics would limit hindrance in terms of increased
metabolic cost or task performance (Section II-A).

II. METHODS

A. Exo4Work: A Passive & Cable-Driven Shoulder
Exoskeleton

Fig. 1(a) shows the passive cable-driven shoulder exoskeleton,
Exo4Work, evaluated in this experiment [10]. The device weighs
3.8 kg and has 6 degrees of freedom incorporated, as illustrated
in Fig. 1(a), in order to achieve full kinematic compatibility with
the user’s shoulder joint [41]. The Exo4Work is connected to the
user through an interface composed of two shoulder harnesses
(I) and a hip belt (IV). A passive Remote Actuation System
(pRAS) equipped with compression springs (Fig. 1(a) III) allows
the exoskeleton to store energy and release it in the form of
an assistive torque at the level of the shoulder joint (Fig. 1(a)
II) [42]. When the user lifts the arm the torque profile delivered
by the pRAS peaks at about 100o (Fig. 1(b)). On the other hand, a
low-assistance zone between 0 and 35◦ is generated by the pRAS
to prevent the exoskeleton from delivering unwanted assistance
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while walking or working at lower heights. Rossini et al. [10] a
priori determined that the arm’s gravitational torque around the
shoulder approximates 9 Nm, using the 50th percentile of the
anthropometric data of a male [43]–[45], and the 95th percentile
of the shoulder and elbow kinematics of overhead work [46]. The
assistance of the shoulder exoskeleton was set to provide up to
one third of the arm’s gravitational torque (i.e. 3 Nm), since this
level of support was suggested to represent the balance between
effectively reducing muscle activity, and hindering the wearer
whilst lowering the arms [47], [48]. However, Rossini et al. [10]
experimentally found out that the pRAS suffers from mechanical
hysteresis. This results in a higher assistance delivered by the
exoskeleton for arm movements involving shoulder extension or
adduction compared to shoulder flexion or abduction (Fig. 1(b)).
When wearing the Exo4Work, the user may experience a higher
resistance when returning from a high elevation angle to a more
neutral position.

The exoskeleton, which is worn like a backpack, was fitted
to each participant at the start of the experiment. The shoulder
harness was kept loose while donning the device to ensure weight
transfer towards the hips. Then, the arm cuffs were tightened to
ensure torque transmittance to the subject during movement.
Donning and fitting the device was accomplished with the as-
sistance of one or two researchers and took approximately one
minute.

B. Participants

Twenty-two healthy males (age: 23.7 y ± 0.5, mass: 75.9 kg
± 1.8, height: 181.6 cm ± 1.4) without current musculoskele-
tal disorders were recruited. Every participant gave informed
consent and completed the physical activity readiness question-
naire (Par-Q) [49] prior to demographic and anthropometric
measurements. To determine the individual’s overhead working
height, the height of the participant’s highest fingertip was mea-
sured with shoulder and elbow in a 90◦ flexion angle (190.0 ±
1.5 cm). The low working height was set at the individual’s
trochanter major height (94.2 ± 1.1 cm). The experimental
protocol received approval from the local ethical commission
(Vrije Universiteit Brussel and Universitair Ziekenhuis Brussel,
BUN: 143201941463, November 20 2019).

C. Procedure

A randomized counterbalanced crossover design was imple-
mented to evaluate the exoskeleton. All participants completed
the protocol twice; once with and once without exoskeleton.
In between tasks, 5 minutes of rest was provided and partici-
pants rested for 10 minutes between 2 experimental conditions.
Dependent variables were surface electromyography (EMG)
derived muscle activity parameters, heart rate, metabolic cost,
performance parameters and subjective measures.

Upon entering the laboratory, participants were given a ver-
bal explanation of the testing procedure. After reading and
signing the informed consent, the Par-Q was filled out and
demographic and anthropometric characteristics were obtained.
The height of two workbenches were individually adjusted
depending on the overhead and low working height. Skin

Fig. 2. (a) Wiring task, (b) drilling task, (c) lifting task, (d) repeated
overhead lifting task, (e) repeated low lifting task, (f) 6 minute walking
task.

preparations and EMG electrode application (Bluesensor P,
Ambu, Denmark) were performed with respect to the SE-
NIAM guidelines [50]. The EMG signal of 7 muscles was
bilaterally captured: anterior deltoid (AD), biceps brachii (BB),
triceps brachii’s long head (TB), upper trapezius (UT), erec-
tor spinae longissimus (ES), pectoralis major (PM) and latis-
simus dorsi (LD). To set reference EMG values, the average
of peak values of the highest two out of three maximal volun-
tary isometric contractions (MVC) were selected. The duration
per contraction was five seconds, interspersed by 1 minute
of rest.

The protocol contained six tasks per condition, of which four
were included because of their overhead working posture or
lifting movement (wiring, drilling, lifting, repeated high lifting)
(Fig. 2(a), (b), (c), and (d)). The two remaining tasks were
included because these tasks are common movements in the
occupational environment (repeated low lifting and walking)
(Fig. 2(e) and (f)).
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During the 90-seconds wiring task, participants were in-
structed to connect as many wires as possible in screw terminals
using a screwdriver (mass: 15 g) at overhead height (Fig. 2(a)).
This task mimics relevant overhead work commonly found in
the automotive industry.

The second task comprised a drilling task (mass: 150 g) where
participants were instructed to press 60 N for 30 seconds against
a force sensor mounted on the shelf at overhead height. This
scenario relates to overhead work with heavy tools, such as
the aircraft manufacturing industry [24]. Data collection started
when 30 N was exceeded and the performance was evaluated as
the deviation from 60 N. The participants used visual feedback
provided on a computer monitor (22 inches) on which the
temporal evolution of the measured force was displayed (visual
range: 0-100 N) (Fig. 2(b)).

A lifting task was embedded in the protocol to assess the
effect of the exoskeleton’s support during a dynamic task. This
task started from a neutral standing position while holding a
free weight of 5 kg relaxed in front of the body. The weight
was lifted until it touched the shelf at overhead height, after
which the participant returned to the starting position (Fig. 2(a)).
This movement was repeated five times at a self-selected, but
calm pace. The arms were comfortably extended, i.e. no forced
elbow extension. At the start of the repeated overhead lifting
task, a 10-kg box was positioned at the lower work height.
Participants were instructed to grasp the box, lift and place
it on the shelf at overhead height (Fig. 2(d)). Subsequently,
the box was lowered back to the lower shelf. This cycle was
repeated for six minutes taking into account a standardized
working speed of 6 BPM indicated by a metronome, which
represents three lifting and lowering movements per minute [51].
Participants were instructed to move the box in the sagittal plane,
so both limbs were equally loaded and aberrant movements were
avoided.

To evaluate the effect of the exoskeleton and its the remote
actuation system and the low assistive zone on physiological
parameters during common industrial non-overhead activities, a
repeated low lifting task was performed. In this task, a procedure
similar to the repeated overhead lifting task was executed, but
instead of overhead lifting, the box was moved between low
working height and ground level (Fig. 2(e)).

Additionally, a 6 minute walking task was included (Fig. 2(f)),
where participants were instructed to walk at their preferred
walking speed, back and forth in a hallway over a length of
17 m.

Three-dimensional accelerometers were attached to the
weights and their signals were synchronously recorded with
muscle activity (2000 Hz, Miniwave, Cometa, Italy). Heart rate
(Equivital, National Instruments, Cambridge, United Kingdom)
and respiratory data were gathered (K5, Cosmed, Rome, Italy)
for repeated lifting and walking tasks. After each task a Borg
scale was used to determine the participant’s RPE [52]. When
all tasks within one condition were completed, participants
filled out the body-part discomfort scale [53] and the NASA-
TLX questionnaire, evaluating workload. After the exoskele-
ton was worn, the System Usability Scale (SUS) was filled
out [54].

D. Data Analysis

1) Accelerometry: The three-axis acceleration of the
weights was computed as the vector sum of the low pass filtered
(4th order Butterworth, 40 Hz) 3-D acceleration components and
corrected for gravitation. To determine the start and end of each
lifting repetition a threshold of 0.03 g was used, with minimally
2 seconds of rest in between repetitions.

2) Electromyography: Raw EMG signals were band-pass
filtered (4th order Butterworth, 10-500 Hz). To compute mus-
cle activity features, these signals were full-wave rectified,
smoothed (4th order low-pass Butterworth, 6 Hz) and normal-
ized to MVC. To process the EMG signals of the quasi-static
tasks (wiring and drilling task), the first and last 2 seconds of the
tasks were excluded from further analysis to avoid artificially
induced variance caused by initial positioning or premature
ending of the task. The average signal amplitude and the activity
of non-overlapping 1-second epochs were calculated. Addition-
ally, a Fast Fourier Transform (FFT) converted non-overlapping
1-second epochs of the bandpass filtered signal into the fre-
quency domain. Subsequently, the mean power frequency (MPF)
was determined from the FFT for each epoch [55]–[57]. The
average muscle activity and muscle effort (activity integrated
over time) [58] of lifting tasks were determined between the
acceleration-based start and end markers. For continuous anal-
ysis, muscle activities of each lifting repetition were linearly
interpolated to time series containing 1000 data points.

3) Energy Expenditure and Cardiovascular Load.: The
oxygen consumption (V O2) and carbon dioxide output (V CO2)
of the last minute of data collection during the 6-min walking
task, and the low and high repeated lifting tasks indicated energy
expenditure. To compute the metabolic cost, the caloric equiva-
lent was determined through the respiratory exchange ratio [59].
This equivalent was multiplied with the V O2 and converted
to Watts per kg. The rest metabolic cost was subtracted from
working metabolic cost to isolate the net metabolic cost of these
tasks.

E. Statistical Analysis

Custom-made Python scripts (Anaconda Inc., Austin, TX,
United States) were used for statistical data analysis. Values are
displayed as mean values with standard errors. Shapiro-Wilk
tests and Q-Q plots were interpreted to check normality. When
a normal distribution could not be assumed, parameters were
analyzed with non-parametric inference tests. The effect of the
exoskeleton and the body-side on muscle activity was analyzed
through two-way within-subjects ANOVA tests. Muscle activity
during the repeated overhead lifting task was analyzed through
three-way within subject ANOVA tests with repetitions as ad-
ditional factor. Muscle fatigue during the wiring and drilling
tasks was analyzed when the average muscle activity exceeded
10%MVC. Linear regressions were fit through the 1-second
epochs of muscle activity and MPF of the static tasks. Sub-
sequently, the MPF and the muscle activity time series were
normalized to the y-intercept of the corresponding linear re-
gression fit on these data [57]. The slope of the linear regression
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Fig. 3. (a) The average muscle activity observed during the overhead wiring task with and without exoskeleton. (b) The differences in average
muscle activity between wiring with and without exoskeleton, where negative values indicate that the exoskeleton reduced muscle activity. DA =
anterior deltoid, LD = latissimus dorsi, ES = lumbar erector spinae longissimus, PM = pectoralis major, BB = biceps brachii, TB = long head of the
triceps brachii, UT = upper trapezius, D = dominant side, ND = non-dominant side. Dots represent individual observations. The mean is indicated
as a horizontal line. 95%CI are displayed as colored areas. * indicates a significant main effect of condition, ‡ indicates significant interaction effect
of side and condition.

on these normalized data was used to analyze muscle fatigue
through two-way within-subjects ANOVA tests.

Average muscle activity and muscle effort during the lifting
task were modeled with linear mixed effects models in which
subject-specific random intercepts. Continuous muscle activity
time series were analyzed with 1-dimensional Statistical Para-
metric Mapping (SPM), implemented in the Python open-source
package [60], [61], which allowed non-directed hypothesis test-
ing and avoided reducing the data set to a zero-dimensional sub-
set sensitive to selection bias [62], [63]. Two-way within-subject
ANOVA tests evaluated the effect of exoskeleton and body
side on muscle activation levels throughout the lifting motion
with subject-specific random intercepts. Metabolic cost, RPE,
heart rate and task performance with and without exoskeleton
were compared with a paired-sample T-test. Significance level
in this study was set at 0.05. The standardized mean difference
(Cohen’s d) was calculated to quantify the size of difference
between both conditions. Large (>0.8), medium (>0.5) and
small effect sizes (>0.2) were distinguished.

III. RESULTS

A. Overhead Wiring Task

The exoskeleton did not significantly influence the RPE
and the amount of wires connected during the wiring period
(Appendix Table I). The exoskeleton reduced AD activity by
2.1%MVC (95%CI: [−3.0, −1.3], d = 0.40) and LD activity
by 0.6%MVC (95%CI: [−0.9, −0.3], d=0.28). PM activity
in the dominant side was reduced by 0.7%MVC (p < 0.001,
95%CI: [−1.0, −0.4], d=0.93) when wearing the exoskeleton,

while the non-dominant PM activity was not significantly af-
fected. Post hoc tests focusing on the interaction effect on TB
activity did not reach statistical significance. An overview of
the ANOVA is available in appendix (Table II), and the muscle
activity levels observed during the wiring task were illustrated
in Fig. 3.

On the dominant side, the AD MPF decayed by 0.095± 0.019
%/s with the exoskeleton, while the AD MPF decayed 1.7 times
faster without exoskeleton at a rate of 0.160 ± 0.014 %/s (p =
0.007, 95%CI: [0.020, 0.111], d = 0.86). On the non-dominant
side, this effect was not observed, although all these MPF slopes
were also negative (Fig. 5). An overview of the linear regressions
on AD and UT activity and MPF time-series is available in
appendix (Table III).

B. Overhead Drilling Task

Precision of the drilling force and RPE were not significantly
different between overhead drilling with and without exoskele-
ton (Appendix Table I). The exoskeleton reduced AD activity
by 2.8%MVC (95%CI: [−5.2,−0.5], d=0.25) and increased TB
activity by 0.2%MVC (95%CI: [0.1, 0.4], d=0.31) compared to
overhead drilling without exoskeleton. On the dominant side, TB
activity was 0.3%MVC (95%CI: [−0.6, −0.1], d=0.48) higher
compared to the activity on the non-dominant side. Details of
the ANOVA tests on muscle activities are available in appendix
(Table II), and muscle activity levels during the drilling task
were visualized in Fig. 4.

Analysis of the MPF slopes showed that all AD MPF signals
decayed over time, but a main effect of condition (p = 0.018)
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Fig. 4. (a) The average muscle activity observed during the overhead drilling task with and without exoskeleton. Participants exerted a force of
60 N against a load cell overhead. (b) The differences in average muscle activity between drilling with and without exoskeleton, where negative
values indicate that the exoskeleton reduced muscle activity. AD = anterior deltoid, LD = latissimus dorsi, ES = lumbar erector spinae longissimus,
PM = pectoralis major, BB = biceps brachii, TB = long head of the triceps brachii, UT = upper trapezius, D = dominant side, ND = non-dominant
side. Dots represent individual observations. The mean is indicated as a horizontal line. 95%CI are displayed as colored areas. * indicates a
significant main effect of condition.

indicated a 1.2 times faster decay without exoskeleton with 0.497
± 0.031 %/s, compared to a decay of 0.427 ± 0.021 %/s with
exoskeleton (p = 0.026, 95%CI: [−0.103, −0.007], d = 0.37)
(Fig. 5). An overview of the linear regressions on AD and UT
activity and MPF time-series is available in appendix (Table V).

C. Lifting Task

On average, one repetition of the lifting task was executed
0.5 seconds slower with exoskeleton compared to the lifting
movements without exoskeleton (p < 0.001, 95%CI: [−0.6,
−0.3], d = 0.64), while the exoskeleton did not significantly
influence the RPE (Appendix Table I). Compared to NoExo,
the exoskeleton’s assistance significantly reduced AD activity
between 16.8 and 21.7% of the execution (p < 0.001). This
reduction reached up to −6.9%MVC (95%CI: [−9.2, −3.5]).
Similarly, PM activity with the exoskeleton was significantly
lower between 12.9 and 14.9% of the execution cycle (p =
0.002). The reduction reached up to −0.8%MVC (95%CI:
[−1.1, −0.4]). Furthermore, the exoskeleton reduced the BB
activity at several moments between 15 and 57% of the execution
cycle, with a maximal reduction of −1.9 %MVC (p = 0.002,
95%CI: [−2.8, −1.0]). The other muscle activities were not
significantly affected by the exoskeleton’s assistance. All muscle
activity time-series were visualized in Fig. 6.

Compared to lifting without exoskeleton, the prototype re-
duced the average AD activity by 1.3%MVC (p = 0.031) and
the peak DA activity by 4.2%MVC (p = 0.043), while the inte-
grated DA activity was not significantly affected. The average
BB activity was reduced by 0.9%MVC (p = 0.001), the peak

BB activity was reduced by 2.8%MVC (p = 0.001), and the
integrated DA activity was 1.6 %MVC*s lower when lifting
with the exoskeleton (p = 0.041). Peak PM activity reduced by
0.7%MVC (p = 0.024). Integrated ESL and TB significantly
increased by 5.5%MVC*s (p = 0.024) and 0.9%MVC*s (p =
0.006), respectively. Regardless of the exoskeleton condition,
significantly higher average, peak and integrated TB and LD
activities were observed on the non-dominant side compared
to the dominant side (p < 0.030). A detailed overview of the
two-way within-subjects ANOVA tests on average, peak and
integrated muscle activity during the lifting task is available in
appendix (Tables VI and VII).

D. Repeated Overhead Lifting

No three-way or two-way interaction of movement direction,
exoskeleton condition and time was observed in the lifting
duration, but main effects revealed that the duration of lifting
and lowering movements decreased over time (p < 0.001)
and that lifting movements were executed significantly faster
than lowering movements (p = 0.034). During this task, the
exoskeleton did not significantly influence the RPE, heart rate
or metabolic cost (Appendix Table I). On muscle activity, no
three-way interactions or two-way interactions involving the
exoskeleton condition were revealed. A main effect of time was
observed during the lifting and the lowering movements, where
integrated, average and peak AD activity of both movements
reduced over time (p < 0.001). No significant main effect of the
exoskeleton was observed in muscle activity during this repeated
lifting task.
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Fig. 5. (a) The slope of the linear regression of the mean power
frequency time series during overhead wiring (left) and drilling (right)
is displayed. (b) The differences in slope of the MPF time series is
illustrated, negative values indicate that the MPF time series’ slope
was more negative with exoskeleton. AD = deltoideus anterior, UT =
upper trapezius, D = dominant side, ND = non-dominant side. Dots
represent individual observations. The mean is indicated as a horizontal
line. 95%CI are displayed as colored areas. * indicates a significant main
effect of condition, ‡ indicates significant interaction effect of side and
condition.

E. Overall Impression and Common Work-Related Tasks

The participants scored the exoskeleton 72.3± 2.2 on the
SUS. The workload of the protocol was not differently per-
ceived between both conditions within the mental, physical,
temporal, performance, and effort subscales of the NASA-TLX,
but frustration, which was scored 2.5 ± 0.2 out of 20 without
exoskeleton, increased by 1.2 (p= 0.001, 95%CI: [0.7, 1.7], d=)
when wearing the device (Fig. 7(a)). The exoskeleton signifi-
cantly increased the perception of discomfort at the shoulders,
abdomen, frontal pelvis, and the chest compared to the condition
without exoskeleton (p ≤ 0.041, Fig. 7(b)), while discomfort
in other regions was not significantly affected. During the 5
minute repeated lifting task between trochanter major height
and ground-level, and during the six-minute walking test, the
exoskeleton did not significantly affect the RPE, heart rate or
metabolic cost (Appendix Table I).

IV. DISCUSSION

The passive shoulder exoskeleton prototype evaluated in this
study was designed to provide 3Nm assistance during overhead
work, while avoiding hindrance for the user during common
occupational non-overhead tasks. Physiological, subjective and
task performance data were gathered to map the effect of the
Exo4Work in a young, healthy male population. During iso-
metric overhead work, the device reduced AD activity up to
16% and attenuated the MPF decay up to 41% compared to

Fig. 6. Average muscle activity time series during the lifting task with
and without exoskeleton are illustrated (left). The shaded clouds repre-
sent the standard error of the mean. The main effect of condition on the
one-dimensional within-subject ANOVA on muscle activity is illustrated
(right). The y-axis displays the one-dimensional F-statistic and the hor-
izontal red dotted line illustrates the critical F-value given the analysis’s
degrees of freedom. The yellow areas indicate a significant effect of the
exoskeleton. The horizontal axes display normalized cycle time. No sig-
nificant interaction effects or main effects of side were observed in these
within-subject ANOVA tests. AD = anterior deltoid, LD = latissimus
dorsi, ES = lumbar erector spinae longissimus, PM = pectoralis major,
BB = biceps brachii, TB = long head of the triceps brachii, UT = upper
trapezius.
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Fig. 7. (a) NASA TLX subscale scores and (b) local discomfort scores were presented with and without exoskeleton. MD = mental demand, PD
= physical demand, TD = temporal demand, P = performance, E = effort and F = frustration, HN = head and neck, S = shoulders, A = arms,
UB = upper back, LB = lower back, B = buttocks, t = thighs, K = knees, L = legs, C = chest, Abd = abdomen, FP = frontal pelvis. * indicates
p-values below 0.05.

overhead work without exoskeleton. Dynamic overhead tasks
yielded smaller, but still substantial AD activity reductions. The
participants experienced increased feelings of frustration and
indicated increased discomfort in the areas where the exoskele-
ton and the body interfaced. Despite this burden, the exoskeleton
received a system usability score of 72, indicating good usability
according to Bangor et al. [64]. Metabolic cost, heart rate and
RPE were not affected by wearing the exoskeleton during the
non-overhead working tasks and the walking distance was not
altered when wearing the exoskeleton.

Although previous passive shoulder exoskeleton evaluations
reported larger reductions in muscle activity [12], the magni-
tudes of the observed muscle activity reductions during overhead
wiring and drilling were in line with the hypothesis. In contrast
to exoskeletons with a higher level of assistance level, where
an increase in antagonist activity up to 150% was shown [19],
no increments of this magnitude were observed in the current
evaluation assessment. Only during the drilling task, TB ac-
tivity increased by 17%. Due to the low activity level, this
relative increase seems substantial, but may be negligible in
the context of workspace ergonomics. These findings confirm
previously reported results from a pilot test with this proto-
type [10]. Additionally, the AD MPF decayed 1.7 times faster
during the wiring task and 1.2 times faster in the drilling task
when executing the tasks without exoskeleton, compared to
the condition with exoskeleton. This indicates that, despite the
limited amount of assistance, the exoskeleton also attenuated the
development of AD fatigue, which is in accordance to Schmalz
et al. [32].

Similar to previous research, the exoskeleton reduced the
average AD activity when lifting 5 kg [19]. This study is the first
to investigate effect of the Exo4Work exoskeleton throughout
the lifting cycle and documented that the most prominent mus-
cle activity reduction was observed in the zone where muscle
activity peaked. The exoskeleton’s hysteresis did not result
in larger muscle activity reductions, or increased antagonist

activity when returning from high shoulder elevation to the
starting position. This may be related to the relative small level of
support the exoskeleton provided, yet, the increased execution
time may suggest that the user’s experienced some additional
resistance of the exoskeleton when returning to the initial pose.
This hindrance may have contributed to the user’s increased
frustration level when wearing the exoskeleton. When lifting
10 kg freely, however, the exoskeleton did not significantly affect
muscle activity and metabolic cost. The latter was reduced by
another passive shoulder exoskeleton during continuous, iso-
metric overhead work [31], [32]. In general, this shows that the
assistive effect of the exoskeleton is less prominent in dynamic
situations compared to isometric tasks, which can be related to
the varying assistive needs of the user. The assistive requirements
change with the gravitational torque of the arms, and are the
highest when the arms are elevated. Most passive shoulder
exoskeletons’ assistive torque profiles, including the assistive
profile of the currently evaluated exoskeleton, were designed
ad-hoc. When lifting a 10-kg load freely, such as during the
repeated lifting task, the user spends the majority of the energy
in accelerating the load, as dictated by the natural coordination
pattern which strives to minimize the movement’s jerk [65]. As
a result, the user might need the majority of the assistance to
start the motion when executing dynamic tasks. In the case of
the repeated lifting task, the lifting motion started from a neutral
standing position where the exoskeleton’s delivered assistance
was very low, yet the need for support was high (Fig. 1). This
may partially explain why the metabolic cost of lifting was not
affected by the exoskeleton and endorses the limited support of
the exoskeleton in a repeated lifting task from hip to overhead
height.

Although the overhead tasks yielded clear reductions in mus-
cle activity when working with the exoskeleton, the device did
not significantly affect RPE, suggesting that the participants
experienced little or no effect of the exoskeleton’s support. The
lack of changes in RPE may be related to the short duration
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of the tests and the discomfort caused by the presence of the
exoskeleton. Additionally, differences in exoskeleton fit among
participants may differently affect the exoskeletons efficiency
and subjective experience [18].

In this study, no biomechanical data were acquired, which
limits interpretation the observed outcomes. Furthermore, this
study did not allow for an extensive familiarization period, which
may explain the large variability in the outcomes [66], [67]. In
this study the exoskeleton condition was compared to a condition
without exoskeleton. A recent review suggested that a placebo
effect, caused by the presence of the exoskeleton device, might
be occurring [15]. Evaluating the exoskeleton in a transparent
mode, while blinding the participants, may avoid this placebo
effect in future work. Within this experiment, physiological
parameters were affected by the exoskeleton’s assistance, but no
effect on task performance was observed. This may be related
to the limited familiarization allowed in the study, but the task
performance related observations may have been lacking sensi-
tivity too. Future studies could focus on the performance related
aspects of industrial work, and their interaction with effect of the
exoskeleton on the wearer’s physiological and biomechanical
load, as they may influence productivity and safety [68].

Even though the design and assistance of the exoskeleton was
adapted to fit the majority of the working population, participants
indicated decreased comfort at places where the exoskeleton in-
terfaced with the body. The comfort is influenced by a multitude
of parameters, such as the assistive profile, the mass and mass
distribution of the device, and the way the exoskeleton and the
human body interface. The current experiment did not measure
the strapping pressure of the exoskeleton, and thus by extension
the tightness of the exoskeleton fit [18]. Recent evidence showed
that this tightness affects the dissipated energy, the stiffness and
the dampening characteristics of the exoskeleton, the perceived
comfort at the level of the interface [18] and the exoskeleton’s
efficiency [69]. Therefore, future work should assess the ex-
oskeleton fit.

The relieving effects of the Exo4Work exoskeleton on the
user, even with this moderate level of assistance, while avoiding
excessive hindrance, highlight the delicate balance in assistive
needs. Additionally, the muscle activity analysis of dynamic
work in this paper highlighted the discrepancy in assistive needs
between static and dynamic tasks. These outcomes stimulate
the ongoing search towards ideal exoskeleton assistance. In
contrast to targeting a one size fits all, an individualized ap-
proach might potentially improve the exoskeleton’s efficiency
and experience. This was already proven successful in exoskele-
tons for locomotion [70]–[72]. Even though the efficacy and
experience of such individualized exoskeleton might surpass
one size fits all exoskeletons, the commercial attractiveness,
incorporating the concomitant cost increase, still has to be
confirmed.

V. CONCLUSION

We evaluated the effect of the Exo4Work exoskeleton, a
passive shoulder exoskeleton prototype, on the user during

overhead and non-overhead work. Despite the moderate as-
sistance provided, the prototype reduced muscle activity and
attenuated muscle fatigue development during overhead work.
This effect was the most pronounced in isometric tasks, such
as overhead wiring. Furthermore, the assistive profile of this
passive exoskeleton was not optimal for dynamic tasks, such
as lifting and lowering loads. No indications of excessive hin-
drance of the exoskeleton were observed during walking and
lifting from the ground to hip level. This may suggest that
such remote actuation system, which relocated the heavier parts
of the exoskeleton closer to the center of mass, is a suited
strategy in scenarios where weight reduction options are limited.
Despite the promising physiological results presented in this
study, the participants subjective experience was not altered
by wearing the exoskeleton. Future work should investigate
the gap between physiological results and these subjective out-
comes, improving both the experience and the effectiveness
of the exoskeleton’s assistance, preferably during longitudinal
experiments.

APPENDIX

TABLE I
RPE, HEART RATE, METABOLIC COST, TASK DIFFICULTY AND

PERFORMANCE DURING LIFTING, WIRING, DRILLING, WALKING, REPEATED
HIGH LIFTING OR REPEATED LOW LIFTING

MAE: Mean absolute error. ∗ indicates p < 0.05.

TABLE II
F AND P-VALUES OF THE TWO-WAY WITHIN-SUBJECTS ANOVAS ON

AVERAGE MUSCLE ACTIVITY DURING THE WIRE TASK WITH MAIN EFFECTS
OF CONDITION (NOEXO, EXO4W), SIDE (DOMINANT, NON-DOMINANT)

AND THEIR INTERACTION

DA: deltoideus anterior, TD: trapezius descendens, PM: pectoralis major, BB:
biceps brachii, ESL: lumbar erector spinae longissimus, LD: latissumus dorsi, TB:
triceps brachii. ∗ indicates p < 0.05.
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TABLE III
LINEAR REGRESSIONS WERE FITTED ON THE INDIVIDUAL TIME SERIES OF DA AND TD ACTIVITY AND MPF OF THE WIRE TASK. THE COEFFICIENTS OF

DETERMINATION, THE RATIO OF SIGNIFICANTLY FITTING REGRESSIONS, Y-INTERCEPTS AND THE SLOPE (β) OF THE REGRESSION WERE DISPLAYED

DA: deltoideus anterior, TD: trapezius descendens. ∗ indicates p ≤ 0.05.

TABLE IV
F AND P-VALUES OF THE 2×2 TWO-WAY REPEATED MEASAURES ANOVAS ON THE AVERAGE MUSCLE ACTIVITY DURING THE DRILLING TASK WITH MAIN

EFFECTS OF CONDITION (NOEXO, EXO4W), SIDE (DOMINANT, NON-DOMINANT) AND THEIR INTERACTION

DA: deltoideus anterior, TD: trapezius descendens, PM: pectoralis major, BB:
biceps brachii, ESL: lumbar erector spinae longissimus, LD: latissumus dorsi,
TM: triceps medialis. ∗ indicates p ≤ 0.05.

TABLE V
LINEAR REGRESSIONS WERE FITTED ON THE INDIVIDUAL TIME SERIES OF DA AND TD ACTIVITY AND MPF OF THE DRILL TASK. THE COEFFICIENTS OF

DETERMINATION, THE RATIO OF SIGNIFICANTLY FITTING REGRESSIONS, Y-INTERCEPTS AND THE SLOPE (β) OF THE REGRESSION WERE DISPLAYED

DA: deltoideus anterior, TD: trapezius descendens. ∗ indicates p ≤ 0.05.
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TABLE VI
F AND P-VALUES OF THE 2×2 TWO-WAY WITHIN-SUBJECTS ANOVAS ON THE AVERAGE MUSCLE ACTIVITY DURING THE LIFT TASK WITH MAIN EFFECTS OF

CONDITION (NOEXO, EXO4W), SIDE (DOMINANT, NON-DOMINANT) AND THEIR INTERACTION

DA: deltoideus anterior, TD: trapezius descendens, PM: pectoralis major, BB: biceps brachii, ESL: lumbar erector
spinae longissimus, LD: latissumus dorsi, TM: triceps medialis. ∗ indicates p ≤ 0.05.

TABLE VII
DETAILS OF MAIN EFFECTS OF CONDITION AND SIDE OF THE TWO-WAY REPEATED MEASURES ANOVAS ON MUSCLE ACTIVITY DURING THE LIFT TASK AND

THE POST HOC ANALYSES OF THE RELEVANT INTERACTION EFFECTS. AVERAGES WERE DISPLAYED WITH STANDARD ERRORS, COHEN’S D EFFECT
SIZES AND 95% CONFIDENCE INTERVALS (95%CI) WERE PRESENTED

DA: deltoideus anterior,PM: pectoralis major, BB: biceps brachii, ESL: lumbar erector spinae longissimus, LD: latissumus dorsi, TB:
triceps brachii. ∗ indicates p ≤ 0.05.
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