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Abstract

Recent studies report that 40%-90% of physiotherapists globally experience
work-related musculoskeletal disorders (WMSDs) due to repetitive movements
and sustained non-neutral postures during manual rehabilitation. This study
evaluated the effectiveness of collaborative robots (cobots) in reducing
ergonomic risk and WMSD exposure during lower-limb rehabilitation tasks.
Seven male participants, acting as simulated physiotherapists, performed
passive range-of-motion exercises for the lower extremity with and without
cobot assistance. Full-body kinematics were captured using seventeen inerfial
measurement units, while muscle activity was recorded via surface
electromyography. A UR1ée cobot supported the patient’s limb during
rehabilitation, with synchronized biomechanical data acquired from a force
plate and motion-tracking system. Ergonomic risk was quantified using the
Rapid Entire Body Assessment (REBA), and spinal loading was estimated using
the 3D Stafic Strength Prediction Program. Comparisons between
conventional and cobot-assisted conditions were conducted using the
Wilcoxon Signed-Rank Test. Cobot assistance reduced left biceps brachii
activation during hip abduction-adduction from 63.95 + 26.10 %MVIC to 6.09
+ 5.13 %MVIC and right erector spinae activation during hip flexion from 54.97
+ 27.82 %MVIC to 8.35 £ 5.03 %MVIC. REBA scores decreased from 8.77 + 1.50
to 3.68 £ 0.35 during knee flexion—extension, while lumbar compression forces
(L5-S1) were reduced from 3276.57 £ 109.90 N to 1176.29 + 40.87 N. All
outcomes showed statistically significant improvements (p < 0.05). These
findings demonstrate that cobot-assisted rehabilitation substantially reduces
muscle load, ergonomic risk, and spinal loading, highlighting its potential to
mitigate WMSD risk among physiotherapists.

Keywords: Collaborative Robots, Physiotherapy, Musculoskeletal Disorders,
Surface Electromyography, Ergonomic Risks

Abstrak

Kajian terkini menunjukkan bahawa 40% hingga 90% ahli fisioterapi di seluruh
dunia mengalami gangguan muskuloskeletal berkaitan kerja (WMSDs) akibat
pergerakan berulang dan postur tidak neutral semasa ferapi pemulihan
manual. Kajian ini menilai keberkesanan robot kolaboratif (cobot) dalam
mengurangkan risiko ergonomik dan pendedahan WMSDs semasa pemulihan
anggota bawah. Seramai fujuh peserta lelaki, bertindak sebagai ahli
fisioterapi simulasi, melaksanakan latihan gerakan pasif (PROM) anggota
bawah dengan dan tanpa banfuan cobot. Pergerakan seluruh badan
direkodkan menggunakan tujuh belas unit pengukuran inersia (IMU),
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manakala pengaktifan ofot diukur melalui elekirod elekiromiografi (EMG).
Cobot UR1ée digunakan untuk memegang anggota pesakit semasa
rehabilitasi, dengan data biomekanik yang disegerakkan diperoleh daripada
plat daya dan sistem penjejokan gerakan. Risikko ergonomik dinilai
menggunakan Rapid Entire Body Assessment (REBA), manakala beban tulang
belakang dianalisis menggunakan perisian 3D Static Strength Prediction
Program. Perbandingan antara keadaan konvensional dan berbantukan
cobot dianalisis menggunakan Ujian Wilcoxon Signed-Rank. Bantuan cobot
mengurangkan pengaktifan otot biseps brakii kiri semasa abduksi dan adduksi
pinggul daripada 63.95 £ 26.10 %MVIC kepada 6.09 + 5.13 %MVIC, serta
pengaktifan otot erektor spinae kanan semasa fleksi pinggul daripada 54.97 +
27.82 %MVIC kepada 8.35 + 5.03 %MVIC. Skor REBA menurun dengan ketara
daripada 8.77 £ 1.50 kepada 3.68 + 0.35 semasa aktiviti fleksi dan ekstensi lutut.
Kekuatan mampatan lumbar (L5-S1) menurun daripada 3276.57 + 109.90 N
kepada 1176.29 + 40.87 N. Dapatan ini menunjukkan bahawa rehabilitasi
berbantukan cobot mengurangkan beban ofof, risiko ergonomik dan beban
fulang belakang dengan ketara, sekali gus menonjolkan potensinya untuk
mengurangkan risiko WMSDs dalam kalangan ahli fisioterapi.

Kata kunci: Robot Kolaboratif, Fisioterapi, Gangguan Muskuloskeletal,
Elektromiografi Permukaan, Risiko Ergonomik

© 2026 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Recent studies from 2019 to 2024 indicate that WMSDs
remain highly prevalent among physiotherapists,
aoffecting between 40% and 90% worldwide. This is
primarily due to the physically demanding nature of
their work, which includes manual therapy, repetitive
movements, and awkward postures [1; 2; 3; 4; 5]. These
factors make physiotherapists particularly susceptible
to WMSDs compared to other profession. For instance,
a study by Sagahutu et al. in Kigali-Rwanda found that
the lower back (L5-S1) was most affected (77.1%) [6].
Another study in India highlighted issues in the lower
back, neck, upper back, and shoulder [7].

Collaborative robots (cobots) present a promising
solution for reducing WMSDs by performing physically
demanding tasks, thereby alleviating the physical
stfrain on physiotherapists [8]. The effectiveness of
cobots has been demonstrated in generating precise
physiotherapeutic motions, such as proprioceptive
neuromuscular facilitation (PNF) movements, which
help reduce the workload on physiotherapists [9].
Cobot also facilitate real-time data collection,
improving freatment plans through insights info
patients’ biomechanics [10]. For example, the
WALKBOT system improved outcomes in balance and
motor recovery for stroke patients compared to
conventional therapy [11].

Traditionally, WMSD risks have been evaluated
using indirect and qualitative methods, such as
ergonomic assessment tools and interviews, which are
limited by subjective interpretation. Tools like Rapid
Entire Body Assessment (REBA), Rapid Upper Limb
Assessment  (RULA), and Ovako Working Posture
Analysis System (OWAS) focus on body angles and
postures that limited by their reliance on subjective
nature of self-reported pain [12; 13; 14]. However,
advances in wearable sensor technology, such as

Inertial  Measure  Units  (IMU) and  surface
electromyography (sEMG), now allow for direct
measurement of motion parameters, joint angles, and
muscle activity, enhancing WMSD risk assessments
alongside traditional tools [15; 16] .

The surface EMG (sEMG) technology enables
precise muscle activity monitoring, and integrating IMU
sensors with biomechanical models allows automated
ergonomic assessments [17]. Studies show that sEMG
and IMU effectively quantify muscle force, fatigue,
and involvement in work tasks [18]. However, their
application in  evaluating ergonomic risks  for
physiotherapists during rehabilitation remains
unexplored. Further research is needed to develop
standardized protocols and user-friendly equipment to
fully leverage sEMG and IMU benefits in this context.

This research aims to evaluate the efficacy of
cobot-assisted rehabilitation in reducing physical strain
and improving ergonomic outcomes for
physiotherapists. By integrating sSEMG and IMU sensors
fo assess muscle activation and posfural risks,
alongside static lumbar compression analysis, the study
seeks fo cover the ergonomic risks during lower limb
rehabilitation.

2.0 METHODOLOGY
2.1 Participants

Given the preliminary nature of this pilot study,
convenience sampling as a non-probability sampling
method was employed to select participants. The risk
of WMSDs is similar for both genders, ranging from 55%
to 91% in females and 45% to 88% in males [19; 20].
Given this comparable risk profile, this study focuses on
male participants, reflecting the demographic
composition of the accessible participant pool. A
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power analysis at a 95% confidence interval (Cl) and
80% power confirmed that a sample size of seven
physiotherapists was sufficient to detect significant
differences in muscle activation, REBA scores, and L5-
S1 compression forces. The use of small sample sizes in
biomechanics and rehabilitation research is well-
documented, with studies successfully obtaining
meaningful and statistically significant findings using as
few as three participants can yield meaningful and
statistically significant findings, achieving accuracies
as high as 92.46%[21]. Research in locomotion analysis
and biomechanical assessments has demonstrated
that methodological approaches can effectively
mitigate sample size limitations, ensuring valid and
reliable outcomes [22]. Similarly, systematic reviews of
robotic rehabilitation have reported that many studies
execute on small sample sizes due to feasibility
constraints yet still achieve significant results [23]. These
findings support the methodological approach of this
study, reinforcing the validity of its sample size. In this
study, seven male simulated physiotherapists (n = 7;
Age: 23.3 + 1.21 years; Height: 173.9 £ 6.10 cm; Weight:
68.6 + 11.24 kg) and one simulated patient (n = 1; Age:
26 years; Height: 160 cm; Weight: 61 kg) were recruited.
The physiotherapists were frained to execute
rehabilitation  movements  using  pre-recorded
instructional videos. All participants were verbally
briefed on the study protocol and provided written
consent. The study followed strict safety measures and
was conducted according to guidelines from the
Human Research Ethics Committee of Universiti Sains
Malaysia (JePem code: 22120825).

2.2 Experimental Setup

The Xsens MVN IMU system (Xsens Technologies BV,
Enschede, The Netherlands) was utilized for full-body
motion fracking, with seventeen miniature IMUs
positioned on the physiotherapists according to
placement guidelines provided by Xsens. The sensors
were attached with adjustable straps integrated into a
suif, as shown in Figure 1a. Participants wore
appropriately sized suits to ensure comfort and
accurate motion fracking, which was recorded at a
sampling frequency of 60 Hz. Muscle activation was
recorded using sSEMG from iMotions 9.0 (iMotions A/S,
Copenhagen, Denmark), with disposable Ag/AgCl
electrodes placed on the left and right biceps brachii
(LBB, RBB) and erector spinae (LES, RES) following
SENIAM guidelines [7]. The skin was cleansed with
alcohol wipes before electrode placement [24].
Maximum Voluntary Isometric Contraction (MVIC) was
measured for both muscle groups, and the EMG
sampling rate was set at 1024 Hz [19; 25].

Figure 1a also illustrates the UR1é6e collaborative
robot (Universal Robots A/S, Odense, Denmark) was
fitted with a customized end-effector designed to
securely support the patient’s limb during rehabilitation
exercises. Data exchange between the UR confroller
and external applications was facilitated via the Real-
Time Data Exchange (RTDE) protocol at 125 Hz,
following ISO/TS 15066 standards for safe human-

machine interaction [26]. A Bertec force plate
measured ground reaction forces, as shown in Figure
1b, ensuring precise and safe execution of
rehabilitation exercises that closely mimic real-life
scenario.

EMG
Electrode

Custom-Made
End Effector

= _————
Hospital
Be

Figure 1(a) Physiotherapist with complete Xsens Awinda suit
and iMotions EMG electrode aftached during the cobot-
assisted rehabilitation exercise using UR1é6e Cobot and
custom-made end effector. (b) Hospital bed layout in
conjunction with force plate placement

2.3 Passive Range of Motion (PROM) Rehabilitation
Task

The study focused on passive range of motion (PROM)
for lower-limb rehabilitation, a common method for
aiding stroke patients in restoring function. PROM
involves physiotherapists moving a patient’s limb
through its full range of motion. Table 1 provides
descriptions and Xsens avatar images for all PROM
tasks. Lower exiremities were chosen due to their
higher biomechanical load compared to upper
extremities. Gait analysis studies have shown that
PROM improves the range of motion in the hip, knee,
and ankle, which is crucial for restoring lower limb
function in post-stroke survivors [27].
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Table 1 Summary of the PROM task for lower exiremities
involved in this study

No PROM Task Description

Ankle dorsiflexion involved
lifting the foot fowards the
shin, while plantar flexion
refered to moving it
downward. The
physiotherapist  elevated
the patient’s limb with their
right hand and applied
controlled force to the
ankle with their left hand.

Ankle dorsiflexion and
~plantar flexion (ADP)

Hip abduction moves the
femur laterally, while hip
adduction moves it
medially. The
physiotherapist stabilizes
the patient's posture by
holding the knee with right
hand and the lower leg with
the left hand throughout
the motion.

Hip abduction and
adduction (HAA)

Hip flexion involved moving
the leg towards the chest
with the knee flexed. The
physiotherapist supported
the knee with their right
hand and gently lifted it
tfowards the chest with their
left hand.

Knee flexion involved
moving the crus posteriorly
relative  to the femur
around the knee's joint
sagittal axis, while knee
exfension involved moving
the crus anteriorly. The
physiotherapist  stabilized
the patient's posture by
supporting the thigh with
one hand and grasping the
crus with the other during
the range of motion.

Knee flexion and
extension (KFE)
b L]

2.4 sEMG Signal Processing

The row SsEMG data was collected from
physiotherapists using surface electrodes and
processed with iMotfion software. EMG signal
processing involved two key steps: pre-processing and
interpretation. Pre-processing began with a 4th order
high pass Butfterworth filter at 20 Hz fo reduce low-
frequency noise and baseline drift. A 50 Hz notch filter
was then applied to eliminate power frequency
interference. Full-wave rectification was performed fo
convert negative signal values to positive, facilitating
easier analysis and interpretation before MVIC
normalization [28].

2.5 Rapid Entire Body Assessment (REBA)

The REBA assessment tool evaluated ergonomic risks to
the physiotherapist during PROM tasks. REBA scores

were generated from joint angle data in the MVYNX file
using an automated REBA tool from KAIST's Human
Factors and Ergonomics Lab, following standard REBA
methods [29]. The required load for REBA calculation
was based on the patient's lower limb weight. Bertec
force plate data (500 Hz) was synchronized with Xsens
postural data (60 Hz) using cubic interpolation in a
Python script, providing accurate REBA scores that
reflect actual loads and postures at each timestamp.

2.6 Estimation of L5-S1 Compression Force

The compression forces on the physiotherapists' spines
were calculated using the 3D Static Strength Prediction
Program (3D SSPP), which requires inputs like gender,
height, weight, postural angles, and hand loads.
Postural angles were derived from Xsens motion
captfure data, and hand loads were measured with
force plates. The posture with the highest REBA score
for each task and physiotherapist was used to
determine the compression force on the L5-S1
segment, associated with the risk of lower back
disorders.

2.7 Statistical Analysis

The Wilcoxon Signed-Rank Test was adopted to
compare the efficacy of cobot-assisted against the
conventional approach. The Shapiro-Wilk fest (p <
0.05) confirmed non-normal data distribufion on
muscle activation, postural angles, and spinal
compression forces for both approaches. The Wilcoxon
test compared paired samples, ranking absolute
differences and summing ranks. A significant
difference (p < 0.05) af a 95% CI indicates a
measurable impact of the cobot-assisted approach
on rehabilitation efficacy.

3.0 RESULTS AND DISCUSSION

3.1 Mean Muscle Activation

Figures 2a and 2b compare muscle activation levels
during conventional and cobot-assisted rehabilitation.
The conventional approach demonstrated high
activation of the LBB muscle, measuring 63.95 + 26.10
%MVIC during the HAA task and 65.21 + 13.81 %MVIC
during the KFE task. Additionally, significant activation
of the RBB muscles was observed, peaking at 50.40 +
27.55 %MVIC during the HAA task and 54.21 + 18.40
%MVIC during the HF task. Meanwhile, the cobot-
assisted approach significantly reduced muscle
activation by reducing the LBB activation during HAA
and KFE tasks to 6.09 £ 5.13 %MVIC and 7.57 £ 4.23
%MVIC, respectively. With the assistance from cobof,
the RBB activation during HAA and HF fasks also
decreased to 10.32 £ 11.17 %MVIC and 4.14 + 4.28
%MVIC, respectively.
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Additionally, the erector spinae muscles also showed
significant differences when comparing the two
rehabilitation approaches. During the HAA and HF
tasks in the conventional approach, the LES activation
was high at 50.49 £ 22.91 %ZMVIC and moderate at
39.21 £ 21.46 %MVIC, respectively. The RES activation
peaked at 57.25 + 25.20 %MVIC during the HF task and
was moderate af 44.29 +26.55 %MVIC during the HAA
task. Under cobot-assisted rehabilitation, LES activation
during HAA and HF reduced to 6.64 + 3.67 %MVIC and
7.28 £2.91 %MVIC, respectively. The RES activation also
showed notable decreases during HF and HAA with
reduced variability.

The KFE task recorded the highest muscle activation
in the conventional mode, at the LBB with 65.21 + 13.81
%MVIC, while the ADP task showed the lowest for both
biceps brachii and erector spinae. Error bars (95%
confidence intervals) indicated less variability with
cobot intervention, showing more consistent muscle
engagement. The Wilcoxon signed-rank test indicated
statistically significant differences (p < 0.05) in muscle
activation across all PROM exercises, with particularly
strong significance (p = 0.001) observed during the KFE
and HF tasks.

Task

~ 10000  HAnkle Dorsiflexion Plantarflexion
WHip Abduction Adduction

Wt Flexion
HKnee Flexion Extension
80.00

60,00

40.00

Mean Muscle Activation (%% MVIC

20.00
0.00 Bicep Brachii (L) Bicep Brachii (R) Erector Spinae (L) Erector Spinae (R)
Muscle Group Error Bars: 95% CI
Task
23.00 W Ankle Dorsiflexion Plantarflexion WHip Flexion

EKnee Flexion Extension

WHip Abduction Adduction

[
=
=3
=

15.00

10.00
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wn
<
=]

Bicep Brachu (L) Bicep Brachu (R) Erector Spinae (L) Erector Spinae (R)
Muscle Group

Error Bars; 95% CI
Figure 2 Comparison of mean muscle activation (%MVIC)
between (a) conventional and (b) cobot-assisted
rehabilitation approaches. Emror bars indicate standard
deviations at a 95% Cl

Based on Figure 2q, it is seen that the conventional
approach consistently documented higher muscle
activation in the physiotherapists’ erector spinae and
bicep brachi muscles than the cobot-assisted

approach. The LBB activation during HAA task was
63.95+26.10 %BMVIC, while the RES activation during HF
task was 54.97 + 27.82 %MVIC. The elevated activity
was due to the physiotherapists need to stabilize their
frunk and arm while maneuvering the patient's leg [30].
On the contrary, with cobot assistance the RES
activation during the HF task declined to 8.35 + 5.03
%MVIC and the LBB activation during the HAA task
plummeted to 6.09 = 5.13 %MVIC. These findings
highlight the cobot's ability to mitigate physiotherapists'
muscle strain by minimizing the physical effort required
to support and guide the patient's imb. The cobot thus
undertakes the majority of the workload, ensuring
consistent and stable limb movement.

These findings align with existing literature that
highlights the benefits of robotic assistance in reducing
muscle exertion during rehabilitation tasks. Silvetti et al.
demonstrated that cobot-assisted manual handling
led to a 31.6% reduction in shoulder muscle activation
and a 20% reduction in frunk muscle activity
compared to manual work, reinforcing the role of
cobotfs in minimizing musculoskeletal stress [31].
Similarly, Caramaschi et al. reported that cobot-
assisted  rehabilitation exercises reduced overall
muscle fatigue by 27%, further validating the reducing
in physiotherapist muscle strain [32]. These reductions
not only prevent early-onset fatigue but also suggest
that cobot-supported rehabilitation sessions can be
performed for longer durations without increasing the
risk of musculoskeletal injuries.  Additionally, the
narrower confidence intervals observed with cobot
intervention suggest that muscle activation remains
more consistent and controlled due to the cobot's
standardized force assistance. This reduces variability
in muscle workload, which is crifical in preventing
overuse injuries in  physiotherapists. Comparable
reductions in muscle activation have been observed
in exoskeleton-assisted rehabilitation, where Kuschan
and Kriger reported EMG reductions of up to 42.38%
with a soft robotic exosuit and 35% reductions when
using a hybrid robotic-electrical stimulation approach
during wrist tasks [33; 34]. The consistent findings across
studies highlight the effectiveness of robotic assistance
in reducing physical demands on physiotherapists,
ultimately improving ergonomic conditions and work
sustainability in rehabilitation settings.

3.2 Trend of Continuous REBA Pattern and Mean REBA
Score

This section reports the variation in REBA scores and
corresponding  Xsens avatar postures of the
physiotherapist during PROM tasks. Table 2 shows the
Xsens avatars and REBA scores for all PROM tasks using
both conventional and cobot-assisted methods, with
Roman numerals indicating postures related to REBA
scoring.

During the conventional ADP task, the REBA score
started at 7, decreased to 5 midway, and returned to
7 by the end. In confrast, the cobot-assisted ADP
approach started at 2 to 3, maintained around 4, and
peaked at 5. For the HAA task, the conventional
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approach began at 8, fluctuated between 5 and 7,
and ended at 7, while the cobot-assisted method
showed similar trend as ADP task. The conventional HF
task peaked at 9 and ranged from 5 to 7, whereas the
cobot-assisted approach started at 6, stabilized
around 5 to 6, and ended at 4. In the KFE task, the
conventional approach started at 8 and varied
between 5 and 7 throughout, while the cobot-assisted
approach began at 7, dropped to 5, and ended up
with 6. Overall, cobot-assisted methods showed lower
REBA scores, indicating reduced ergonomic risk

Table 2 Summary of continuous REBA pattern across all PROM
tasks for both approaches
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Passive Range of Motion (PROM) Rehabilitation Task

Figure 3 shows the mean REBA scores for various
PROM tasks, comparing conventional and cobot-
assisted approaches. It is observed that the mean
REBA score was successfully decreased by using cobot
during the ADP task from 5.10 = 0.45 to 3.65 £ 0.19. In
the HAA task, the score dropped from 7.23 £ 0.56 to
3.75 +0.18. The HF and KFE tasks resulted in the highest
REBA scores of 8.57 £ 0.74 and 8.77 £ 1.50, respectively

with the conventional approach, which decreased to
3.79 £ 0.39 for HF and 3.68 + 0.35 for KFE with cobot’s
assistance.  Overall,  cobot-assisted  approach
significantly reduced ergonomic risks (p < 0.05) across
all tasks.

Mode

12.004

- Conventional - Cobot-Assisted

Mean REBA Score

Knee Flexion
Extension (KFE)

Ankle Dorsiflexion  Hip Abduction Hip Flexion (HF)
Plantarflexion (ADP)  Adduction (HAA)

Task

Error Bars: 95% CI
Figure 3 Mean REBA scores across PROM tasks in conventional
and cobot-assisted rehabilitation. Error bars indicate standard
deviations at 95% ClI

According to Figure 3, the high REBA scores of 8.57
+ 0.74 for the HF task and 8.77 + 1.50 for the KFE fask
through the conventional approach correspond to the
physiotherapist's  trunk  flexion exceeding the
recommended range of 30° [35]. Analysis of IMU data
indicated that physiotherapists maintained frunk
flexion angles of 37.24° + 5.57° to 37.24 + 5.57° and
37.76° + 4.02° to 37.76 £ 4.02° during these tasks,
supporting previous findings that sustained frunk flexion
above the recommended ergonomic limit of 30° poses
significant ergonomic risks [36]. Additionally, the high
REBA score in the HF task was also influenced by right
wrist  flexion of 45.38 + 14.28°, surpassing the
recommended range of 0° to 10° [37]. Notably, the
moderate REBA score of 7.23 £ 0.56 for the HAA task in
the conventional approach was mainly caused by
excessive neck flexion at 22.76 + 4.30°, which exceeds
the recommended range of 0° to 15° [38]. The REBA
tool effectively captures these postural deviations,
which result in higher scores and reflect increased
physical strain on physiotherapists [39].

In contrast, cobot-assisted rehabilitation
significantly reduced REBA scores, with none of the
tasks exceeding a score of 4. This substantial decrease
in REBA scores highlights the cobot’s ability to reduce
physical strain on physiotherapists by minimizing the
need for excessive trunk flexion, stabilizing wrist
positions, and reducing prolonged static loads. The
results are consistent with findings in other fields, such
as colonoscopy procedures, where ergonomic
intferventions reduced REBA scores from 11 to 6, and in
robot-assisted rehabilitation, where scores dropped
from 13 to 5, demonstrating the significant ergonomic
benefits of robotic assistance [40; 41]. Further
supporfing these findings, El Makrini ef al. examined
cobot-assisted human-robot collaboration and found
out that cobot integration significantly improved
ergonomic postures and lowered REBA scores by
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reducing awkward trunk movements and optimizing
joint angles [42]. This enhancement in postural
ergonomics demonstrates how cobot assistance can
effectively reduce physiotherapists’ exposure to high-
risk postures, ultimately decreasing the likelihood of
WMSDs and long-term physical strain.

3.3 L5-S1 Compression Force

Figure 4 displays the mean compression force on L5-S1
for each PROM task, alongside the physiotherapist
posture model used in the estimation. For the
conventional approach, mean forces were recorded
around 2463.57 +71.46 N for ADP task, 1414.86 +121.24
N for HAA task, 2533.43 = 81.10 N for HF task, and
3276.57 = 109.90 N for KFE task. In comparison, the
utilization of cobot resulted in a substantial decrease in
the compression forces, typically not surpassing 1200 N,
with a p-value of less than 0.01. The greatest reduction
of compression forces from 3276.57 + 109.90 N to
1176.29 + 40.87 N was observed during the KFE task.
Despite the conventional approach resulted in
compression force within the NIOSH safety limit of 3400
N, the cobot-assisted intervention provided a larger
safety margin, minimizing the likelihood of lumbar spine

injuries over fime [43].

| Mode
4,000.00 W Conventional

0000

.~ 2,000.00

I Cobot-Assisted

Ankle Dorsiflexion  Hip Abduction  Hip Flexion (HF) Knee Flexion
Plantarflexion ~ Adduction ) Extension (KFE)
(ADP)

1

Compression Force
J]

1,000.00

Mean of L5-S1

0.00

Task

Error Bars: 95% CT

Figure 4 Mean L5-S1 compression forces during PROM tasks in
conventional and cobot-assisted rehabilitation approaches.
Error bars represent standard deviations at a 95% CI.
(lustrated  postures above each bar  represent
physiotherapist body positions at peak REBA scores for each
PROM task)

Referring to Figure 4, the physiotherapists’ L5-S1
segment experienced a maximum compression force
of 3276.57 * 3.43 N during KFE fasks using the
conventional approach. This large force magnitude
implies that the physiotherapist bears a significant
workload and bend their torso substantially to
complete the activity [44; 45]. For the same task, cobot
effectively maintained a mean compression force of
the physiotherapists’ L5-S1 segment at 1176.29 + 40.87
N. The reduction suggests that cobot-supported tasks
are substantially less likely to conftribute to lumbar spine
injuries, as the cobot compensates for the lower limb
load, redistributing force away from the
physiotherapist’s spine. This workload redistribution is

particularly critical given the high prevalence of lower
back disorders among physiotherapists, which often
result from prolonged spinal loading and repeated
flexion-extension movements [46].

These findings align with Eskandari et al., who
examined a back-support exoskeleton’s effect on
spinal loading and reportfed reduction in peak
compression and shear forces by approximately 15%,
particularly when physiotherapists engaged in fasks
requiring larger frunk flexion angles [47]. Their study
further revealed that back muscle activation and
corresponding muscle forces were reduced during the
lowering phase of liffing fasks, reinforcing the
biomechanical advantage of robotic support in
alleviating spinal stress.  Additionally, study by
Koopman et al. has shown that, with an active
exoskeleton reducing peak spinal compression forces
by about 18% during lifting tasks [48]. These results
provide strong quantitative evidence supporting the
role of coboft-assisted rehabilitation in reducing lower
back compression forces, thereby enhancing
workplace safety and lowering the risk of lumbar
injuries.

3.4 Future Directions and Practical Implications

While this study provides strong preliminary evidence of
the benefits of cobot-assisted rehabilitation in reducing
muscle activation, ergonomic strain, and spinal
compression forces, several potential biases should be
acknowledged. One key limitation is the lab-controlled
nature of the study, which ensured consistency in
measurements but may not fully reflect the dynamic
challenges of real-world clinical settings.
Physiotherapists typically adjust their posture and
movement based on patient needs and workspace
constraints, whereas this study restricted movement to
a force plate area, potentially overestimating
ergonomic risks compared to natural rehabilitation
environments. Future research should explore cobot
infegration in clinical seftings to better assess ifs
practical impact. Another consideration is sample
demographics, as this study involved a single-gender
participant group, which limits its ability to capture
gender-based biomechanical differences in muscle
activation and spinal loading.

Additionally, factors such as experience level,
specialization, and ergonomic habits may influence
how physiotherapists interact with cobot assistance.
Future studies should include diverse participant pools
to enhance generalizability. Although statistical
analyses confirmed the adequacy of the sample size
for detecting significant differences, a larger multi-
center study is recommended to improve external
validity and ensure the findings are applicable across
different  clinical  environments and  patient
populations. Importantly, this study was designed as a
cross-sectional pilot study, making it well-suited for
assessing the immediate effects of cobot-assisted
rehabilitation. However, since WMSDs develop
gradually, this study does not account for long-term
impacts on physiotherapists' occupational health.
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Lastly, longitudinal studies should track whether cobot
interventions lead to sustained reductions in physical
strain, fatigue, and injury risk over time. Finally, the
selected rehabilitation tasks effectively demonstrated
cobot benefits but do noft represent the full scope of
physiotherapy  interventions.  Expanding  future
research to include a wider range of rehabilitation
tasks  will provide a more comprehensive
understanding of cobot-assisted workload reduction in
physiotherapy practice.

4.0 CONCLUSION

The findings demonsirate that cobot-assisted
rehabilitation substantially reduces biomechanical
and  ergonomic  loading  during lower-imb
physiotherapy tasks. The utilization of the cobot during
the HF task resulted in a significant decrease in the
activity of the right erector spinae muscle, from 54.97 +
27.82 %MVIC to 8.35 + 5.03 %MVIC. Moreover, the
employment of cobot in the HAA task resulted in a
significant decrease in the activation of the left bicep
brachii muscle, from 63.95 +26.10 %MVIC to 6.09 + 5.13
%MVIC. Apart from that, the REBA scores recorded
through the HF and KFE tasks significantly decreased
from 8.57 £ 0.74 to 3.79 £ 0.39 and from 8.77 £ 1.50 to
3.68 + 0.36, respectively, when the cobot was
employed. Besides, the compression force at the L5-S1
segment decreased from 3276.57 + 109.90 N to 1176.29
+40.87 N when the cobot was used during the KFE task.
In short, implementing cobot-assisted rehabilitation in
real-world physiotherapy settings could reduce the
physical strain associated with heavy loads and
repetitive tasks, thereby enhancing physiotherapist
well-being and workplace ergonomics.

Acknowledgement

Authors would like to thank Collaborative Research in
Engineering, Science & Technology Center (CREST),
School of Mechanical Engineering Universiti Sains
Malaysia, and SAS Institute Sdn, Bhd. for their
continuous support in this research
(304.PMEKANIK.6050419.C121). Ethical approval was
granted from Ethics Committee, Universiti  Sains
Malaysia (USM/JEPeM/22120825).

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

References

[1]  Komase, Y., K. Watanabe, D. Hori, K. Nozawa, Y. Hidaka, M.
lida, K. Imamura, and N. Kawakami. 2021. Effects of
Gratitude Intervention on Mental Health and Well-Being

(2]

(3]

(4]

(3]

(6]

(7]

(8]

191

(1]

(]

(12]

[13]

[14]

(15]

among Workers: A Systematic Review. Journal of

Occupational Health. 63(1): e€12290.
https://doi.org/10.1002/1348-9585.12290.
le, T. T. T. W. Jalayondeja, K. Mekhora, P.

Bhuuanantanondh, and C. Jalayondeja. 2024. Prevalence
and Risk Factors of Work-Related Musculoskeletal Disorders
among Physical Therapists in Ho Chi Minh City, Vietham.
BMC Public Health. 24(1): 6. https://doi.org/10.1186/512889-
023-17527-1.

Candeias, S. C. d. G. E. 2023. Multidisciplinary Prehabilitation
for Improving Physical Fitness in Patients with Colon Cancer
before the Surgery: The ONCOFIT Randomized Controlled
Trial. PhD diss., Universidade de Evora.

Khairy, W. A., A. H. Bekhet, B. Sayed, S. E. Eimetwally, A. M.
Elsayed, and A. M. Jahan. 2019. Prevalence, Profile, and
Response to Work-Related Musculoskeletal Disorders
among  Egyptian  Physiotherapists. Open  Access
Macedonian Journal of Medical Sciences. 7(10): 1692-99.
https://doi.org/10.3889/0amjms.2019.335.

Wang, L., S. Zhang, M. Yu, J. Wu, X. Li, and J. Yuan. 2022.
Association between Rotating Night Shift Work and Carotid
Infima-Media Thickness among Chinese Steelworkers: A
Cross-Sectional Survey. Scandinavian Journal of Work,
Environment & Health. 48(7): 511-19.
https://doi.org/10.5271/sjweh.4031.

Sagahutu, J. B., and A. Nuhu. 2019. A Descriptive Study on
Work-Related Musculoskeletal Disorders (WMDs) among
Physiotherapy Practitioners in Kigali City: Prevalence, Risk
Factors and Preventive Strategies. Nigerian Journal of
Medical Rehabilitation. 20(1).
https://doi.org/10.34058/njmr.v20i1.173.

Ramanndi, V., and A. Desai. 2021. Prevalence and Risk
Factors of Work-Related Musculoskeletal Disorders among
Indian Physiotherapists: A Narrative Review of Literature.
Archives of Occupational Health. 5(2): 961-68.
https://doi.org/10.18502/aoh.v5i2.6190.

Useh, U., E. Igumbor, and D. Madzivire. 2003. Occupational
Injuries among Physiotherapists: A Case Study in Zimbabwe.
African Safety Promotion. 1(2): 26-33.

Wolanski, W., R. Michnik, S. Suchon, M. Burkacki, M. Chrzan,
H.Zadon, P. Szaflik, J. Szefler-Derela, and D. Wasiuk-Zowada.
2023. Analysis of the Possibility of Using the UR10e Cobot in
Neurological Treatment. Actuators. 12(7): 268.
https://doi.org/10.3390/act12070268.

Kim, S.-Y., L. Yang, I. J. Park, E. J. Kim, M. S. Park, S. H. You, Y.-
H. Kim, H.-Y. Ko, and Y.-Il. Shin. 2015. Effects of Innovative
WALKBOT Robotic-Assisted Locomotor Training on Balance
and Gait Recovery in Hemiparetic Stroke: A Prospective,
Randomized, Experimenter-Blinded Case-Confrol Study with
a Four-Week Follow-Up. IEEE Transactions on Neural Systems
and Rehabilitation Engineering. 23(4): 636—42.
https://doi.org/10.1109/TNSRE.2015.2404936.

Lee, H. Y., J. H. Park, and T.-W. Kim. 2021. Comparisons
between Locomat and Walkbot Robotic Gait Training
Regarding Balance and Lower Extremity Function among
Non-Ambulatory Chronic Acquired Brain Injury Survivors.
Medicine. 100(18): e25125.
https://doi.org/10.1097/MD.0000000000025125.

Kumar, A., S. A. George, and A. T. Abraham. 2022. A Review
on Use of Rapid Enfire Body Assessment (REBA) Tool to
Evaluate  Musculoskeletal  Disorder among Health
Professionals. World Wide Journal of Multidisciplinary
Research and Development. 8(8): 4-8.

Annett, J. 2002. Subjective Rating Scales: Science or Arte
Ergonomics, 45(14): 966-87.
https://doi.org/10.1080/00140130210166951.

Purohit, M. H., and M. S. Sheth. 2023. Assessment of Risk of
Musculoskeletal Discomforts in Physiotherapists Treating
Neurological Patients: A Pilot Study. Indian Journal of
Occupational and Environmental Medicine. 27(1): 55-58.
https://doi.org/10.4103/ijoem.ijoem_164_22.

Caputo, F., A. Greco, E. D’Amato, I. Notaro, and S. Spada.
2019. IMU-Based Motion Capture Wearable System for
Ergonomic  Assessment in  Industrial  Environment. In



163

[1é]

7]

(]

[19]

[20]

[21]

[22]

(23]

(24]

(2]

(26]

(27]

(28]

[29]

(30]

Wong et al. / Jurnal Teknologi (Sciences & Engineering) 88:1 (2026) 155-164

Advances in Human Factors in Wearable Technologies and
Game Design. 215-25. https://doi.org/10.1007/978-3-319-
94619-1_21.

Cheng, Y., G. Li, J. Li, Y. Sun, G. Jiang, F. Zeng, H. Zhao, and
D. Chen. 2020. Visualization of Activated Muscle Area Based
on sEMG. Journal of Intelligent & Fuzzy Systems. 38(3): 2623—
34. https://doi.org/10.3233/JIFS-179549.

Vignais, N., M. Miezal, G. Bleser, K. Mura, D. Gorecky, and F.
Marin. 2013. Innovative System for Real-Time Ergonomic
Feedback in Industrial Manufacturing. Applied Ergonomics.
44(4): 566-74. https://doi.org/10.1016/j.apergo.2012.11.008.
Gazzoni, M., B. Afsharipour, and R. Merletti. 2016. Surface
EMG in Ergonomics and Occupational Medicine. In Surface
Electromyography: Physiology, Engineering, and
Applications. 361-91.
https://doi.org/10.1002/9781119082934.ch13.

Chen, C.-Y., S.-R. Lu, S.-Y. Yang, F.-W. Liang, J.-J. Wang, C.-
H. Ho, and P.-C. Hsiao. 2022. Work-Related Musculoskeletal
Disorders among Physical Therapists in Taiwan. Medicine.
101(7): €28885.
https://doi.org/10.1097/MD.0000000000028885.

Milhem, M., L. Kalichman, D. Ezra, and D. Alperovitch-
Najenson. 2016. Work-Related Musculoskeletal Disorders
among Physical Therapists: A Comprehensive Narrative
Review. International Journal of Occupational Medicine
and Environmental Health. 29(5): 735-47.
https://doi.org/10.13075/ijomeh.1896.00620.

Du, G., J. Zeng, C. Gong, and E. Zheng. 2021. Locomotion
Mode Recognition with Inertial Signals for Hip Joint
Exoskeleton. Applied Bionics and Biomechanics. 2021:
6673018. https://doi.org/10.1155/2021/6673018.

Lefévre, E., C. Baron, and M. Pithioux. 2013. Evaluation of the
Elastic  Modulus of Cortfical Bone: Adaptation of
Experimental Protocols to Small Samples. Computer
Methods in Biomechanics and Biomedical Engineering.
16(suppl. 1): 328-29.
https://doi.org/10.1080/10255842.2013.815945.

Yuan, F., E. Klavon, Z. Liu, R. P. Lopez, and X. Zhao. 2021. A
Systematic Review of Robotic Rehabilitation for Cognitive
Training. Frontiers in  Robotics and Al. 8. 605715.
https://doi.org/10.3389/frobt.2021.605715.

Stegeman, D., and H. Hermens. 2007. Standards for Surface
Electromyography: The European Project SENIAM.
Enschede: Roessingh Research and Development.

Glover, W., A. McGregor, C. Sullivan, and J. Hague. 2005.
Work-Related Musculoskeletal Disorders Affecting Members
of the Chartered Society of Physiotherapy. Physiotherapy.
91(3): 138-47. https://doi.org/10.1016/j.physio.2005.06.001.
Rosenstrauch, M. J., and J. Kriger. 2017. Safe Human-Robot
Collaboration: Introduction and Experiment Using ISO/TS
15066. In Proceedings of the 3rd International Conference
on Confrol, Automation and Robotics (ICCAR). 740-44.
https://doi.org/10.1109/ICCAR.2017.7942795.

Miyara, K., S. Matsumoto, T. Uema, T. Hirokawa, T. Noma, M.
Shimodozono, and K. Kawahira. 2014. Feasibility of Using
Whole Body Vibration as a Means for Controlling Spasticity
in Post-Stroke Patients: A Pilot Study. Complementary
Therapies in Clinical Practice. 20(1): 70-73.
https://doi.org/10.1016/j.ctcp.2013.10.002.

Cifrek, M., V. Medved, S. Tonkovi¢, and S. Ostoji¢. 2009.
Surface  EMG Based Muscle Fatigue Evaluation in
Biomechanics. Clinical Biomechanics. 24(4): 327-40.

Guo, L., J. Kou, and M. Wu. 2022. Ability of Wearable
Accelerometer-Based Measures to Assess the Stability of
Working Postures. International Journal of Environmental
Research and Public Health. 19(8): 4695.
https://doi.org/10.3390/ijerph19084695.

Shin, S. H., M. Yu, G. Y. Jeong, C. H. Yu, K. Kim, H. C. Jeong,
and T. K. Kwon. 2013. Assessment on Electromyography of
Trunk Muscle according to Passive and Active Trunk Tilt
Exercise of 3-D Dynamic Postural Balance Training System.
Journal of the Korean Society for Precision Engineering.
30(3): 331-39. https://doi.org/10.7736/KSPE.2013.30.3.331.

(31]

(32]

(33]

(34]

[39]

(3¢]

[37]

(38]

(39]

(40]

[41]

[42]

[43]

[44]

[45]

(4]

Silvetti, A., T. Varrecchia, G. Chini, S. Tarbouriech, B. Navarro,
A. Cherubini, and A. Ranavolo. 2024. Upper Limbs and Low-
Back Loads Analysis in Workers Performing an Actual
Industrial Use-Case with and without a Dual-Arm Cobot.
Caramaschi, M., D. Onfiani, F. Pini, L. Biagiotti, and F. Leali.
2023. Workspace Placement of Motion Trajectories by
Manipulability Index for Optimal Design of Cobot-Assisted
Rehabilitation  Solutions. Computer-Aided Design and
Applications. 20(6): 1-12.
https://doi.org/10.14733/cadaps.2023.56.1-12.

Kuschan, J., and J. KrGger. 2021. Fatigue Recognition in
Overhead Assembly Based on a Soft Robotic Exosuit for
Worker  Assistance.  CIRP  Annals. 70(1):  9-12.
https://doi.org/10.1016/j.cirp.2021.04.034.

Cazenave, L., M. Einenkel, A. Yurkewich, S. Endo, S. Hirche,
and E. Burdet. 2023. Hybrid Robotic and Electrical
Stimulation Assistance Can Enhance Performance and
Reduce Mental Demand. IEEE Transactions on Neural
Systems and Rehabilitation Engineering.
https://doi.org/10.1109/TNSRE.2023.3323370.

Toosizadeh, N., M. A. Nussbaum, B. Bazrgari, and M. L.
Madigan. 2012. Load-Relaxation Properties of the Human
Trunk in Response to Prolonged Flexion. PLOS ONE. 7 11):
e48625. https://doi.org/10.1371/journal.pone.0048625.
Hendershoft, B., B. Bazrgari, K. Muslim, N. Toosizadeh, M. A.
Nussbaum, and M. L. Madigan. 2011. Disturbance and
Recovery of Trunk Stiffness and Reflexive Muscle Responses
Following Prolonged Trunk Flexion. Clinical Biomechanics.
26(3): 250-56.
https://doi.org/10.1016/j.clinbiomech.2010.09.019.

Lee, K.-S., and M.-C. Jung. 2014. Flexion and Extension
Angles of Resting Fingers and Wrist. International Journal of
Occupational Safety and Ergonomics. 20(1): 91-101.
https://doi.org/10.1080/10803548.2014.11077038.
Mousavi-Khatir, R., S. Talebian, N. Maroufi, and G. R. Olyaei.
2016. Effect of Static Neck Flexion on Cervical Flexion-
Relaxation Phenomenon in Healthy Males and Females.
Journal of Bodywork and Movement Therapies. 20(2): 235-
42. https://doi.org/10.1016/j.jlomt.2015.07.039.

P H. Plus. n.d. Musculoskeletal Risks of Exergaming in Adults:
An Observational Cross-Sectional Study.

Hokenstad, E. D., M. S. Hallbeck, B. R. Lowndes, M. M.
Morrow, A. L. Weaver, M. McGree, G. E. Glaser, and J. A.
Occhino. 2021. Ergonomic Robotic Console Configuration
in Gynecologic Surgery. Journal of Minimally Invasive
Gynecology. 28(4): 850-59.
https://doi.org/10.1016/j.jmig.2020.07.017.

Khan, R., M. A. Scaffidi, J. Satchwell, N. Gimpaya, W. Lee, S.
Genis, D. Tham, J. Saperia, A. Al-Mazroui, and C. M. Walsh.
2020. Impact of a Simulation-Based Ergonomics Training
Curriculum on Work-Related Musculoskeletal Injury Risk in
Colonoscopy. Gastrointestinal Endoscopy. 92(5): 1070-
80.e1073. https://doi.org/10.1016/j.gie.2020.03.3754.

El Makrini, 1., G. Mathijssen, S. Verhaegen, T. Verstraten, and
B. Vanderborght. 2022. A Virtual Element-Based Postural
Optimization Method for Improved Ergonomics during
Human-Robot  Collaboration. IEEE  Transactions on
Automation Science and Engineering. 19(3): 1772-83.
https://doi.org/10.1109/TASE.2022.3147702.

Waters, T. R., V. Putz-Anderson, A. Garg, and L. J. Fine. 1993.
Revised NIOSH Equation for the Design and Evaluation of
Manual  Liffing  Tasks. Ergonomics.  36(7): 749-76.
https://doi.org/10.1080/00140139308967940

Rousseau, M.-A., D. S. Bradford, T. M. Hadi, K. L. Pedersen,
and J. C. Lotz. 2006. The Instant Axis of Rotation Influences
Facet Forces at L5/S1. European Spine Journal. 15: 299-307.
https://doi.org/10.1007/500586-005-0935-1.

Gallagher, S., and W. S. Marras. 2003. Compression and
Shear Loads on Lumbar Spine Motion Segments in Neutral
and Flexed Postures. Proceedings of the Human Factors and
Ergonomics Society Annual Meeting. 47(10): 1303-7.
https://doi.org/10.1177/154193120304701044.

Vieira, E. R.,, and S. Kumar. 2004. Working Postures: A
Literature Review. Journal of Occupational Rehabilitation.



164

[47]

Wong et al. / Jurnal Teknologi (Sciences & Engineering) 88:1 (2026) 155-164

14: 143-59.
https://doi.org/10.1023/B:JOOR.0000018330.46029.05.
Eskandari, A. H., F. Ghezelbash, A. Shirazi-Adl, N. Afjmand,
and C. Lariviéere. 2025. Effect of a Back-Support Exoskeleton
on Internal Forces and Lumbar Spine Stability during Low-
Load Lifting Task. Applied Ergonomics. 123: 104407.
https://doi.org/10.1016/j.apergo.2024.104407.

(48]

Koopman, A.S., S. Toxiri, V. Power, |. Kingma, J. H. van Dieén,
J. Ortiz, and M. P. de Looze. 2019. The Effect of Control
Strategies for an Active Back-Support Exoskeleton on Spine
Loading and Kinematics during Liffing. Journal of
Biomechanics. 91: 14-22.
https://doi.org/10.1016/].jbiomech.2019.04.044.



