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The proof-of-concept study for a hip and knee joint actuated exoskeleton developed for repetitive 
manual lifting and carrying tasks is investigated. Fifteen participants completed the study which 
involved two laboratory manual handling tasks of (1) lifting a box weighing 9.5 kg (repeated in three 
trials as a standalone task) and (2) lifting and carrying same box over a distance (repeated in three trials 
as a single combined task), with and without the use of the exoskeleton suit. Monopolar surface EMG 
sensors are utilized to capture participants muscular activity from two quadricep femoris muscles (i.e., 
the vastus medialis and rectus femoris) and a calf muscle (i.e., gastrocnemius) of the lower extremity. 
After each task repetition (trial), participants are asked to rate their perceived musculoskeletal 
effort on a scale of 0 to 100 (or 100%) where ‘100’ represents the highest possible participant effort. 
We determine the ‘onset’ of fatigue for each participant based on the trial at which fatigue was first 
experienced. The exoskeleton is found to reduce average muscular activity of the vastus medialis 
(30–60%), rectus femoris (30–38%), and gastrocnemius muscles (40–58%). Participants’ average rating 
of their lower-limb musculoskeletal effort when assisted by exoskeleton is found to be significantly 
less (26.9%) than their rating without the exoskeleton. However, subjective rating of fatigue differs 
significantly among the participants. These findings adds performance evaluation data for powered 
lower-extremity exoskeleton for strength augmentation in lifting and carrying works. Future studies 
should provide further insight into its potential use for prevention of cumulative trauma disorders of 
the lower-extremity.
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Several industries (e.g., automotive, healthcare, logistics, rescue services sectors, etc.) engage in manual lifting 
and carrying activities1,2. These activities involve frequent squatting, lowering, knee bending, sitting/standing 
transition, and walking motions that put strain (and fatigue) on the lower limb musculature and lumbar spine 
(low back). Repeated strain and fatigue on the lower extremity muscles and joints are non-trivial and can lead to 
poor balance, fall, additional weight on the lumbar spine, and cumulative trauma disorders (i.e., musculoskeletal 
disorders) of the lower-extremities. These can result in long term mobility disabilities for affected workers or 
huge cost burden on employers3. Industries have long benefitted from conventional industrial ergonomic control 
measures (e.g., cranes, lifts, workplace modification, and training programs) to lower occupational injuries and 
increase productivity4,5. However, depending on the industry or work sector, these measures have not been 
sufficient as a significant amount of lifting and carrying activities are still performed6,7. In 2023, Malaysia reported 
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38,950 incidents of occupational injuries, up 13.8% from 34,216 cases in 2022. In 2022, the rate of occupational 
injuries per 1000 workers was 2.26 and in 2023, it was 2.46. These injuries are caused by a number of factors 
including load lifting and carrying activities. Workplace accidents have a big financial impact. The entire cost of 
work-related injuries in the United States in 2023 was $176.5 billion, which included administrative, medical, 
and wage and productivity losses. The cost per fatal injury was $1,460,000, and the cost of each injury that 
required medical consultation was $43,000. Indirect expenses can also add up, including administrative effort, 
training replacement employees, and lost productivity1.

Industrial exoskeletons are getting increasingly popular as supplements to conventional ergonomic control 
measures. They have promising advantages to benefit manural handling workers in areas where conventional 
ergonomic measures are insufficient or impractical. For example, unlike conventional measures, exoskeletons 
are wearable and can offer direct physical support to the user to relief musculoskeletal stress and strain, especially 
during physically demanding or repetitive jobs. Exoskeleton can enable workers to work over an extended period 
of time without experiencing fatigue thus improving productivity. Another important advantage of exoskeleton 
over conventional ergonomic solutions is flexibility. Exoskeletons are perfect for jobs that requires mobility 
because they move with the person, unlike stationary ergonomic solutions like cranes or elevators. Exoskeleton 
can also improve workers’ safety and security in restricted areas where conventional lifting equipment are 
impractical4.

By definition, an exoskeleton is a wearable robotic device that can augument human strength, endurance, 
and movement. It can increase mobility by moving in tandem with the user’s body, either passively or actively8,9. 
Many classifications of exoskeleton are possible. Depending on the supported body parts, they can be classified 
as lower-extremity, upper-body, or full-body exoskeleton. Based on function, they can be classified as assistive 
(for physically impaired persons), rehabilitation (for disabled persons), or augmentation exoskeleton for 
industrial use by able-bodied persons. This study covers the scope of lower-extremity augmentation exoskeleton 
for industrial use. These types of industrial exoskeletons can benefit able-bodied workers by decreasing lower 
body musculoskeletal strain on joints and muscles or by minimizing fatigue of the lower limb musculature7–10. 
Despite their potential benefits, the use of lower body exoskeleton in the industries are still not as widespread as 
compared to their upper-body counterpart. The lack of performance evaluation data and studies that showcase 
their overall benefit on the lower extremity hinders their potential use in the industries11–14. The literature is 
awash with studies (on upper-body and/or lower-body exoskeleton) that focuses on low back pain, which is a 
very common work related musculoskeletal disorder of the lumbar spine (often caused by lifting and carrying). 
However, an increasing number of studies have now shown that the impact of repeated load lifting and carrying 
activities—which can also involve repeated squatting and walking—on the lower extremity itself are non-trivial 
and can lead to musculoskeletal injuries of the knee and hip—e.g., knee osteoarthritis, hip osteoarthritis (OA), 
and meniscal knee damage15. Work related fall and swollen legs can also happen to workers due to fatigue and 
repeated overuse of lower limbs muscles1.

This study is thus motivated to evaluate the performance of a hip and knee joints actuated lower extremity 
exoskeleton robot for manual handling lifting and carrying task. The study seeks to understand numerically 
how much benefit (i.e., musculuskeletal effort/fatigue reduction) on the lower limb musculosketal system can 
be derived from the lower limb exoskeleton to add performance data for industrial application. To this end, the 
design of the exoskeleton is deliberately lightweight, approximately 10.78 kg without a bagpack, and the number 
of active and passive DoFs (12DoFs) are chosen to provide sufficient actuation (of the hip and knee joints) and to 
allow usability (ease of use) of the exoskeleton. We applied a control strategy that amplifies wearers’ effort (input 
joint torque) to move the exosketon in coupled human-robot motion. For details on the design and control 
strategy of the exoskeleton, the reader is directed to the ealier study reported here16.

Related works
This section presents some related works on lower extremity exoskeleton for activities involving lifting and 
carrying—which also involve squating and walking. For further study, the reader is directed to the review 
by13,17–20 that present a more comprehensive literature on lower extremity exoskeletons for industrial activities. 
There are a significant number of research that study the benefit of lower extremity exoskeleton to minimize 
lumbar spine injury or low back pain. In this context, it is important to mention that these studies are outside 
the scope of the current study which focuses on the impact of lifting and carrying activities on the lower body.

The RobotKnee LEE21 was one of the earliest device studied for the purpose of decreasing muscle activity of 
the quadricep femoris (hip-flexor/knee-extensor muscles) in task involving repetitive kneeling, squatting, and 
walking movements. The device applied torque across the knee to allow the user’s quadriceps muscles to relax, 
however design limitations hindered an effective evaluation of the device. For horizontal walking, the study by 
Lenzi et al.22 investigated the effect of a one leg powered hip augmentation exoskeleton (ALEX II) on 10 healthy 
participants, in load-free walking exercise. The exoskeleton is operated by a user-adaptable gait controller. The 
study found a significant reduction in muscle activity of several muscles including the gastrocnemius medialis 
(knee-flexor/ankle-planter-flexor) (45.0%), soleus (foot-planter-flexor) (15.1%), rectus femoris (hip-flexor/knee-
extensor muscle) (22.3%), and semitendinosus (hip-extensor/knee-flexor muscle) (17.3%) in each last minutes 
of walking cycle. In contrast, the study by Sylos-Labini, et al.23 evaluating the effect of the MINDWALKER 
exoskeleton (weight 28 kg excl. batteries) on the lower-extremity musculatures of six healthy participants, in 
similar horizontal load-free walking exercise, found no significant changes in muscle activity of similar muscles 
and regions of the lower extremity including the quadricep muscles, the tibialis anterior (foot-dorsiflexor/
inversion), medial gastrocnemius, and soleus muscles. Instead, they found activity of some muscles such as the 
biceps femoris (knee-flexor muscle) and semitendinosus (hip-extensor/knee-flexor muscle) to increase contrary 
to the expectation. Unlike ALEX II, the MINDWALKER was powered at the hip and knee joint and operated 
by a pre-defined trajectory-based controller to assist only walking motion. The conclusion from the study, 
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however, suggest the possibility that users’ specific effect can impact performance of exoskeleton, for example, 
effect introduced if a user is not fully “relaxed,” needed to maintain the upper trunk posture by unintentionally 
modifying his/her step transitions, or disturbances caused by the intermittent contact between the exoskeleton 
and the subject. Study by24 presents the ankle exoskeleton’s improved design, which minimizes the mass of the 
struts and, consequently, the mass linked to the shin and foot. The main conclusions from the walking tests 
showed that walking with an exoskeleton reduced the activity of the gastrocnemius and soleus muscles by up to 
37% and 44%, respectively, as compared to regular walking.

For simple sagittal plane lifting and lowering tasks, the Robo-Mate Active Trunk LEE by Huysamen et al.25 
was recently evaluated. Assistance were provided to the users at the hip via two series-elastic actuators. The 
study was motivated to investigate the effect of assistance on back muscles during the lifting and lowering task, 
however, they found slight reduction in muscle activity of the biceps femoris (a knee-flexor muscle) of the lower 
extremity by 5% (loads of 7.5 kg and 15 kg). In a similar lifting task (loads of 10 kg), the Hyundai H-WEX waist/
hip-assisted LEE26, similarly motivated to study the effect of LEE on back muscle, found (moderate) reduction in 
muscle activity of the biceps femoris (a knee-flexor muscle) and gluteus maximus (hip-extensor muscle) of the 
lower extremity by 10–30%. The study did not find any significant effect on other muscles of the lower extremity 
including the rectus femoris (hip-flexor/knee-extensor muscle). Intuitively, assistance provided by LEE to the 
lower-extremity during a lifting task should enable several muscles of the lower extremity to relax particularly 
the hip flexor and knee extensor muscles (e.g., quadriceps, hamstring, or gastrocnemius) and thereby helping 
the user to benefit from assistance by the exoskeleton. However, there are still a number of open questions based 
on ongoing studies. The usability of the exoskeleton, comfort, flexibility of use, actuation power and the control 
strategies are important factors that can impact the performance of lower-extremity exoskeleton for industrial 
application. Also, a very important aspect but often not critically considered in many studies is the supported 
muscle-groups. Different tasks recruits specific muscle groups. Thus, to benefit from exoskeleton assistance for a 
specific task, the control effort and actuation mechanism should be deliberately directed to assist specific muscle 
groups for the specific task, otherwise the exoskeleton assistance can become counterproductive. For example, 
directing exoskeleton assistance to support the hip-extensor/knee-flexor muscles to reduce the strain on the 
lumbar spine in lifting task, or to assist hip-flexor/knee-extensor muscles to relax the quadriceps in repeated 
squatting activities in principle should result in the desired beneficial outcome.

Research hypothesis
We conduct this research with the hypothesis that the assistance (specifically on the hip and knee joint) provided 
by the lower extremity exoskeleton can minimize muscular activity, wearer’s musculoskeletal effort, and fatigue 
of lower limb musculature.

Materials and methods
Participants and ethics clearance
The University of Malaya Research Ethics Committee (UMREC) gave its clearance for this study. Prior to the 
trial, each participant provided written informed consent in compliance with the rules and ethics guidelines. 
The Declaration of Helsinki’s ethical principles are upheld by the University’s Guidelines for Clinical Trials. 
Participants were chosen at random from among various research facilities, production facilities, and workshops 
located around the university’s main campus. Initially, twenty healthy participants with no low-back pain history, 
no prior or current injuries/musculoskeletal disorders initially agreed to participate in the study. Five of the 
participants dropped out and were unable to perform the experiment since they could not fit properly into the 
exoskeleton. The participants who completed the study have ages 25–37 years, height 174–180 cm, and mean 
weight of 70–81 kg. Participants information is listed in Table 1.

Sample size determination
Sample size determination is crucial in experimental studies that require testing the effect of an intervention on 
sampled populations. The determination of sample size is influenced by the need for precision (for example, the 
need to attain 95% confidence interval for mean within ± δ units) or statistical power (for example, 0.80 or 0.90 
statistical power (1 − β) for a hypothesis test). Validity and unbiasedness is not necessarily considered related to 
sample size27,28.

Population Data

Initially recruited 20

Participated 15

Age 25–37 years

Height 174–180 cm

Gender All male

Weight 70–81 kg

BMI 22.85–25 kg/m2

Industry Centre For Product Design And Manufacturing, Mechanical Engineering Workshop, Concrete Lab, Civil Eng. Lab,

Table 1.  Study population.
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For a 2 × 2 crossover design AB|BA, the total sample size, n, required for a two-sided, α significance level test 
with 100( 1 − β ) % statistical power and effect size µ A − µ B is given as29

	 n =
(
z1−α /2 + z1−β

)2
σ 2/(µ A − µ B)2� (1)

 where µ A and µ B represent means for the direct effects of treatments A and B, respectively. This formula 
involves percentiles, z , from the standard normal distribution. The percentiles of interest for the two-sided 
hypothesis test with significance level α  and statistical power ( 1 − β ) are z(1−α /2) and z(1 − β ). For a one-
sided hypothesis test, z(1−α ) is used instead. The common choices for α are 0.05 and 0.01, and for β  are 0.20 
and 0.10, so the percentiles of interest are usually determined as:

	 z0.995 = 2.58, z0.99 = 2.33, z0.975 = 1.96, z0.95 = 1.65, z0.90 = 1.28, z0.80 = 0.84

Figure 1 shows an example of the 2.5th percentile and the 97.5th percentile on the normal distribution graph.
In (1), σ 2 denotes variance which is given as

	 σ 2 = 1.0 (WAA + WBB) − 2.0 (WAB) + (σ AA + σ BB)� (2)

 where WAA represent between-subject variance for treatment A (no Exo) and WBB  represent between-subject 
variance for treatment B (with Exo). WAB  represent between-subject covariance between treatments A and 
B; σ AA represent within-subject variance for treatment A; and σ BB  represent within subject variance for 
treatment B.

Thus, to apply a 0.05 significance level test with 90% statistical power for detecting the effect size of µ A − µ B
= 1, from published results, if the investigator assumes that:

WAA = WBB = WAB = x, and.
σ AA = σ BB = 0.75.
The sample size is therefore n = 16 (from Eq. (1)).

Study design
Fifteen volunteers, not familiar with the investigated task, participated in this study after signing a consent 
form. A randomized counterbalanced crossover design was applied to analyse the exoskeleton conditions (with 
or without exoskeleton). This is to reduce the effects of fatigue that might occur from the first working phase 
(potential order-related effects)30. The recovery break period is also an important aspect to avoid these effects. 
All participants completed the procedure three times; in two different periods (with or without exoskeleton) 
as shown in Fig. 4. Participants rested for six minutes between one experimental condition and two minutes of 
recovery time in between tasks. To guarantee accurate evaluations of fatigue and usability, the duration and rest 
periods are specified. The participants had to perform the task at their preferred speed. A crossover repeated 
measurement design is motivated in this study to investigate the influence of the LEE on users’ lower extremity 
musculature. In the crossover design, each eligible participant in the study receive intervention in different 
modes (i.e., ‘without Exo’ and ‘with Exo’) during different time periods, and crossover from one mode (e.g., 
without Exo) to the other mode (e.g. with Exo) over the course of the trials31.   In this way, each of the patients 

Fig. 1.  The 2.5th percentile and the 97.5th percentile on the normal distribution graph.

 

Scientific Reports |        (2025) 15:31868 4| https://doi.org/10.1038/s41598-025-14747-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


served as his own matched control, giving the possibility to eliminate users’ specific effects. Further, a “wash 
out” period of 6 mins is introduced between modes to eliminate any carry over effect (and bias) that may result 
from switching from one mode to the other32. The independent measure of the study is the intervention (LEE) 
presented in two modes: ‘without Exo’ and ‘with Exo’. In the ‘without Exo’ mode, the participants perform the task 
freely without wearing the exoskeleton, whereas, in the ‘with Exo’ mode, participants wear the exoskeleton and 
receive assistance from the device. The dependent measures are the mean and peak muscle activation, wearers 
perceived musculoskeletal effort (PME), and perception of fatigue (POF) experienced at the lower extremities.

Equipment
Lifted load
A box of load weighing 9.5 kg is used in the study. The weight conforms within the limit (0–25 kg) of acceptable 
weight exposure limits—considering the task’s duration, frequency, and severity—in the guidelines set out by 
NIOSH and ISO standards33.

Questionnaire
After each trial (i.e., with a total of 3 trials in a task), participants are given questionnaires to complete in order 
to gather quantitative feedback. The main feedback includes users’ rating of perceived musculoskeletal effort 
(PME) from the lower extremity musculature and ratings of Perceived onset of fatigue (POF) in each trial 
session34,35. Participants rating of PME are determined on a scale of 0 to 100, where ‘0’ represents ‘zero effort 
is contributed by participants while ‘100’ represents the highest possible (100%) participant effort is utilised. 
Participants’ perception of fatigue is determine on a scale of 0 to 1 where ‘0’ represents ‘no fatigue is felt in the 
trial’, while ‘1’ represents fatigue is experienced35. We then determine the ‘onset’ of fatigue for the task based on 
which trial or point during the task fatigue was first experienced by the participant on a scale of 0 to 3, where ‘0’ 
indicate “at no time was fatigue experienced for the task” and ‘3’ (100%) indicate onset of fatigue is perceived in 
the third trial of the task.

The robotic exoskeleton
The initial development of the powered lower-extremity exoskeleton is reported in36, where it was applied to 
assist prolong/repetitive walking movement. The current version is upgraded with additional degrees of freedom 
(DOF) to a 12-DOF exoskeleton with six link segments to support the lower extremity in lifting and carrying16 
(Fig.  2). The total weight of the exoskeleton and that of the backpack are 10.78  kg and 1.89  kg respectively. 
Kinematically, each exoskeleton leg stands on six degrees of freedom: two degrees of freedom at the hip joint 
(one active and one passive), two degrees of freedom at the knee joint (one active and one passive), and two 
passive degrees of freedom at the ankle. The hip’s active DOF allows for flexion and extension movement on 
the sagittal plane, while its passive DOF allows for comfortable abduction and adduction on the frontal plane. 
The exoskeleton does not impede a user’s hip’s internal/external rotation on the transverse plane. In contrast, 
the knee’s active DOF is intended to promote flexion and extension movement on the sagittal plane, whilst 
its passive DOF permits a small amount of axial and lateral translation/rotation movement. The two passive 
joints in the ankle are designed to provide dorsiflexion and plantar-flexion movement on the sagittal plane 
and internal/external (abduction/adduction) rotation on the transverse plane. Additionally, the ankle module 
permits unrestricted frontal plane eversion and inversion movement.

All active DOFs are electrically powered by hollow shaft, back-drivable, bi-directional brushless DC (BLDC) 
motor types (Oriental Motor Inc.‘s BLH450KC-200 and BLH230KC-200). A torque of 34 Nm (power = 50 W and 
weight = 2.4 kg) and 17 Nm (power = 30 W and weight = 1.3 kg) are rated for the hip and knee joint actuation, 
respectively.

To enable different users to wear shoes of varying sizes, the exoskeleton’s foot module is made as a removable 
shoe. Additionally, it offers a way to direct the weight of the exoskeleton toward the ground. At the upper 
body, a backpack is firmly attached to the torso to host the data acquisition system (DAQ), electronics and 
communication unit (ECU). Other components of the exoskeleton suite include a torque sensor, ground reaction 
force (GRF) sensors and potentiometers for sensing.

Procedure
Before the experiment begins, volunteers receive instructions on how to operate the wearing LEE suit and how 
to utilize the power-down switch to turn the system off for safety in the event of an emergency or extreme 
pain. Regarding the familiarisation procedure, the live tutorial demonstration was given to the participant. 
This increased understanding and acceptance of the participants37. The volunteers were asked to familiarise 
themselves with the exoskeleton for three consecutive days, since all of them were not experienced in the use 
of the exoskeleton. 20 min were given to each participant to perform various task, such as simulating industrial 
lifting and carrying experiment until all of them acknowledged that they are familiar with the use of the 
exoskeleton. No detailed instructions were given during the familiarisation session. The experiments are divided 
into two tasks:

Task 1
The first challenge is a simulated industrial lifting task that requires an upright squat technique to raise a 9.5 kg box 
off the ground (Fig. 3). This is regarded as a single trial as it is repeated three times. Throughout the experiment, 
muscle activity data is recorded on specific muscles. Over several trials, the EMG peaks and the signal’s root 
mean square amplitude (RMSA) are estimated. Each participant completes three trials in total (Fig. 4), with a 
rest period of roughly two minutes in between to minimize muscular strain and potential confounders (body 
height or lower arm length, body mass index, and age)38. Two crossover periods—A for “w/o Exo” and B for 
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“with Exo”—are used to complete the task (Fig. 4). There is a 6-min “washout” time (longer resting break) in 
between the cross-over periods (A and B). The questionnaire is also administered during this “washout” period, 
which also helps to reduce the impact of each intervention (such as the exoskeleton effect).

Task 2
A mock industrial lifting and carrying experiment is the second task. It involved squatting upright to raise the 
9.5 kg weight (box) off the ground, walking a short distance on level ground (about 3 m), stooping again to lower 
the load to the ground, and then stepping back up to hoist another load. Both walking and squatting are used in 
this operation. As in Task 1 (Fig. 3), each participant is asked to complete three trials in two distinct periods (A: 
“w/o Exo” and B: “with Exo”) with a 6-min “washout” rest period in between. Two back-and-forth motions are 
regarded as one trial. Each participant’s questionnaires and EMG data are also recorded.

Surface electromyography
When a nerve stimulates a muscle, electromyography (EMG) detects the electrical activity or reaction of the 
muscle. Shimmer Sensing Technology’s EMG sensors are utilized to capture muscle activity data from two 
quadriceps femoris muscles, the vastus medialis (VM) and rectus femoris (RF), as well as one calf muscle, the 
medial gastrocnemius. All muscles are from the right leg. Figure 5 shows the setup of the EMG sensors. The 
EMG data were sampled at 1024 Hz. Monopolar surface EMG measurement procedure was used in this research 
to avoid the potential signal cancellations associated with bipolar method. The signal of EMG was acquired 
from the skin surface of the indicated area of the leg. The signal from the EMG goes to the signal acquisition 
and amplification unit for processing. Then the amplified signal goes to the PC for further processing. The 
preparation of the skin surface was adopted from39.

Data processing
The MATLAB software environment allows for offline EMG data processing, such as rectification, low pass 
filtering, linear envelope computation, normalization, and other data visualization. Raw EMG data is low-pass 
filtered by a third-order Butterworth filter (cut-off, 5 Hz) after linear envelopes are calculated from full-wave 
rectification of the band-passed EMG signals (third-order Butterworth filter, cut-off 20–512 Hz). After that, the 
EMG signals are divided into traces for every job. While the carrying task/activity is broken down into strides 
(heel-off to heel strike), the lifting task/activity (Task 1) is divided into lifting cycles (lowering and elevating). 

Fig. 2.  The exoskeleton robotic system.
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Appropriate intervals between traces are defined using the information from the in-sole ground reaction force 
sensor. For each trace and trial in both Task 1 and Task 2, the EMG signals’ Root Mean Square Amplitude 
(RMSA) and Peaks are calculated for each participant.

Statistical analysis
SPSS 23.0 is used for statistical analysis (SPSS Inc., Chicago, IL, USA). The impact of the independent factors/
variables (at two levels, A—without Exo and B—with Exo) on each of the dependent measures was investigated 
using a repeated measure analysis of variance (ANOVA) with a significance level of 0.05 for the EMG data. 
If necessary, a Bonferroni post-hoc multiple correction was used to compare any significant effects. The 
nonparametric Wilcoxon Signed-Rank Test was used to evaluate the mean rank differences of participants’ 
perceptions (i.e., PME and POF) on the lower extremity with regard to the independent factors/variables because 
the questionnaire data were ordinal, ranked in the range of 0–10 for PME and 0–1 for perception of fatigue.

Results
Study of exoskeleton effect on muscular effort
Muscle activity
Figures 6 and 7 display the EMG signals obtained at the lower extremity’s right Vastus Medialis (VM), which is 
responsible for the knee extensor muscle; right Rectus Femoris (RF), which is responsible for the hip flexor and 
knee extensor muscle; and right Gastrocnemius (GA), which is responsible for the ankle flexor and knee flexor 
muscles, in both Task 1 and Task 2 studies. Mode A (i.e., without Exo, dark blue and green bars) and Mode B (i.e., 
with Exo, yellow and light blue bars) EMG RMSA/Peaks at the VM, RF, and GA are contrasted in the figures. Pi 
(i = 1,2,3, . 15) is the participants’ identifier. EMG Peaks correspond to the highest force produced by each muscle 
during a task movement cycle, whereas RMSA of the EMG signal represents the total effort expended during the 
task movement cycle. The findings indicate that when participants performed tasks without the assistance of an 
exoskeleton, their muscle activations increased. Figures 5 and 6 also provide the major effect comparison based 
on mean and standard error of mean for all participants (Pavg). The standard errors demonstrate the variability 
in the effect of exoskeleton help among subjects. Table 2 presents normalised EMG values and the statistical 
summary of the comparison of the effect of assistance between the ‘w/o Exo’ mode and the ‘with Exo’ mode 
for all participants. EMG signals are normalised to the peak muscle activation per muscle per participant (in a 
movement task cycle) to eliminate the disparity in strength amongst participants40.

VM RMSA decreased by 51.43% (p = 0.001), RF RMSA by 30.23% (p = 0.002), and GM RMSA by 40.63% 
(p = 0.004) for the lifting job (job 1) (Table 2) when comparing the helped to unassisted condition; VM peak 

Fig. 3.  Participant in lifting and carrying experiment.
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decreased by 60.63% (p = 0.003), RF peak by 34.55% (p = 0.002), and GM peak by 40.74% (p = 0.018). The findings 
show that when aided by an exoskeleton, muscular activity/activation decreases. Under the aided scenario, the 
VM has the greatest obvious effect, while the RF has the least. Without assistance, VM showed the highest peak 
of activation during the lifting task based on computed mean from all the participants, followed by the RF 
muscle, whereas the least is seen on the GA.

When comparing the assisted condition (yellow and light blue bars) to the unassisted condition (dark 
blue and green bars) for the lifting and carrying task (Task 2) (Table 2), VM RMSA was reduced by 43.90% 
(p = 0.00003), RF RMSA by 37.78% (p = 0.003), and GM RMSA by 58.00% (p = 0.002); VM peak was reduced 
by 31.40% (p = 0.002), RF peaks by 31.30% (p = 0.0004), and GM peaks by 43.79% (p = 0.0002). The findings 
also show that exoskeleton support reduces average EMG RMSAs and muscle activity/activation peaks. The GA 
muscles show the greatest drop in muscular activity during Task 2, indicating that the exoskeleton assistance has 
the greatest impact on this muscle during the lifting/carrying task. Without assistance, GA and VM show strong 
activation peaks, whereas the RF shows the least.

A recurring action With dependent factors at three levels (EMG RMSA or Peaks at VM, RF, and GA) 
and independent factors at two levels (mode A, without Exo, and mode B, with Exo), ANOVA is utilized to 
ascertain the statistical significance of the effect of assistance on the fifteen participants. M (mean), MD (mean 
difference), SD (standard deviation from the mean), SE (standard error of the mean), and p (confidence level) 
are the statistical parameters that we specify. The null hypothesis regarding the influence of independent factors 
on dependent factors was rejected by the ANOVA at a 95% confidence level. With a 95% confidence interval 
for difference, a post hoc pairwise comparison using Bonferroni’s multiple adjustment for main effect shows a 
significant statistical difference between the types of help based on estimated marginal means. The EMG RMSA 
and EMG peaks for Task 1 show a significant statistical difference between the ‘w/o Exo’ and ‘with Exo’ groups 
(p = 0.00009). For Task 2, the difference in forms of assistance was found to be statistically significant for both 
EMG RMSA (p = 0.000006) and EMG peaks (p = 0.000005). Table  3 shows the overall pair-wise comparison 
(between modes) using Bonferroni’s adjustment.

The crossover design’s sequence effect (i.e., mode execution order—AB, BA) was not found to be significant 
in all movement tasks. A pairwise comparison with Bon-ferroni’s multiple adjustment revealed no statistical 
difference between the means of the sequences AB and BA for Task 1 (p = 0.807) and Task 2 (p = 0.526), implying 
that the order of execution had minimal carryover effect on the dependent factors or that the carryover effect 
had been significantly eliminated (see Table 4).

Fig. 4.  The protocol for the overview experiment for tasks 1 and 2. The lifting experiment is part of task 1, 
while the lifting and carrying experiment is part of task 2.
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Participants’ feedback
Participants rating of PME
Participants’ perceived musculoskeletal effort (PME) is measured via questionnaires presented after each task. 
Figure 8 depicts participants’ subjective ratings, including the mean score and standard deviation of PME. Error 
bars represent standard deviations from the mean. The subjective evaluation is conducted in comparison to the 
effort experienced without exoskeleton help.

As shown in Fig. 8a, b, all participants reported using less effort to finish the lifting and lifting/carrying job 
when utilizing the supported mode (“with Exo”) as opposed to the none-assisted mode ( “w/o Exo”). Actual 
mean score of participants’ perceived musculoskeletal effort under the assisted mode is given by (M = 26.9%, 
SD = 12.2%) for the lifting task and (M = 27.3%, SD = 14.8%) for the lifting/carrying task. These scores represent 
a mean reduction in participants’ effort of approximately 73.1% and 72.7%, respectively (Table 5).

Fig. 5.  Position of placement of the EMG sensors.
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Fig. 6.  EMG RMSA (dark blue and light blue bars) and Peaks (green and yellow bars) of the right vastus 
medialis (a), rectus femoris (b), and gastrocnemius muscles (c) for all 15 participants in the lifting task. Figure 
compares mean values attained in assisted mode (light blue and yellow bars) and unassisted mode (dark blue 
and green bars) of testing. Mean EMG RMSA and Peaks of all participants (Pavg) are shown on the right-hand 
side of each figure. Error bars indicate standard deviation of the mean.
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Fig. 7.  EMG RMSA (dark blue and light blue bars) and Peaks (green and yellow bars) of the right vastus 
medialis (a), rectus femoris (b), and gastrocnemius muscles (c) for all 15 participants in lifting and carrying 
task. Figure compares mean values attained in assisted mode (light blue and yellow bars) and unassisted mode 
(dark blue and green bars) of testing. Mean EMG RMSA and Peaks of all participants (Pavg) are shown on the 
right-hand side of each figure. Error bars indicate standard error of the mean.
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Participant rating of perceived onset of fatigue (POF)
In both tasks (lifting and lifting/carrying tasks), participants score of POF increase progressively from the first 
trial to the third trial of each task. Some participants however indicated no POF throughout the three trials of 
task repetition. For the lifting task, participants reported POF (on the hip/waist = 1, thigh = 1, and calf = 2) in 
the first trial without exoskeleton assistance. These rating increased in the second trial of task repetition (hip/
waist = 6, thigh = 6, Calf = 5), as well as the third trial (hip/waist = 11, thigh = 10, Calf = 11). Table 6; Fig. 8 presents 
a summary of results. There is no report of subjective discomfort (i.e. pain, numbness, etc.) on any region of 
the lower extremity by participants with and without exoskeleton assistance. For the lifting and carrying task, 
participants’ score of POF at the hip/waist is (1st_trial = 0, 2nd_trial = 3, 3rd_trial = 9, n = 15), score of POF at 
the thigh region is (1st_trial = 0, 2nd_trial = 2, 3rd_trial = 10, n = 15), and POF score by participants at the calf 
region is (1st_trial = 0, 2nd_trial = 3, 3rd_trial = 9, n = 15). When task is performed with the help of exoskeleton 
assistance, reports of perception of fatigue were significantly minimal on the three regions of the body monitored. 
Participants reported POF only in the third trial of tasks repetition at the (hip/waist = 1, thigh = 1, calf = 0) for 
lifting, and at the (hip/waist = 1, thigh = 2, calf = 0) for lifting/carrying (Fig. 9).

Discussion
The current study was designed to verify the research hypothesis that muscular activity, perceived musculoskeletal 
effort, and onset of fatigue of the lower extremity can be minimised by providing exoskeleton assistance at 
the hip and knee. Findings from this study show that providing exoskeleton assistance at the hip and knee 
significantly decreased muscle activity of the quadricep muscles—the rectus femoris and vastus medialis—and 
gastrocnemius muscle in both lifting and lifting/carrying task.

The exoskeleton control strategy and actuation mechanism for this study (which is based on amplifying 
wearers input joint torque) enable assistive torque for hip and knee extension during upward standing from 
squat-lift and during walking movement; and for hip and knee flexion during downward squatting movement 
and walking.

Task
Mode 
sequence MD SE Sig. (p < 0.05)

Lifting
AB BA 0.06 0.01 0.714

BA AB − 0.05 0.15 0.714

Lifting and carrying
AB BA 0.00 0.09 0.986

BA AB 0.00 0.09 0.986

Table 4.  Pairwise comparisons of sequence of mode execution in the crossover design with bonferroni 
adjustment (normalized).

 

Muscle

Lifting task Lifting and carrying task

Mode1 Mode1 MD SE Sig. (p < 0.05) Mode1 Mode1 MD SE Sig. (p < 0.05)

Right VM A B 0.14 0.03 1.0 × 10− 2 A B 0.15 0.02 3.1 × 10− 4

Right VM B A − 0.13 0.03 1.0 × 10− 2 B A − 0.15 0.02 3.1 × 10− 4

Right RF A B 0.10 0.02 2.0 × 10− 2 A B 0.13 0.04 3.0 × 10− 2

Right RF B A − 0.10 0.02 2.0 × 10− 2 B A − 0.13 0.04 3.0 × 10− 2

Right GA A B 0.11 0.04 4.0 × 10− 2 A B 0.17 0.04 2.0 × 10− 2

Right GA B A − 0.11 0.04 4.0 × 10− 2 B A − 0.17 0.04 2.0 × 10− 2

Table 3.  Pairwise comparisons of mean normalized EMG RMSA between the different modes with bonferroni 
adjustment. 1Mode: = A- w/o Exo; B- w Exo.

 

Task Measure

Vastus medialis (VM) Rectus femoris (RF) Gastrocnemius (GA)

Mode A (w/o 
Exo)

Mode B (with 
Exo)

% ∆ M∗ Mode A (w/o 
Exo)

Mode B (with 
Exo)

% ∆ M∗ Mode A (w/o 
Exo)

Mode B (with 
Exo)

% ∆ M∗

Lifting
RMSA (SD) 0.28 (0.14) 0.13 (0.05) 51.43 0.32 (0.15) 0.22 (0.11) 30.23 0.30 (0.13) 0.18 (0.06) 40.63

Peaks (SD) 1.00 0.39 (0.13) 60.63 1.00 0.65 (0.35) 34.55 1.00 0.59 (0.22) 40.74

Lifting and 
carrying

RMSA (SD) 0.34 (0.17) 0.19 (0.11) 43.90 0.34 (0.14) 0.21 (0.11) 37.78 0.30 (0.17) 0.12 (0.04) 58.00

Peaks (SD) 1.00 0.69 (0.31) 31.40 1.00 0.69 (0.31) 31.30 1.00 0.56 (0.21) 43.79

Table 2.  Summary of the normalized EMG RMSA and EMG peaks. Include means, standard deviations, and 
percent differences between the ‘w/o exo’ and the ‘with exo’ mode per muscles for all participants. * % ∆ M =
% muscle activity reduction = (EMG w

o
Exo − EMGwith Exo)/EMG w

o
Exo x 100.
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Fig. 8.  Participants perceived lower extremity musculoskeletal effort, PME (%), in (a) lifting task and 
(b) lifting/carrying task when assisted by exoskeleton. Subjective assessment is made in relation to 
effort experienced without exoskeleton assistance. Participant rating is based on the scale 0-100%. Mean 
musculoskeletal effort of all participants (Pavg) is shown on the right-hand side. Error bars indicate standard 
deviation of the mean.
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The quadricep muscles are the primary movers of knee extension belonging to the hip-flexor/knee-extensor 
muscle group. Exoskeleton assistance in this context assist the quadricep to relax from bent knee to full extension 
(leg swing and hip flexion) during walking and from squatting to standing during lifting which gives the user 
a significant feeling of support on the lower limb with less effort required. This study found (30–60%) decrease 
in the muscle activity of the quadriceps muscles. The result is similar to study by KIM, et al.41 which found a 
decrease in muscle activity of the rectus femoris by (11–49%) using a knee actuated exoskeleton that assist knee 
flexion/extension movement; as well as the study by Lenzi, et al.22 which found about 22.3% decrease using a one 
leg powered hip exoskeleton (ALEX II) that assist hip movement during walking. However, study by Frost, et 
al.42 found (counter-assistive) increase in rectus femoris during squat (29–47%) and Free style lifting (38–83%) 
using a personal lift assistive device (PLAD). The exoskeleton use a series elastic elements to reduce lumbar 
moment during lifting and bending tasks which seems to have no signifiant benefit for activities of quadriceps 
muscles (Rectus Femoris). Also, study by Sylos-Labini, et al.23 using an actuated hip and knee joint exoskeleton 
and LEE26 using waist/hip actuated exoskeleton found no beneficial impact on muscle activity of the quadriceps. 
The outcome of the study seems to be significantly influenced by exoskeleton usability, flexibility and comfort for 
the wearer. See Table 7 for comparison of results.

The gastrocnemius muscle is a prominent calf muscle of the tricep surae. It is a powerful muscle belonging to 
the knee-flexor and foot/ankle plantar flexion muscle group. In this study, exoskeleton assistance support knee 
flexion minimizing activity of the gastrocnemius by (40–58%) during squatting which for example give the user 
the feeling like falling effortless during squatting. Study by KIM, et al.41 and Lenzi, et al.22 also found similar 
benefit for the activity of the gastrocnemius muscles with exoskeleton assistance by about (11–49%) and 45% 
respectively.

Feedback from users or their perceptions of exoskeleton assistance when performing the delegated task is 
crucial. In the study, exoskeleton assistance is found to corroborate with participants’ rating of musculoskeletal 
effort with some participants rating their effort to be very negligible when assisted by exoskeleton. Also 
compared to no assistance, exoskeleton assistance is seen to prolong participants onset of fatigue where only a 
few participants reported fatigue during the third trial. These feedback is very important moving forward with 
industrial application of exoskeleton.

Overall, activities of the lower extremity muscles and the impact of exoskeleton assistance on these muscles 
is still largely under-studied. A comprehensive understanding of the activities of different muscle groups of the 
lower extremity in relation to the strategy of exoskeleton assistance is important for industrial application of 
exoskeleton for manual lifting/carrying activities.

Economic of the research
The sector of the economy (e.g. logistics, manufacturing, health and construction) that relied on manual process 
stand to benefit from this research. The research can provide economic benefit in such as a way that it has the 
potential to reduce cumulative trauma disorders and musculoskeletal disorders typically experienced among 
workers performing repetitive task such as lifting and carrying. Such kind of disorders reduces the productivity 

Body region Lifting Lifting and carrying

w/o Exo

Trials/POF rating 1st/(33%) 2nd/(66%) 3rd/(100%) 1st/(33%) 2nd/(66%) 3rd/(100%)

Number of participants who rated POF for the first time

Hip/waist 1 5 (6 − 1)* 5 (11 − 6)* 0 3 6 (9 − 3)*

Thigh 1 5 (6 − 1)* 4 (10 − 6)* 0 2 8 (10 − 2)*

Calf 2 2 (4 − 2)* 7 (11 − 4)* 0 3 6 (9 − 3)*

w/ Exo

Number of participants who rated POF for the first time

Hip/waist 0 0 1 0 0 1

Thigh 0 0 1 0 0 2

Calf 0 0 0 0 0 0

Table 6.  Summary of rating of participants onset of fatigue. Result show the number of participant who rated 
onset of fatigue on three region of the lower extremity recorded against the point or trial at which fatigue was 
first indicated. (x-y)* Subtraction is done to exclude participant who initially reported fatigue in 1st or 2nd trial 
from those who are reporting it for the first time in that specific trial.

 

Task

Perceived effort Wilcoxon negative ranks of main effect

Sig. (Z, p < 0.05)
% Mean (SD)
Mode A (w/o Exo)

% Mean (SD)
Mode B (with Exo) Difference of means (%) Mean (N = 15)

Lifting 100.0 (0.0) 26.9 (12.2) 73.1 8.0 − 3.43, 0.001

Lifting and carrying 100.0 (0.0) 27.3 (14.8) 72.7 8.0 − 3.42, 0.001

Table 5.  Wilcoxon rank score of exoskeleton effect based on subjective rating—summary of means, standard 
deviations, and mean rank of PME.
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of the workers, incur cost to the companies through healthcare services, compensation claims and lost of 
working days. Therefore, by reducing the muscular activity and fatigue or muscle activation, the exoskeleton can 
alleviate risk of injuries in the long-run, and consequently, reduces the company cost of healthcare services and 
compensation for workers. Workplace reduction of injuries by the use of exoskeletons can influence banking 
sector evaluation of corporate clients’ risk profiles especially for industries such as logistics, construction, and 
manufacturing. This means that low rate of injuries translate to low insurance premiums and few workers claims 
on compensation. The banks participating in partnership with insurance companies can benefit from more 
favorable actuarial models and reduced liability exposure likely leading to more competitive corporate banking 
packages.

This research demonstrated that participants perceived 73.1% lower physical effort during the use of 
exoskeleton and minimal fatigue even after repeated task trials. This finding indicate that employees can perform 
demanding tasks physically more effectively for long period while preserving physical well-being without 
compromise. In industries with high-demand where workers fatigue frequently contribute to reduction of output, 
the exoskeleton has the potential to significantly improve daily routine task and reduce the cost of mistakes or 

Fig. 9.  Number of participants experiencing fatigue on the (a) hip/waist, (b) thigh, and (c) calf region in lifting 
(left) and lifting and carrying (right) task involving three trials or repetition of the task.
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downtime which are typically caused by exhaustion or injuries. Therefore, enhancing labor productivity and 
efficiency of operations.

In societies where the aging population are increasing or where there are acute shortage of labor force, the 
exoskeletons can make older or physically less robust work-force of the population to continue to contribute 
in driving the economic sector in different roles especially in roles that are physically demanding. Therefore, 
preserving the labor force rate of participation in running the economic sectors and reducing the cost of workers 
re-training or replacement of injured workers. The industries that adopt technological measures for enhancing 
productivity such as exoskeletons are more likely to experience the retention of improved workforce, low level 
of absenteeism, and sustained operations. All of these factors typically affect cash flow and financial stability. For 
the banks that offer treasury services, lending of payroll or supply chain financing to these sectors, this translates 
into low risk and performing portfolios, more better.

From the viewpoint of macroeconomic, the massive acceptance and adoption of ergonomic exoskeletons 
has the potential to enhance national productivity and save cost of public health. Government can record a 
steady decline in disability as a result of sharp drop in workforce injuries. As such, reduces pressure on the 
healthcare systems. In addition, the study can support the growing of exoskeleton market, improving industrial 
diversification, encourage incease investment in research and development leading to creating new job 
opportunities especially in design, manufacturing and the maintenance of wearable devices. This makes the 
article not only relevant for occupational health but also impactful for economic development and technological 
advancement for competitiveness.

Limitations and future studies
A major limitation of this study is the number of muscles of the lower extremity that are monitored. Due to 
the convenience in the placement of EMG electrodes when users are wearing the exoskeleton suit, EMG data 
of only three muscles could be monitored with minimal interference either from the exoskeleton or the lifting/
carrying activity itself. Our future work thus aim to enhance the study setup to allow more EMG signals to 
be recorded from many muscles of the lower extremity including the iliacus, psoas, rectus femoris, sartorius, 
pectineus glutes, hamstrings, and lower back.

For future work, the authors also aim to study the impact of this lower extremity exoskeleton on lower back 
to expand the scope of application of the exoskeleton in the industry.

Another important future work is to understand the relationship between the amount of torque assistance 
provided by the exoskeleton compared to the amount of reduction in muscle activity to enhance formulation 
of specifications for the industry. In line with this, the authors also aim to study the impact of different control 
strategies on a given muscle group of the lower extremity to forge a clear path for understanding, specifying and 
standardisation control strategies for the industry.

Conclusion
In this paper, the effect of a wearable lower extremity exoskeleton on the lower extremity musculature for lifting/
carrying tasks have been investigated. The exoskeleton assistance is simultaneously provided on the hip and 
knee joint in a multi-joint actuation synergy during performance of the lifting and/or carrying task. Based on 
the current findings, the exoskeleton assistance impacted significantly on muscles of the quadriceps femoris and 
gastrocnemius as compared to most of the studies particularly on single joint hip assistance. Participant ratings 

Exoskeleton/device Activity Ref. Rectus femoris
Vastus 
medialis Gastrocnemius Remark

Exo for current study16 Load lifting and 
carrying 30–38% decrease 30–60% 

decrease
40–58% 
decrease

Exoskeleton is actuated at the hip and knee decreased 
activities of muscle group. Assistance is provided to 
assist both hip and knee flexion/extention

PLAD (personal lift assistive device) Squat and free style 
lifting

42

Squat: 29–47% 
increase and 
free style lifting: 
38–83% increase

Exoskeleton used elastic elements to reduced the 
lumbar moment during lifting and bending tasks but 
increased activities of Rectus Femoris

Passive lower-limb exoskeleton 
(Chairless Chair) Sitting 43 25% decrease No actuation

Passive Exoskeleton Lifting (squat, stoop, 
orientation)

44 21% increase No actuation. Exoskeleton uses semi-rigid bar and 
springs to support trunk and hip extension

Under Actuated Exo Walking and load 
carrying

41 11–49% decrease 11–49% 
decrease Actuation at the knee to assist knee flexion/extension

ALEX II (One leg powered hip exo)
Gait adapted walking pattern

Load-free walking 
exercise

Lenzi, 
et al.22 22.3% 45.0% Actuation at the hip to assist walking

MINDWALKER powered hip and 
knee joint

Load-free walking 
exercise

Sylos-
Labini, 
et al.23

0% 0% 0% Influenced by usability, flexibility and comfort.

Hyundai H-WEX waist/hip-assisted 
for low back assistance

Lifting task (loads of 
10 kg) LEE26 ~ 0% ~ 0% ~ 0% Actuation at the hip to assist hip-extensor/knee-

flexor muscle group

Table 7.  Comparison of current study with related study.
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of assistance from the exoskeleton (i.e., perceived musculoskeletal effort and perceived onset of fatigue) supports 
the possible use of exoskeleton to assist lifting and carrying jobs.

Data availability
The data is provided upon reasonable request. If someone wants to request the data from this study Dr. Sado 
Fatai should be contacted through abdfsado1@gmail.com.
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