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Abstract: Lower-back pain (LBP) is a major cause of occupational disability and morbidity. This
study investigates the effectiveness of a fabric-based pneumatic exosuit in reducing discomfort and
lumbar muscle activation in healthy individuals who are performing manual-handling tasks. The
suit combines the comfort of soft exosuits and the support of rigid exoskeletons. Ten healthy subjects
performed a circuit of lifting tasks, simulating manual-handling work, with and without AireLevate
support. We assessed the comfort levels and ease of task completion via a questionnaire after each
manual-handling task. There was no difference in spinal range of motion, local discomfort, or general
discomfort of activities with or without the AireLevate. There was a statistically significant reduction
in muscle activation of the erector spinae at the L-5 level with AireLevate support (p < 0.02). This
study demonstrates the exosuit’s ability in reducing lower-back muscle activation during manual-
handling tasks, while maintaining comfort and mobility. Practitioner summary: We developed a
soft exosuit which was shown to significantly reduce the muscle action of the erector muscles of
the lumbar spine. In addition, participants perceived that the suit was easy to use and did not limit
manual-handling tasks.

Keywords: exoskeletons; exosuits; occupational exoskeletons; back-support exoskeletons; lower-back
pain; work-related musculoskeletal disorder

1. Introduction

Lower-back pain (LBP) is a major cause of disability globally. It is also well-recognized
as an important factor for disability and morbidity in various occupations [1–4]. In fact,
37% of LBP has been shown to be related to occupation, with work-related LBP estimated
to contribute to 818,000 disability-adjusted life years (DALYs) lost annually [5]. LBP has
also been a significant contributor to absenteeism rates. Previous studies indicate that 10.9
to 54.4% of healthcare workers with LBP took sick leave because of LBP [6,7]. The duration
of sick leave for 71% of these workers ranged from 2 to 30 days [8]. Some individuals may
even experience recurrent episodes of LBP. Approximately half of individuals with LBP
continue to experience either symptoms or functional limitations even after 1 year, thus
making it a chronic medical condition [9,10].

Spinal loading is a result of muscle forces that are required to counteract against
both gravitational forces on the upper body and the additional carried load carried by the
individual. This has been shown to be a significant risk factor for occupation-related LBP in
multiple studies. Risk factors for LBP at work include carrying heavy loads, work position,
repetitive actions, and the duration of work [11]. Despite technological improvements,
approximately 30% of workers continue to carry heavy loads at least 25% of the time at
work [12]. As the management of LBP may be challenging, and at times unpredictable, it is
vital to prevent the underlying etiologies of pain where possible [4,13,14]. Decreasing the
frequency and weight of loads reduces spinal loading and is an effective way to minimize
musculoskeletal injuries and hence LBP in the workplace.
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Back-support exoskeletons provide direct support to the back and have been gain-
ing interest as a viable intervention to minimize LBP in the workplace [15–17]. These
exoskeletons assist the wearer by providing back support during lifting, lowering, and
static bending, activities which can predispose workers to LBP [15]. Broadly, exoskeletons
can be classified as active (i.e., powered) or passive (i.e., not powered) [18–20].

Active exoskeletons are wearable devices that convert stored energy into kinetic energy
to aid the wearer in manual-handling tasks. Powered exoskeletons typically employ a
rigid frame around the wearer’s torso and thighs which is powered by rotary electric
motors placed concentrically on the hip joint [21–23]. A limitation of this configuration
is the necessity to position the motors precisely on the hip, increasing the width of the
exoskeleton and thus hindering its use in cramped workspaces. Active exoskeletons can
feature high torque outputs; however, these require complex control and power systems,
which increases their cost and weight significantly [23–25]. In addition, complex suits
might be limited to use by trained individuals.

Conversely, passive exoskeletons provide mechanical assistance using levers, gears,
and other mechanical components, without the use of a power source. Through this,
paravertebral muscles generate a smaller extension force during lifting and carrying, hence
reducing the mechanical load on the spine. However, as passive exoskeletons rely on the
energy provided by the wearer’s own movements to provide support, their support can be
limited by an individual wearer’s physical capabilities.

Gas or coil linear springs are widely utilized in several exoskeletons, both in the aca-
demic literature and in the commercial space [25,26]. The use of springs allows exoskeletons
to operate without control and power systems, but this requires the use of rigid structures,
which adds considerable inertia to the user and may even introduce discomfort. There is
thus an increased popularity of elastic band-powered exoskeletons that use a fabric struc-
ture intertwined with elastic bands that function similarly to rigid springs [26,27]. Aptly
renamed exosuits owing to a lack of a rigid skeleton, these fabric suits have minimal mass
and comfort penalties. However, the use of elastic bands limits their efficacy in providing
extension moments and limits their ability to support the back.

With all these limitations in previous iterations of exoskeletons, there has been in-
creased attention on hybrid active–passive pneumatic-driven exoskeletons [28–30]. They
are like powered exoskeletons in that they require the application of externally stored
energy to activate their pneumatic components, in this case compressed air. These activated
components then behave as passive members by leveraging on the fluid mechanics of air.
The compressibility of air facilitates human–robot interaction, and improves both comfort
and safety [31]. When compared to other active exoskeletons, pneumatic exoskeletons also
have a lower risk of malfunction. However, several pneumatic exoskeletons still feature
predominantly rigid components which make it difficult for them to synergize with the
body’s natural kinematics [20].

To address the current limitations of pneumatic exoskeletons, we developed the
AireLevate (Figure 1). The AireLevate is a 1.5-kilogram, fabric-based exosuit with an apron-
like form factor. It is primarily worn on the anterior side of the body and is composed of
a singular fabric plate on the torso which transforms into two pieces on the thighs. It is
secured to the body through straps located along multiple points on the torso and thighs.
The AireLevate is a pneumatically powered exosuit configured to operate as a hybrid active–
passive wearable exosuit. An experiment on healthy subjects was performed to ascertain
the AireLevate’s ability to provide support to the lower back. Subjects were instructed to
perform lifting motions, such as those performed in manual-handling tasks. The AireLevate
supports the range of motion (ROM) of the lumbar spine from approximately 90 degrees of
forward flexion to full extension of the spine. While it has a curved profile, its soft robotic
properties allow it to conform geometrically to whatever it is attached to. The AireLevate
was also designed so that the actuators are sufficiently restrained to the body, and thus
conform to the user’s body once worn securely.
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Figure 1. (A) The AireLevate. (B) Front view of the AireLevate as worn by the user. (C) Back view of
the AireLevate as worn by a user.

Surface Electromyography sensors (sEMG) were attached to measure muscle activa-
tion, while motion capture cameras were utilized to quantify subject movement to ensure
that the manual-handling tasks were performed consistently regardless of the presence of
the AireLevate.

The rest of this paper comprises four sections: (2) the Section 2, (3) the Section 3,
(4) Section 4, and (5) Section 5. The methodology includes Section 2.1 describing the
operation of AireLevate, Section 2.2 describing our experiment design, Section 2.3 our data
processing, and Section 2.4 our data analysis. Section 3 documents the results from this
trial. Section 3.1 contains the quantitative measures we picked up, Section 3.2 the range-of-
motion results, Section 3.3 reduction in muscle activation, and Section 3.4 differences in the
effect on the left and right sides of the body.

2. Methodology
2.1. AireLevate Operation

The AireLevate’s primary purpose is to provide support to the spine’s erectors. The
exosuit is equipped with pneumatic fabric bending actuators first presented in [32]. The
actuators follow a continuum trajectory when activated, curling into a circular profile after
injection of compressed air (Figure 2A). A pair of actuators is attached to the anterior
side of the AireLevate, with one actuator attached to each thigh and each side of the
torso. Activation of the actuator is performed by injecting compressed air from an external
source. (Figure 2B). When attached to the human body, the actuator’s curling motion is
prevented by the user’s body, and instead the curling motion is converted into a distributed
pushing force applied to a wide area of the abdomen and the thigh (Figure 2C). While
the compressed air bladders are on the anterior abdominal wall, this stored energy in the
air bladders pushes the torso into an upright position. This extends the flexed spine, and
reduces the effort of the spinal erector muscles, especially in the lumbar region of the spine.

The AireLevate’s actuators are configured to operate in a passive manner. They are first
activated through the application of compressed air. After this, the actuators are operated
passively by leveraging on the actuators’ natural mechanics. An inflated actuator’s force
naturally increases as it is folded onto itself [32]. The AireLevate is designed to leverage
this mechanism, forcing the actuator to fold onto itself as the user bends down. In this
manner, the suit’s force output is mechanically programmed to coincide with the increased
load on the spine and its erectors as the torso is flexed (Figure 2F). The suit’s force output
similarly decreases as the torso is extended.

There were no significant changes to the participant’s posture when not wearing the
suit compared to wearing it (Figure 2E vs. Figure 2F).
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Figure 2. The actuators installed in the AireLevate generate a pushing force that causes the AireLevate
to curl. (A) An inflated AireLevate creates a bending motion when unworn. (B) A pair of bending
actuators are placed on the anterior section of the torso (location highlighted in purple). Compressed
air is supplied externally and distributed to the actuators. Pneumatic tubes are externally located
and are shown in blue. (C) When worn, this curling motion instead translates to a pushing force to
the abdomen and thighs. The orange lines show the direction by which the actuators would curl if
the user’s body was not present. (D) A user is carrying a container without AireLevate assistance.
The brown arrow shows the force generated by the erectors. (E) A person bends down to pick up an
object without wearing the AireLevate. As the user bends down, the demand on the erector increases.
(F) With the assistance of the AireLevate, the demand on the erectors is reduced. The yellow arrow
shows the direction of the force generated by the AireLevate as a result of the body preventing the
actuators from curling.

2.2. Experiment Procedure
2.2.1. Participant Characteristics

Ten healthy subjects were recruited to participate in the experiment. Recruitment
criteria were restricted to subjects who had no pre-existing musculoskeletal injuries to the
upper body and had not undergone surgery in the prior 6 months. Upon arrival of the
subject at the testing site, they were briefed on the various aspects of the experimental
protocol. Written, informed consent was then acquired by a team member. Subjects had
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an average height of 1.7 m ± 0.08 m, an average weight of 66.4 kg ± 8.5 kg, and average
age of 26.5 years ± 2.3 years. All subjects wore the same exosuit for this trial to ensure
reproducibility of results.

2.2.2. Application of Suit and Sensors

Fitting of the suit on subjects was performed by the researchers to ensure consistency
of suit-fitting across subjects and prevention of interference of the suit with the sensors.
sEMG sensors (Delsys Trigno, Delsys Inc., Natick, MA, USA) were attached bilaterally at the
L1 and L5 spinal levels, corresponding with the muscle bellies of the iliocostalis lumborum
and longissimus thoracis muscles in the erector spinae muscle group. The sensors were
polled at a rate of 2000 Hz. Sensors were attached using SENIAM protocols [33]. The suit
was removed and the risk of movement artifacts in sEMG readings was further reduced
by applying kinesiology tape over the sensors and wrapped around the torso (Figure 3).
Passive optical markers were then attached on the back and the thighs. Markers were
placed on the C7 vertebra, T10 vertebra, on the left and right posterior superior iliac,
and on the lateral point along the midplane of the left and right thighs. Optical markers
were tracked by motion capture cameras (Vantage, Vicon) at a sampling rate of 100 Hz.
Maximum voluntary isometric contractions (MVIC) were then acquired using techniques
established by [34].
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2.2.3. Circuit of Lifting Tasks

The experiment was designed to simulate work typically performed by manual-
handling professionals [35] (Figure 4). Subjects were instructed to lift containers of varying
weights (5 kg, 10 kg, 15 kg, and 20 kg). The container did not have any handles or other
ergonomic features that aid lifting. At the start of each experiment, the subjects were
instructed to stand in front of a 40-centimeter-high wooden platform with the container
positioned on the platform. Subjects were instructed to grasp the sides of the container
with outstretched arms in preparation to perform a lifting motion; this was designated as
the flexed position. Subjects were then instructed to extend their lower back fully while
carrying the container; this was designated as the standing position. After a brief pause,
the subject was then instructed to lower the container back to its original position. One
set consisted of 3 repetitions of lifting the box up from the platform and lowering the box
back to the platform. Subjects started with a 5 kg container for the 1st set; subsequent sets
increased container weight by 5 kg until the subject performed a 20 kg set.
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Figure 4. The supported lifting motion is shown. (A) Sets start in the flexed position. (B) The
container is raised to the standing position (C) and is returned to the flexed position. The user is
instructed to release the container.

Each set was performed twice, once with AireLevate support (powered sets) and once
without AireLevate support (unpowered sets). Half the subjects performed the experiment
starting with powered sets while the other half began with unpowered sets. Subjects were
given a 20-minute period to rest between powered and unpowered tests. The AireLevate
was pressurized to 150 kPa for supported sets.

At the end of each set, the participant was verbally asked to give a rating about their
discomfort while performing the set. The purpose was to ascertain if use of the AireLevate
introduced any perceived penalties to the comfort of the user. A rating of 10 corresponded
to minimal discomfort whilst 1 corresponded to the worst discomfort they had faced prior
to this experiment. Two discomfort measures were obtained: general discomfort and local
discomfort. General discomfort pertained to any discomfort perceived throughout the entire
body except the lumbar spine while local discomfort focused on the lumbar area only.

In addition to discomfort levels, participants were assessed on task difficulty
(10 corresponding to an easy to do and 1 being very difficult, the overall suit comfort
(10 corresponding to minimal discomfort), the overall ease of donning and doffing the suit
(10 corresponding to minimal difficulty in donning and doffing the suit, and 1 correspond-
ing to a very difficult application), and the design of the suit (10 corresponding to a very
well-designed exosuit, and 1 corresponding to an extremely poor design).

2.3. Data Processing

sEMG data were processed based on recommendations outlined in [36]. EMG wave-
forms were passed through a 20 Hz high-pass, 80 dB impulse response filter. Power line
interference was removed by a 48 Hz–52 Hz band stop filter with a 60 dB impulse response.
The signal was then rectified and outliers with values greater than 150% of the top 75th
percentile were removed. The trajectory of the participants was used to generate RMS
measures of the EMG. Envelopes were extracted through a 500-wide sample, moving RMS
window. EMG waveforms were then normalized using the measured MVIC of each subject.

2.4. Data Analysis

The torso’s trajectory was determined by creating a line segment between the midpoint
of the left and right posterior superior iliac makers, and the marker on the T10 vertebra. The
ROM of the thoracic spine, from fully erect to the lowest carrying position, was determined
by comparing the angle between the flexed position and the standing position. Trajectory
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data were used to segment processed EMG waveforms into lifting and lowering segments.
The RMS value of each lifting segment and each lowering segment was used as the primary
measure for muscle activation. The results from left and right EMG sensors were combined
by calculating the mean of the RMS values of the left and right L-1 and L-5 sEMG readings.
Separated left and right sEMG sensor readings were also analyzed.

The RMS values for each segment and for each weight were then averaged, and the
relative differences between supported and unsupported sets were determined. Metrics
were tested for normality, and then statistically compared through Wilcoxon Signed Rank
Tests (alpha = 0.05). Results for qualitative measures and measures for muscle activation
were depicted in the form of box plots. Statistical significance was set at p < 0.05.

3. Results
3.1. Qualitative Measures

There was no statistically significant difference in the general discomfort and local
discomfort of participants while performing the test with and without AireLevate support
(Figure 5). Likewise, participants did not have difficulty with wearing the suit.
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Figure 5. Box plots of qualitative results. (A) Results for general discomfort. (B) Results for local
lumbar spine discomfort. On the y-axes, 10 corresponds to minimal discomfort and 1 to maximum
discomfort during the lifting and lowering activities.

3.2. Range of Motion

Time series results for a representative subject lifting the 20 kg weight are shown in
Figure 6. Results showed that use of the AireLevate did not result in any significant change
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in the user’s range of motion (ROM) when performing lifting tasks, with an average change
in ROM of 4%. Participants who donned the AireLevate were able to perform all the lifting
activities while maintaining their spinal curvature, as depicted in Figure 2, and there were
no observable changes in posture during the lifting tasks.
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Figure 6. Time series data showing a subject’s torso angle and Raw EMG readings on the Lumbar-5
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3.3. Reduction in Muscle Activation

Figure 7 shows the summarized results of the experiment, separated into lifting and
lowering motions. The results revealed that the AireLevate significantly reduced the muscle
activation of the erector spinae on the L-5 region; all L-5 results were statistically significant
(p-value < 0.02). Lifting motions showed average reduction of 27%, 35%, 29%, and 29% among
all subjects for 5 kg, 10 kg, 15 kg, and 20 kg lifts, respectively; lowering motions showed
average reduction of 31%, 37%, 31%, and 31% for 5 kg, 10 kg, 15 kg, and 20 kg lifts, respectively.
There was no statistical difference in muscle activation in the L-1 region with or without the
suit. While 20 kg lifting and lowering motions exhibited statistically significant results for the
L-1 region, the reduction was relatively lower, with lifting and lowering motions exhibiting
4% and 5% reduction, respectively. The consistent reduction in muscle activation is due to the
passive nature of the air in the device. The suit’s force output corresponds with the increased
load on the spine and its erectors as the torso is flexed, and there is a proportionate increase in
output based on the load borne by the erector spinae muscles.

The results also highlighted the consistency at which the AireLevate is able to provide
assistance throughout a wide range of loads. Figure 8 presents the EMG results against
the carried weight. While 10 kg lifting showed maximum reduction for both lifting and
lowering motions, the range of the assistance provided did not vary significantly across
various load levels. The suit exhibited average assistance levels between 27% and 35% for
lifting motions and between 31% and 37% for lowering motions. The results appear to
indicate a relatively better performance of the AireLevate in supporting lowering motions.
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3.4. Effect on Left Side and Right Side

Comparisons between left and right side sEMG signals show a significant difference
in the level of assistance between the left and right side of the body (Table 1). Left L-5
readings showed that the AireLevate was able to generate 63% of assistance for both the
lifting and lowering of a 10 kg load; however, this support was reduced to 9% and 14%,
respectively, on the Right L-5 during lowering motions. There is also no trend between
level of support and weight lifted.

Table 1. Relative Change in the Separated Left and Right sEMG readings from the L-5 region.

Lifting Motions Lowering Motions

Weight Left L-5 Right L-5 Left L-5 Right L-5

5 kg −54%
(0.01)

−9%
(0.01)

−50%
(0.02)

−19%
(0.01)

10 kg −63%
(<0.005)

−9%
(0.03)

−63%
(<0.005)

−14%
(0.09)

15 kg −61%
(<0.005)

0%
(0.07)

−61%
(<0.005)

−4%
(0.07)

20 kg −55%
(<0.005)

−7%
(0.14)

−56%
(<0.005)

−8%
(0.15)

Values in bold exhibit p-values < 0.05. p-values are in parenthesis.

4. Discussion

This study provides insight on the impact of a pneumatic powered exoskeleton on
manual-lifting tasks in a controlled setting. Our study revealed that the AireLevate signifi-
cantly reduced muscle activation at the L-5 region of the thoracolumbar spine, especially
on the left side of the body. The AireLevate also did not impede the user’s range of motion,
nor was there significant discomfort when using the suit.
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While pneumatic exoskeletons typically use rigid frames to provide support, the
AireLevate exosuit utilizes pressurized air within its flexible fabric actuators. Due to its soft
robotic nature, the suit’s actuators fit closely to the contour of the body in both its deflated
and inflated state. They can perform effectively without the need for precise alignment
between the joints and the actuators. These features reduce the mechanical impedance
of the exosuit and preserves the user’s range of motion. Traditional exoskeleton power
transmission systems, which predominantly employ rigid components, typically require
precise alignment between the suit’s and body’s kinematic chains. A suit which does not
impede the range of motion of a wearer would be easier to implement on the ground as
workers would not have to change their current working postures when assisted by the
suit [37]. User comfort is similarly paramount; exoskeletons which impose significant com-
fort penalties to the user will reduce adoption, regardless of their ability to provide support
to the body. The AireLevate’s fabric design minimizes any user discomfort, allowing the
user to perform their tasks in a more natural manner and with minimal impediment; these
attributes will help boost its adoption rate. We acknowledge that there appears to be a
ceiling effect for our comfort scores in this pilot study as participants gave high comfort
scores without wearing the suit. However, similarly high comfort scores when wearing the
suits led us to conclude that the suit in its current iteration does not affect the comfort of
users when performing manual-handling tasks.

Simultaneously, the suit was able to reduce muscle activation both for lifting as well
as lowering motions, especially at the L-5 region of the thoracolumbar spine. Moreover,
the results showed the suit’s ability to deliver the same level of efficacy regardless of the
load lifted by the user. This effect was more pronounced in the lower lumbar compared
to the upper lumbar regions. The AireLevate was able to achieve a maximum reduction
in L-5 muscle activation of 63%. However, the level of support measured was dissimilar
between the left and right sides, and the difference in left–right muscle activation was
more pronounced with the suit on compared to without the suit. Most individuals have
asymmetrically developed paraspinal muscles, with the left side usually being the weaker
non-dominant muscle group [38]. Thus, we hypothesize that the difference in level of
assistance for the left lumbar muscles compared to the right can be explained by an
asymmetry in muscle bulk for most individuals.

Despite this dissimilarity between left and right erector spinae muscles, the aver-
aged values still produced a 35% reduction in muscle activation. This indicates a robust
net effect on combined muscle activation of the left and right erector spinae. The reduc-
tion in EMG muscle readings is coincident with the literature. Among active exoskele-
tons, Glinski et al. [39] reported a decrease of 4.5% in muscle activation in the lumbar
region. The pulley-driven exoskeleton from [23] reduced erector spinae activation by
23.5%. Madini et al. [26] performed a similar study on commercially available exoskeletons
driven by gas springs and found that the Laevo™ exoskeletons and BackX™ exoskele-
tons produced trunk extensor muscle activation reductions of 10.4% and 17.3%, respec-
tively. Lamers et al. [27] performed a test on an exosuit driven by elastic bands and found
that it was able to reduce erector spinae activation by 16% when lifting a 24 kg weight.
Ide et al. [29] performed a test on the Muscle Suit exoskeleton powered by McKibben pneu-
matic artificial muscles; however, the authors did not normalize EMG readings, making
external analysis difficult. Nevertheless, these comparisons highlight the AireLevate’s
ability in providing increased support and assistance to the user.

By assisting the user’s erector spinae, the decreases in muscle activation at the L-5
region for both lifting and lowering motions indicate that the AireLevate can potentially
protect the wearer from developing LBP. Poor muscle tone and body posture predisposes
workers to LBP [40]. It is also known that loading of the erector spinae muscles leads to
compression of the spine, which can eventually lead to permanent LBP [41]. The reduction
in erector spinae muscle activation also reduces the spinal load; this effect will eventually
lead to a lower incidence of LBP. Therefore, the AireLevate has the potential to reduce
the prevalence of occupational LBP through the minimization of both acute and chronic
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LBP. If the suit is worn on a longer term, this can result in two forms of cost savings for
employers. First, there will be an increase in productivity if workers take fewer days of sick
leave for LBP [42]. While acute LBP might resolve in a few days, chronic LBP tends to have
a protracted course with longer days of absence [43]. Limiting the incidence of chronic LBP
would not just represent increased productivity from having fewer days of sick leave, but it
would also represent decreased healthcare costs. Workers who report sick less often would
have lower healthcare costs and hence represent financial savings for both employers and
insurers [44].

Moreover, reduced muscle activation correlates with decreased energy consumption
with all other factors kept constant [44–46]. The EMG findings suggest that the AireLevate
can potentially reduce energy expenditure during manual-handling tasks. This could also
represent an increase in productivity for users of our suit who are performing manual-
handling tasks. The suit would not only improve efficiency in terms of reduced sick days,
but reduced energy consumption would minimize productivity dips due to fatigue.

While our suit showed promising results in assisting manual-lifting tasks, there were
some limitations with our study. First, our sample size was small, hence making it challenging
to extrapolate the findings to larger populations. Secondly, our participants were young
healthy males. While this demographic might represent a high proportion of manual-handling
workers, the results might not be reproducible to other groups such as females and older
individuals. Furthermore, this study did not include participants who had existing or previous
musculoskeletal injuries or surgical intervention within the past 6 months.

There were some limitations to the AireLevate as well. Firstly, the exoskeleton only
supported the core muscles of the participant and did not cover the upper limbs. Previous
studies [47] have shown that supporting the upper-limb and shoulder muscles helps to com-
pressive loads on the lower back. However, other studies have shown the contrary, that upper
limb exoskeletons increase the load on the lumbar spine [48]. This increase can be attributed
to the added mass introduced by the upper-limb exoskeleton; a shoulder exosuit designed
similarly to the AireLevate will have minimal mass, minimizing its effect on the spine.

The study also highlighted limitations in the current design. The AireLevate is pri-
marily secured to the body through a series of adjustable straps buckled at the back. Such
a design could impose a number of challenges in a practical setting. Not only does it
extend the donning time of the exosuit, but it also hinders the rapid removal of the suit
in emergency situations. The current version also requires a permanent air tether during
operation, thus limiting the practical use of the suit in workspaces without readily available
air and power sources. Future versions place importance on the retention of compressed
air during extended operating periods.

5. Conclusions

This study identified that the AireLevate reduced muscle activation, mainly at the L-5
region of the thoracolumbar spine both for lifting and lowering activities, without worsened
general or local discomfort. This suggests the potential of the exosuit in mitigating LBP in the
workplace, where the carrying of heavy loads predisposes workers to high LBP risk. Future
studies should consider including more participants and an evaluation of the efficacy of the
device within actual workplaces; such a study may also expand EMG coverage to the entire
posterior shoulder girdle and posterior thigh leg muscles, include VO2 tests to further assess
energy expenditure, and add longitudinal tests to assess pain outcomes.
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