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Abstract

Power grid maintenance tasks often involve sustained arm elevation, asymmetric upper-
limb loading, and repetitive pulling, all of which may increase the risk of work-related
musculoskeletal disorders. This study evaluated the effects of a passive upper-limb ex-
oskeleton on muscle activity, subjective fatigue, task workload, and usability in three
representative power grid maintenance tasks: insulator installation, insulated rod han-
dling, and hand-chain hoist operation. A randomized crossover design was adopted,
and twenty-two healthy young male participants completed all tasks under exoskeleton
(EXO) and no-exoskeleton (NoEXO) conditions. Surface electromyography was used to
quantify muscle activity, and subjective assessments included Borg CR-10, NASA-TLX, an
exoskeleton wearing experience questionnaire, and the System Usability Scale (SUS). In
the static tasks, the exoskeleton significantly reduced %MVC of the trapezius, deltoid, and
biceps brachii, while in the dynamic task, significant reductions were mainly observed in
the deltoid and trapezius during the arm-raising phase. The exoskeleton also reduced local
discomfort in the shoulders, elbows, and wrists and improved selected workload dimen-
sions, particularly physical demand and effort. The mean SUS score was 74.2, indicating
acceptable usability. These findings suggest that the passive upper-limb exoskeleton can
effectively reduce proximal upper-limb loading in power grid maintenance tasks, with the
greatest benefit observed in static overhead work.

Keywords: work-related musculoskeletal disorders; exoskeleton; occupational ergonomics;
power grid maintenance; muscle activity

1. Introduction
Work-related musculoskeletal disorders (WMSDs) remain a major occupational health

concern in physically demanding industries [1–3]. Tasks involving sustained arm ele-
vation, repetitive upper-limb movement, forceful exertion, and awkward postures are
well-recognized contributors to shoulder and neck loading and may increase the risk of
fatigue, discomfort, and cumulative musculoskeletal injury [4]. In power grid maintenance,
these biomechanical demands are especially prominent. Many routine operations require
workers to hold tools or components above shoulder level, maintain static elevated-arm pos-
tures, or perform repetitive pulling and handling actions in constrained environments [5].
Such task characteristics place considerable mechanical demands on the upper limbs and
shoulder girdle and may contribute to the development of WMSDs over time [6,7].

In recent years, occupational exoskeletons have attracted increasing attention as a po-
tential ergonomic intervention for reducing physical workload in industrial settings [8–11].
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Among them, passive upper-limb exoskeletons are of particular interest because they can
provide shoulder support through elastic or spring-based mechanisms without the need
for external power. Compared with active systems, passive devices are generally lighter,
simpler, and more feasible for field use. Previous laboratory-based studies have shown
that passive shoulder-support exoskeletons can reduce muscle activity, delay fatigue de-
velopment, and improve perceived exertion during overhead work [12–14]. However,
their effectiveness is not uniform across tasks. The unloading effect appears to depend
strongly on task type, movement phase, posture symmetry, and whether the assistive
torque matches the actual biomechanical demand. In particular, benefits observed in static
or quasi-static overhead tasks may not be equally evident in more dynamic operations
requiring pulling, distal force generation, or complex whole-body coordination [15,16].

Despite this growing body of research, evidence remains limited for occupation-
specific applications in the power industry. Most previous studies have focused on generic
industrial tasks such as overhead drilling, assembly, or lifting, whereas representative
power grid maintenance tasks have received much less attention [17,18]. This is an im-
portant gap, because the physical demands of power grid work are not fully captured by
conventional laboratory tasks. Maintenance operations often combine prolonged static
holding, asymmetric upper-limb use, tool manipulation, and intermittent dynamic exer-
tion [19]. As a result, the effectiveness of upper-limb exoskeletons observed in general
industrial settings cannot be directly assumed to apply to power grid maintenance. In
addition, beyond physiological unloading, practical implementation also depends on user
acceptance, perceived comfort, and usability during task execution [20].

Therefore, this study aimed to evaluate the effects of a passive upper-limb exoskeleton
on muscle activity, subjective fatigue, task workload, and usability in three representative
power grid maintenance tasks: insulator installation, insulated rod handling, and hand-
chain hoist operation. A randomized crossover design was adopted, and task performance
was compared under exoskeleton and no-exoskeleton conditions. Surface electromyogra-
phy(sEMG) was used to quantify muscle activity, while subjective assessments were used
to characterize discomfort, workload, and user experience [21]. sEMG was selected as the
primary physiological outcome because it allows direct quantification of task-related mus-
cle activation in the muscles most likely to be affected by upper-limb exoskeleton assistance.
Compared with subjective scales alone, EMG provides an objective and time-sensitive
measure of muscular demand and can help determine whether the mechanical support
provided by the device translates into reduced activation of the target muscles. Unlike
previous studies that mainly focused on generic overhead work, assembly, or construction
tasks, the present study compared three power grid maintenance tasks with distinct biome-
chanical characteristics: sustained bilateral overhead work, asymmetric static tool holding,
and dynamic pulling. We hypothesized that the exoskeleton would reduce proximal upper-
limb muscle activity and perceived workload, with the most pronounced benefit occurring
in tasks involving sustained or repeated arm elevation. By focusing on task-specific re-
sponses, this study sought to provide experimental evidence for the ergonomic application
of passive upper-limb exoskeletons in the power grid maintenance context.

2. Materials and Methods
2.1. Participant

A total of 22 healthy young adult male volunteers were recruited for this study. To
improve the consistency of the experimental conditions and reduce the potential influence
of sex-related differences in muscle strength, movement patterns, and exoskeleton fit,
only male participants were included. Inclusion criteria were age 18–35 years; good
general health with no evident organic disease on physical examination; no history of
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acute or chronic musculoskeletal injury or related surgery; and ability to understand the
experimental requirements and complete the entire study protocol. Exclusion criteria
included: a history of neurological disorders or peripheral nerve injury; cardiovascular
disease, such as hypertension or coronary heart disease; strenuous physical activity within
48 h prior to testing; skin allergy or intolerance to surface electrode adhesive materials;
use of medications that might affect muscle function or neural conduction within 7 d
before testing, including muscle relaxants, analgesics, and anticholinergic drugs; intake
of caffeine-containing substances, such as coffee, strong tea, or energy drinks, within 24 h
prior to testing; and refusal or inability to complete the full experimental procedure.

Before enrollment, all participants completed a health questionnaire and underwent
basic physical assessments to confirm that they met the safety requirements for the experi-
ment. Restricting the sample to healthy young adult males helped reduce inter-individual
variability in physiological workload responses associated with sex and health status,
thereby improving the internal consistency of the study. In addition, the sample was con-
sidered relatively homogeneous because all participants were healthy young adult males
within a restricted age range, had no history of musculoskeletal or neurological disorders,
and met the same pre-test restrictions regarding strenuous physical activity, medication use,
and caffeine intake. This restriction was intended to reduce inter-individual variability in
EMG amplitude, movement strategy, and perceived workload responses under controlled
laboratory conditions. Participants were also asked about their regular physical activity
habits before enrollment. None of the participants was a professional athlete or engaged
in occupation-related heavy manual work; most reported recreational physical activity
at a light-to-moderate level. Because physical activity level was recorded descriptively
rather than using a validated physical activity questionnaire, this factor was not included
as a covariate in the statistical models. All participants also received standardized task
training before the formal experiment to ensure familiarity with the procedures and task
requirements. The mean (SD) age, body mass, height, and body mass index (BMI) of
the participants were 25.5 (3.8) years, 69.6 (7.8) kg, 175.5 (6.6) cm and 22.6 (2.3) kg/cm2,
respectively. The basic characteristics of the participants are shown in Table 1.

Table 1. Basic Characteristics of the participants (mean ± SD).

Characteristics Mean SD

Age, years 25.5 3.8
BMI, kg/m2 22.6 2.3

Body Mass, kg 69.6 7.8
Height, cm 175.5 6.6

Arm Span, cm 174.3 7.5
Foot Length, cm 25.9 1.6
Hip Height, cm 96.2 7.16

Shoulder Height, cm 145.4 5.9
Hip Width, cm 31.4 2.5

Shoulder Width, cm 39.8 5.5
Knee Height, cm 50.1 3.6
Elbow Span, cm 90.2 4.7

Ankle Height, cm 8.6 2.6
Wrist Span, cm 151.8 8.1
Sole Height, cm 2.6 1.1

Written informed consent was obtained from all participants after they had been
fully informed of the study purpose, experimental procedures, and potential risks. The
study protocol was approved by the Ethics Committee of Guangdong Province Institute
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for Occupational Disease Prevention and Control (protocol code GDHOD MEC 2025061, 4
December 2025).

2.2. Exoskeletons

In this study, a passive upper-limb exoskeleton (PES-U; ULS Robotics Co., Ltd., Shang-
hai, China) was used. The device adopts a spring-based elastic energy storage mechanism
to provide assistive torque during shoulder elevation, thereby reducing upper-limb loading
during sustained or repetitive overhead tasks. As a passive system, it does not require an
external power source. The exoskeleton weighs 1.9 kg, is suitable for users 160–190 cm in
height, and has eight degrees of freedom. It is primarily constructed from engineering plas-
tics, aluminum alloys, and carbon-fiber materials. Figure 1 shows the physical schematic of
the upper-limb exoskeleton.

Figure 1. Physical schematic of the upper-limb exoskeleton: (a) Front view of the exoskeleton;
(b) Back view of the exoskeleton. The device weighs 1.9 kg and uses a passive spring-based elastic
energy storage mechanism to provide assistive torque during shoulder elevation. The maximum
assistive torque is 15 N·m.

2.3. Study Design

This study adopted a randomized balanced crossover design to evaluate exoskeleton
effects on three representative upper-limb maintenance tasks, selected via field studies
for their frequency and biomechanical demand: (1) insulator installation (static task),
simulating overhead installation/fastening by holding and manipulating an insulator
with both hands above head. Each trial lasted 1 min, followed by a 30 s rest, repeated
5 times; (2) insulating rod handling (static task), simulating prolonged live-line work by
statically holding a vertical insulating rod. Participants held a real insulating rod (2.4 kg)
vertically with both hands (dominant hand upper) in a static posture for 5 min, requiring
sustained isometric contraction against gravity; and (3) chain hoist operation (dynamic
task), simulating manual lifting using a hoist by repeatedly pulling the handle to lift a
weight. Participants repeatedly pulled the handle of a chain hoist with their right hand
to vertically lift a 20 kg standard weight over a 1 m height. All participant completed all
tasks under two conditions: while wearing the exoskeleton (EXO condition) and without
wearing the exoskeleton (NoEXO condition). All participants received standardized task
familiarization before formal testing. The order of EXO and NoEXO conditions was
randomized across participants, and task order was randomized within each session to
reduce systematic order effects. The interval between the two experimental sessions was at
least 24 h to reduce acute fatigue carryover. The experimental procedure is illustrated in
Figure 2.
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Figure 2. The experimental procedure of this study.

2.4. Data Collection and Analysis
2.4.1. Surface Electromyographic Signals

sEMG signals were collected using the wireless sEMG system (2000 Hz, PicoX, Cometa,
Milan, Italy). Ten muscles related to upper-body loading, including the bilateral upper
trapezius, deltoid, biceps brachii, brachioradialis, and erector spinae, were monitored.
Before electrode placement, the skin was shaved, lightly abraded, and cleaned with 75%
alcohol. Disposable 3 M Ag/AgCl self-adhesive surface electrodes were placed at standard-
ized anatomical locations according to the SENIAM recommendations [22]. For the upper
trapezius, electrodes were placed midway between the acromion and the spinous process
of C7. For the deltoid, electrodes were placed over the middle deltoid belly, approximately
midway between the acromion and the deltoid tuberosity. For the biceps brachii, electrodes
were placed on the line between the medial acromion and the fossa cubit, over the muscle
belly. For the brachioradialis, electrodes were placed on the proximal forearm over the
muscle belly along the line from the lateral supracondylar ridge to the radial styloid. For
the erector spinae, electrodes were placed bilaterally approximately 3 cm lateral to the
spinous process at the lumbar level. The inter-electrode distance was approximately 20 mm,
and electrodes were aligned parallel to the presumed muscle fiber direction.

To standardize muscle activation levels across participants and experimental condi-
tions, maximum voluntary contraction (MVC) tests were performed for each target muscle.
Each muscle completed three 5 s MVC trials with 1 min rest between trials. For the upper
trapezius, participants performed resisted shoulder shrugging in a seated posture. For the
deltoid, participants performed resisted shoulder abduction at approximately 90◦. For the
biceps brachii, participants performed resisted elbow flexion at approximately 90◦ of elbow
flexion with the forearm supinated. For the brachioradialis, participants performed resisted
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elbow flexion with the forearm in a neutral position. For the erector spinae, participants
performed resisted trunk extension in a prone posture. The highest root mean square (RMS)
value across the three trials was taken as the maximum voluntary electrical activation
reference value. Raw EMG signals were processed offline using Python and custom scripts.
A fourth-order zero-lag Butterworth band-pass filter of 20–450 Hz was applied, followed by
a 50 Hz notch filter to reduce power-line interference. The filtered signals were full-wave
rectified and then smoothed using a moving RMS window of 100 ms. For each muscle,
EMG amplitude during the experimental tasks was normalized to the highest RMS value
obtained during the corresponding MVC trials and expressed as %MVC.

For the insulator installation task, each trial lasted 60 s. After excluding the first and
last 3 s to avoid transition-related artifacts, the middle 54 s of each trial was analyzed, and
the values were averaged across repeated trials. For the insulated rod handling task, the
static holding duration was 5 min. After excluding the first and last 3 s, the middle 294 s
was analyzed. For the dynamic hand chain hoist task, each pulling action was defined as
one movement cycle, normalized to 0–100% of the cycle, and then averaged across cycles.

2.4.2. Cardiovascular Load

Heart rate was continuously monitored throughout the experiment using heart rate
wristband (Qingyun H9D2, Huawei, Shenzhen, China). Before the experiment, the partici-
pant’s resting heart rate and resting blood pressure were measured as baseline physiological
values. During the experiment, the device continuously records heart rate data. During the
rest period after the end of each task state, heart rate and blood pressure were recorded
immediately and the average heart rate for that task was extracted as an auxiliary indicator
of cardiovascular load.

2.4.3. Subjective Assessment

Immediately after completion of each task, participants completed subjective assess-
ments of fatigue and task workload. The Borg CR-10 scale was used to assess subjective
fatigue and discomfort in different body regions, including the neck, shoulder, elbow, wrist,
upper back, lower back, thigh, knee, and ankle. Subjective task workload was evaluated
using the NASA Task Load Index (NASA-TLX), which assesses six dimensions: mental
demand, physical demand, temporal demand, performance, effort, and frustration [23,24].

After completion of all experimental conditions, participants completed an exoskeleton
wearing experience questionnaire, and the overall system usability was assessed using
the System Usability Scale (SUS) [25]. The exoskeleton experience questionnaire covered
six aspects, including ease of donning and doffing, overall comfort, perceived pressure
and friction, impact on work flexibility, perceived potential for musculoskeletal injury
prevention, and willingness to use the device voluntarily, with all items rated on a 5-point
Likert scale. The SUS consists of 10 items, and the total score is converted to a standardized
scale ranging from 0 to 100, with higher scores indicating better system usability.

2.5. Statistical Methods

All statistical analyses were performed using R version 4.4.1 in RStudio (Posit Software,
PBC, Boston, MA, USA) and Python (v3.12, Python Software Foundation, Wilmington, DE,
USA) within Jupyter Notebook (v6.5, https://jupyter.org/). Values with a normal distribu-
tion were described as mean and standard deviation, whereas non-normally distributed
values were presented as median and interquartile range.

The effects of side (left vs. right) and exoskeleton condition (EXO vs. NoEXO) on
electromyographic and kinematic variables were analyzed using linear mixed-effects
models. For the dynamic task, time-normalized %MVC curves were analyzed using
one-dimensional statistical parametric mapping (1D-SPM). This method allows statistical
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comparison of continuous biomechanical or physiological waveforms across the entire
movement cycle rather than reducing the signal to a single discrete value. The EMG wave-
form of each pulling cycle was normalized to 0–100% of the movement cycle, and condition
effects were tested at each time point while controlling for temporal correlation across the
waveform. A supra-threshold cluster was considered statistically significant when the test
statistic exceeded the critical threshold.

Mean heart rate and immediate post-task systolic and diastolic blood pressure were
compared between the EXO and NoEXO conditions using paired t-tests. Borg CR-10 ratings
and NASA-TLX dimension scores and total scores were also compared between the EXO
and NoEXO conditions using paired t-tests.

3. Results
It should provide a concise and precise description of the experimental results, their

interpretation, as well as the experimental conclusions that can be drawn.

3.1. Static Tasks

The %MVC results for the static tasks are presented in Figure 3.

Figure 3. The average muscle activity during the insulator installation task and insulating rod
handling task with and without exoskeleton. * Indicates a significant main effect of condition.
† Indicates a significant interaction effect between condition and side.

For the insulator installation task, which was characterized by sustained overhead
holding, the deltoid and trapezius showed the highest activation levels, followed by the
biceps brachii, whereas the brachioradialis and erector spinae remained at relatively low
activation levels (all < 18%). No significant side effect was found for any muscle. Compared
with the NoEXO condition, the EXO condition significantly reduced %MVC in the trapezius
(F = 8.42, p = 0.009, η2 = 0.286), deltoid (F = 9.16, p = 0.006, η2 = 0.304), and biceps brachii
(F = 7.83, p = 0.011, η2 = 0.272), with reductions of 21–24%. No significant condition
effect was observed for the brachioradialis (F = 2.14, p = 0.158) or erector spinae (F = 0.38,
p = 0.544). No significant condition × side interaction was detected for any muscle.

For the insulated rod holding task, performed with an asymmetric grip posture
(right hand above and left hand below), %MVC values of the dominant right-side deltoid,
trapezius, and biceps brachii were significantly higher than those of the left side (all p < 0.05).
Under the EXO condition, %MVC in the right trapezius (F = 7.64, p = 0.012, η2 = 0.267),
deltoid (F = 8.91, p = 0.007, η2 = 0.298), and biceps brachii (F = 8.23, p = 0.009, η2 = 0.281) was
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significantly reduced, with decreases of 24–26%. In contrast, the corresponding reductions
on the left side were smaller (11–12%) and not statistically significant. Significant condition
× side interactions were identified for the trapezius (F = 6.38, p = 0.020, η2 = 0.233), deltoid
(F = 7.12, p = 0.014, η2 = 0.253), and biceps brachii (F = 5.94, p = 0.024, η2 = 0.220), whereas
no significant interaction effect was found for the brachioradialis or erector spinae.

Heart rate and blood pressure responses are shown in Figure A1. During the insulator
installation task, heart rate was significantly lower in the EXO condition than in the NoEXO
condition (94.1 ± 8.8 bpm vs. 98.4 ± 9.2 bpm, ∆ = −4.3 bpm, 95% CI: −7.1 to −1.5,
p = 0.005). During the insulated rod handling task, heart rate was also significantly lower
in the EXO condition than in the NoEXO condition (90.8 ± 8.4 bpm vs. 93.6 ± 8.7 bpm,
∆ = −2.8 bpm, 95% CI: −5.2 to −0.4, p = 0.025).

3.2. Dynamic Task

The time-normalized %MVC curves and corresponding 1D-SPM results for the dy-
namic task are presented in Figure 4.

Figure 4. The average muscle activity times series during the hand chain hoist task (left). The main
effect of condition on muscle activity (right). The y-axis shows the one-dimensional F-value, and
the red dotted line represents the critical F-value at the analytical degrees of freedom. The yellow
shadow area indicates a significant effect.

Each pulling action was analyzed as a single movement cycle (0–100% normalized).
During the arm-raising preparation phase (0–50% of the cycle), the deltoid reached peak
activation, which was significantly lower under the EXO condition compared with NoEXO
(p < 0.001). The biceps brachii and brachioradialis peaked during the downward force
phase (50–100% of the cycle); however, no significant differences were observed between
EXO and NoEXO, consistent with the passive exoskeleton being in its spring energy storage
state. Trapezius activation remained relatively stable throughout the cycle, primarily con-
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tributing to scapular stabilization, with significantly lower activation in the EXO condition
during the arm-raising phase (p < 0.05), but no significant difference during the downward
phase. Erector spinae showed slight activation during the downward force phase, with no
significant differences across conditions.

Overall, these results indicate that the passive exoskeleton effectively reduced deltoid
and trapezius activation during the lifting phase, while its effect on distal upper-limb
muscles and postural trunk muscles was minimal.

During the hand-chain hoist task, no significant difference in heart rate was observed
between conditions. Systolic blood pressure, diastolic blood pressure, and mean arterial
pressure did not differ significantly between EXO and NoEXO conditions in any task.

3.3. Subjective Workload and Usability

Figure 5 presents the Borg CR-10 and NASA-TLX scores across the three tasks.

Figure 5. Local discomfort and NASA-TLX scores with and without the exoskeleton across the three
tasks. (a–c) Borg CR-10 local discomfort scores for the insulator installation, insulated rod handling,
and hand chain hoist tasks, respectively. (d–f) NASA-TLX scores for the insulator installation,
insulated rod handling, and hand chain hoist tasks, respectively. N = neck, S = shoulder, UB = upper
back, LB = low back, E = elbow, W = wrist, H = Hip, K = knee, A = ankle. MD = mental demand, PD
= physical demand, TD = temporal demand, P = performance, E = effort, F = frustration. * p < 0.05.

In the insulator installation task, wearing the exoskeleton significantly reduced per-
ceived fatigue in the neck (5.4 ± 1.3 vs. 3.8 ± 1.1, p < 0.05), shoulders (6.6 ± 1.4 vs. 4.8 ± 1.2,
p < 0.05), and wrists (4.8 ± 1.2 vs. 3.4 ± 1.2, p < 0.05). Notably, the shoulder score under the
NoEXO condition (6.6) was the highest among all three tasks, indicating the exoskeleton’s
most pronounced unloading effect in high-arm, overhead postures. For the insulating
rod handling task, exoskeleton use significantly lowered Borg CR-10 scores for the wrists
(6.0 ± 1.3 vs. 4.4 ± 1.1, p < 0.05), elbows (5.4 ± 1.2 vs. 3.8 ± 1.3, p < 0.05), and shoulders
(4.6 ± 1.2 vs. 3.4 ± 1.3, p < 0.05). The wrist and elbow were the most fatigued regions in this
task, whereas differences in other body regions were not significant. In the hand chain hoist
task, perceived fatigue was significantly reduced in the shoulders (5.8 ± 1.3 vs. 4.2 ± 1.1,
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p < 0.05), elbows (5.0 ± 1.2 vs. 3.6 ± 1.3, p < 0.05), and wrists (4.8 ± 1.2 vs. 3.4 ± 1.4,
p < 0.05), with no significant differences observed in the neck, back, or lower limbs.

Regarding task load assessed by NASA-TLX, in the insulator installation task, ex-
oskeleton use significantly decreased mental demand (14.6 ± 2.6 vs. 11.8 ± 2.2, p < 0.05),
temporal demand (13.2 ± 2.4 vs. 10.8 ± 2.6, p < 0.05), and physical demand (11.8 ± 2.2 vs.
9.6 ± 2.3, p < 0.05), with no significant differences in other dimensions. In the insulating rod
handling task, effort (15.6 ± 2.8 vs. 12.8 ± 2.4, p < 0.05) and physical demand (12.4 ± 2.2 vs.
10.2 ± 2.1, p < 0.05) were significantly reduced under the EXO condition; other dimensions
showed no significant changes. For the hand chain hoist task, physical demand (13.8 ± 2.4
vs. 11.2 ± 2.5, p < 0.05) and effort (13.4 ± 2.4 vs. 10.8 ± 2.3, p < 0.05) decreased, whereas
task performance scores increased significantly (13.6 ± 2.4 vs. 10.8 ± 2.6, p < 0.05). No
significant differences were observed for the remaining dimensions.

The results of the exoskeleton wearing experience questionnaire and the system
usability are summarized in Table 2. Participants rated ease of donning and doffing with a
mean of 3.2 ± 0.2 (median 3, IQR 2–4), and overall comfort was rated 3.5 ± 0.7 (median
4, IQR 3–4). Pressure and friction sensations scored 3.8 ± 0.5 (median 4, IQR 3–4), while
the impact on task flexibility was 3.4 ± 0.8 (median 3, IQR 3–4). Participants perceived a
high potential for musculoskeletal injury prevention (4.2 ± 0.4, median 4, IQR 4–5) and
expressed a strong willingness to use the exoskeleton (4.0 ± 0.8, median 4, IQR 3–5).

Table 2. Evaluation of exoskeleton wearing experience and system usability.

Category Item Mean ± SD Median (IQR)

Wearing experience 1

Ease of donning and doffing 3.2 ± 0.2 3 (2, 4)
Overall comfort 3.5 ± 0.7 4 (3, 4)

Pressure and friction sensation 3.8 ± 0.5 4 (3, 4)
Impact on task flexibility 3.4 ± 0.8 3 (3, 4)

Perceived potential for injury prevention 4.2 ± 0.4 4 (4, 5)
Willingness to use 4.0 ± 0.8 4 (3, 5)

System usability 2 Total SUS score (0–100 points) 74.2 ± 8.6 74 (68, 80)
1 Wearing experience items were rated using a 1–5 Likert scale. For ease of donning and doffing, overall
comfort, perceived potential for injury prevention, and willingness to use, higher scores indicate more favorable
evaluations. For pressure and friction sensation and impact on task flexibility, higher scores indicate stronger
perceived pressure/friction or greater perceived restriction. 2 The SUS total score ranges from 0 to 100, with
higher scores indicating better perceived usability.

4. Discussion
This study examined the effects of a passive upper-limb exoskeleton on muscle activity,

subjective fatigue, task workload, and usability in three representative power grid mainte-
nance tasks. Overall, the exoskeleton reduced proximal upper-limb muscle activity in both
static tasks, while its effect in the dynamic task was mainly confined to the arm-raising
phase. These physiological changes were accompanied by lower task-specific discomfort
scores and partial improvements in perceived workload. In addition, the usability results
indicated that the device was generally well accepted by participants. Taken together, the
findings suggest that the ergonomic benefit of the exoskeleton was evident but strongly
depended on task demands and movement characteristics [26].

The clearest unloading effect was observed in the insulator installation task. This task
required sustained bilateral overhead holding and imposed the greatest burden on the
shoulder region, as reflected by the high activation of the deltoid and trapezius and the
highest shoulder discomfort score under the NoEXO condition. Under the EXO condition,
%MVC of the trapezius, deltoid, and biceps brachii decreased significantly, indicating
that the device effectively reduced the muscular demand associated with maintaining
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the upper limbs in an elevated position. This pattern is consistent with the mechanical
design of the exoskeleton, which provides passive support during shoulder elevation
and is therefore better matched to static or semi-static overhead work than to movements
dominated by distal force production [27]. The simultaneous reduction in neck, shoulder,
and wrist discomfort further suggests that the unloading effect was not only detectable at
the physiological level but was also perceived by the wearer during task performance [28].

A different pattern was found in the insulated rod handling task. Unlike insulator
installation, this task involved an asymmetric posture, with the dominant right hand
positioned above the left. Accordingly, the right-side deltoid, trapezius, and biceps brachii
showed higher activation than the corresponding muscles on the left side. Under the EXO
condition, the reduction in muscle activity was more pronounced on the dominant side,
and significant condition × side interactions were observed for the main shoulder-related
muscles. This finding indicates that the assistive effect of the device was influenced not
only by task type, but also by the side-specific distribution of biomechanical load. In
practical terms, the exoskeleton appeared to be more effective when the assisted arm was
also the primary load-bearing arm. This is relevant for power grid maintenance, where
many operations are posture-dependent and often involve asymmetrical upper-limb use
rather than perfectly balanced bilateral effort [29].

The hand-chain hoist task further highlighted the task-phase specificity of passive
assistance. The time-normalized analysis showed that the exoskeleton significantly reduced
deltoid activation during the arm-raising phase and reduced trapezius activation mainly
over the same period. By contrast, no clear reduction was observed in the biceps brachii,
brachioradialis, or erector spinae during most of the movement cycle. This pattern is biome-
chanically reasonable. As a passive shoulder-support device, the exoskeleton primarily
assists shoulder elevation, but it does not directly support the pulling action itself [30,31].
During the downward force phase, when the biceps brachii and brachioradialis were most
active, the device was mainly in a spring-loading state, and its capacity to reduce distal
muscle demand was therefore limited. The absence of a significant effect on erector spinae
activity also suggests that trunk involvement in this task was not substantially altered
by the device. These results indicate that the current exoskeleton is more suitable for
reducing shoulder load during lifting or holding phases than for assisting tasks dominated
by downward pulling or coordinated whole-body force generation.

The subjective findings were broadly consistent with the physiological results. Across
the three tasks, the exoskeleton reduced Borg CR-10 scores in the body regions most di-
rectly involved in the task, particularly the shoulders, elbows, and wrists. The pattern
of reduction differed by task, which further supports the view that the device acted in a
task-specific manner rather than producing a generalized reduction in discomfort. Similar
task dependence was also observed in the NASA-TLX results. Physical demand and effort
were the dimensions most consistently improved under the EXO condition, which is in
line with the primary purpose of the device [32]. In the insulator installation task, mental
demand and temporal demand were also reduced, possibly because relief of shoulder
loading made prolonged overhead work feel less urgent and less difficult to sustain. In
the hand-chain hoist task, perceived performance improved under the EXO condition,
suggesting that the device did not interfere with operation and may have enhanced per-
ceived control during task execution. From an application perspective, these subjective
outcomes are important because user acceptance in the workplace depends not only on
objective unloading, but also on whether workers feel that the device reduces effort without
disrupting task completion [33,34].

The usability results also support the practical potential of the device. The SUS score
of 74.2 indicates above-average usability, and participants gave relatively high ratings
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for perceived injury-prevention potential and willingness to use the exoskeleton [35]. Al-
though participants reported acceptable overall usability, the ratings for pressure/friction
sensation and impact on task flexibility indicate that comfort and mobility restrictions
remain important barriers to field adoption. Pressure or friction may occur at the shoulder
straps, chest and waist fixation components, and arm-support interfaces, particularly dur-
ing repeated arm elevation, asymmetric holding, or dynamic pulling. Restricted flexibility
may also arise from the shoulder-support mechanism and harness structure when the
task requires three-dimensional upper-limb movements. If such discomfort accumulates
during prolonged work, workers may reduce their use of the device or refuse to wear it.
This trade-off is important. For occupational exoskeletons, effective assistance alone is
not sufficient; the device must also be wearable over time and compatible with real work
movements [35]. In the present study, participants recognized the protective value of the
exoskeleton, but their responses also suggest room for improvement in interface comfort
and movement adaptability. Optimizing harness structure, contact pressure distribution,
and fit to asymmetric upper-limb movements may further improve field acceptability.

These findings have direct implications for exoskeleton use in power grid maintenance.
The present results suggest that passive upper-limb exoskeletons are most suitable for tasks
involving sustained or repeated arm elevation, such as insulator installation, where the
shoulder bears the main biomechanical load and the assistive mechanism is well aligned
with the task demand. The device may also be beneficial in asymmetric support tasks
such as insulated rod handling, although the magnitude of benefit may differ between
sides depending on posture and force distribution. By contrast, in dynamic pulling tasks
such as hand-chain hoist operation, the benefit appears to be limited to specific phases of
movement. Therefore, exoskeleton implementation in this occupational setting should be
task-oriented rather than generalized. Matching device characteristics to the dominant
biomechanical features of a given task is likely to be critical for achieving meaningful
ergonomic benefit [36].

Several limitations should be acknowledged. First, the study included only healthy
young male volunteers rather than actual power grid maintenance workers. Although
this design improved experimental safety and reduced inter-individual variability, it limits
the ecological validity and generalizability of the findings. Actual power grid workers
may be older, more experienced, exposed to long-term occupational fatigue, and may
have pre-existing musculoskeletal symptoms. Their movement strategies, tolerance to
external devices, perceived workload, and acceptance of exoskeleton use may therefore
differ from those of the present participants. Second, the experiment was conducted in a
controlled laboratory setting using simulated representative tasks. This allowed tighter
experimental control, but could not fully reproduce the environmental complexity and
behavioral variability of actual field operations. Third, the present study focused on short-
term responses. It therefore remains unclear whether the observed reductions in muscle
activity and discomfort would translate into lower cumulative fatigue or reduced risk of
musculoskeletal disorders during long-term use. Finally, kinematic outcomes were not
analyzed in the present study. Therefore, we cannot completely exclude the possibility that
reduced EMG activity in the monitored muscles was accompanied by altered movement
strategies or load redistribution. Although task posture and execution were standardized
and supervised during the experiment, future studies should integrate motion capture or
wearable inertial sensors with EMG to evaluate whether exoskeleton assistance changes
joint motion, trunk posture, or compensatory strategies. Future studies also should examine
longer-term use in real working environments, include more diverse worker populations,
compare devices with different assistive profiles, integrate data-driven modelling to predict
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individual responses to exoskeleton assistance, and apply more systematic multifactorial
and optimisation-based analytical frameworks [37–40].

5. Conclusions
In conclusion, the passive upper-limb exoskeleton evaluated in this study reduced

proximal upper-limb muscle activity, particularly in the upper trapezius, deltoid, and
biceps brachii, and task-related discomfort in representative power grid maintenance tasks,
particularly those involving sustained or repeated arm elevation. Its effects were clearly
task-dependent, with the strongest benefit observed in static overhead work and more
limited effects in dynamic pulling work. These findings support the potential value of
passive exoskeletons in occupational ergonomics while also highlighting the importance of
task-specific deployment and continued device optimization.
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Appendix A

Figure A1. Cardiovascular responses during the three tasks under EXO and NoEXO conditions. HR,
heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure.
The red underline in the figure indicates p < 0.05.
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