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Abstract—The development of soft pneumatic actuators has
expanded their applications due to flexibility and adaptability in
wearable systems. Among these, flat inflatable artificial muscles
(FIAMs) show a significant potential for wearable robots designed
to assist body movements. While existing devices focus on support-
ing specific joints, an integrated system for multiple joints has not
yet been realized. This study introduces a fully soft wearable suit
incorporating FIAMs to assist lifting motions through combined ac-
tuation of the arms and back. The design and fabrication process of
FIAMs are described, along with a force estimation model adapted
for integration with the wearable suit. The experimental validation
demonstrates robust and consistent performance of FIAMs under
cyclic testing. The modular structure allows seamless integration
into the wearable suit, enabling active assistance for targeted mus-
cle groups. Human testing is conducted using weight-lifting tasks
to evaluate the suit. Muscle activation and respiratory indices are
measured to quantify the effects of the suit. The results demonstrate
a partial reduction in metabolic cost expenditure, indicating the
potential of this wearable suit for physical assistance in daily and
occupational tasks.

Index Terms—Soft robotics, wearable robotics, soft exosuit, lift
assistance, pneumatic artificial muscles.

I. INTRODUCTION

HE field of assistive wearable devices has witnessed sig-
I nificant advancements, especially with the integration of
various actuators [1], [2], [3], [4]. A notable development in
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Fig. 1. Integrated assistive suit equipped with FIAMs. Two parallel artificial
muscles are connected to the back, and another two are connected to the upper
arm, respectively. This suit is designed to support general lifting motions,
primarily utilizing the muscles of the back and upper arms.

this domain is the incorporation of soft actuators, which have
played a key role in the evolution of assistive devices [5], [6],
[7], [8]. The safe actuation and structural compliance make
soft actuators particularly beneficial in scenarios involved with
human interactions [9], [10], [11]. This is crucial for devices
aimed at supporting labor-intensive tasks, such as lifting heavy
loads, where safety and adaptability are key considerations [4],
[12].

Pneumatic artificial muscles (PAMs), a specific type of soft ac-
tuators, have become a promising solution for wearable devices
designed to reduce the need for human labor [13]. The ability
to generate forces comparable to human muscles, along with
their inherent flexibility, makes PAMs an ideal choice for such
applications [14], [15]. The development of assistive suits using
compliant actuation mechanisms, including soft pneumatic ac-
tuators [16], [17] and electro-pneumatic pumps [18], has shown
apotential in helping workers perform tasks more efficiently and
with a reduced risk of injury.

Among different types of soft pneumatic actuators, this
study focuses on flat inflatable artificial muscles (FIAM) [8],
[19], also known as pouch motor actuators [20]. The unique
attributes of these actuators make them an excellent choice for
actively supportive and assistive wearable devices. FIAMs are
extremely lightweight, consisting of a stack of multiple fabric
sheets. The components that supply pressurized air are also
light enough to be portable and easily integrated into the host
systems, i.e., wearable suits. In addition, they remain compact,
whether inflated or not, ensuring that the wearer’s workspace is
not disturbed. Furthermore, as no rigid components are required
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in general, FIAMs hardly have the risk of potentially harming
the wearer. Most importantly, they are capable of generating
substantial contraction force, making them a reliable option for
mechanisms for assistive or wearable devices.

Despite the efforts on improving the actuation perfor-
mance [19], [21], [22], challenges remain when integrating
them into a fully-soft wearable suit for simultaneous multi-joint
assistance. One major issue is the efficient positioning of the
actuator to support the desired muscle group without using rigid
frames commonly found in conventional exoskeletons, leading
to acompromise between comfort and performance. The anchor-
ing method thus becomes crucial to effectively transmit desired
forces or torques to the target regions. However, an emphasis on
effective anchoring can result in a device that is both heavy
and uncomfortable, posing a challenge for user wearability.
Enhancements in the anchoring suit could be realized by bal-
ancing the wearability with the actuator performance. Another
notable limitation of pneumatic actuators is the need for heavy
components to supply compressed air. Even though the actuator
itself may be lightweight and compact, the cumbersome supply
system often compromises portability and makes it difficult to
integrate actuators into wearable suits in an untethered manner.
Furthermore, wearable suits employing soft actuators sometimes
lack quantitative methods for evaluating their effectiveness.
Beyond assessing the actuator performance, muscle activation
and metabolic analyses are essential to providing a quantitative
index that measures the effect of wearing the system.

Addressing these challenges, we propose an assistive suit that
integrates FIAMs with a lightweight anchoring suit to actively
support lifting tasks. The modular design of the artificial muscles
allows for easy customization of the anchoring suits for various
tasks. We also developed a compact and lightweight air supply
system to maintain the desired force and contraction ratio of the
artificial muscles untethered. The anchoring suit, designed with
wearability and performance in consideration, can be equipped
with multiple artificial muscles. Our study extends to measuring
the electrical signals of the wearer’s muscles and the respira-
tory data during tasks to propose indices for interpreting and
estimating muscle usage and energy expenditure. These indices
aim to provide a quantitative assessment of the performance
of the system, offering a comprehensive understanding of its
effectiveness.

II. MATERIALS AND METHODS

A. Wearable Suit Design

1) Anchoring Harness: The suit was designed to assist lifting
motions, focusing on supporting the arm and back muscles.
It comprises two main components: the anchoring frame and
multiple FIAMs. Based on a prior design [23], the harness-like
anchoring mechanism uses straps and elastic bands to secure
key skeletal regions, providing fixed points to counteract forces
generated by the artificial muscles (Fig. 2). Anchoring regions
include knee bands covering the femur and tibia, a central waist-
band, and straps for the shoulders and forearms. Two parallel
straps running from the shoulders to the knees distribute the
load across the body. The design prioritizes minimizing weight
while maintaining functionality for lifting tasks. Non-stretchable
nylon webbing effectively transmits forces, while high-stiffness
rubber bands are used sparingly to avoid restricting natural
movement. The stiffness of these components, as well as their
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compliance, was carefully validated to ensure both effective
force transmission and wearer comfort based on prior user
studies [23].

2) Flat Inflatable Artificial Muscles: With the structure of the
suit established, the actuation part of the system was designed.
The FIAMs were fabricated using heat-sealing and laser cutting,
as shown in Fig. 3(a). They were made of two nylon fiber
sheets coated with thermoplastic polyurethane (TPU) (N210D,
U-LongTech) on both sides, with a thickness of 0.2 mm. The
TPU-coated nylon sheet was selected for its high tensile strength,
durability, flexibility, airtightness, and compatibility with ultra-
sonic welding, making it ideal for sustaining repeated actuation
cycles [19], [24]. This combination ensures a balance between
durability and compliance, critical for areliable actuation perfor-
mance. The thickness of 0.2 mm was determined as a trade-off.
While thinner material makes actuators more responsive but less
durable, thicker material provides greater strength but slower
actuation.

The heat-sealing process was conducted using a custom-
designed ultrasonic welding device with a 3 mm round-shaped
tooltip mounted on a motorized x — y — 2z stage, as shown in
Figs. 3(b). The predefined welding pattern ensured uniform
and robust seams for the FIAMs. To enhance contraction force
and achieve a higher contraction ratio, two FIAMs were joined
through additional welding, as shown in Fig. 3(c).

The dimensions of the artificial muscles, 100 mm in width
(D) and 400 mm in length (Lg), were selected to provide
sufficient coverage for the arm and back regions, scaled to match
the participants’ body for effective assistance. After fabrication
by ultrasonic welding, the artificial muscles were laser-cut to
remove excess material, as shown in Fig. 3(a). The welding
pattern is composed of rectangles with chamfered corners con-
nected serially. The chamfered corners reduce the undesired
wrinkles that emerge along the sides of the inflatable muscle.
Hence, the FIAM in an inflated state resembles a union of
cylindrical shapes as described in the following section. The
cylindrical shape of the muscles facilitated smooth contrac-
tion and minimal stress concentrations, ensuring even actua-
tion during operation. These material and design choices align
with those used in similar soft actuator developments, where
TPU-coated nylon sheets are valued for their versatility and
durability [24].

3) Integration of Artificial Muscles: Four artificial muscles,
comprising two for the arms and two for the back, were inte-
grated into the anchoring harness. Each arm muscle was affixed
to the anterior part of the upper arm, while the back muscles were
placed posteriorly near the hip to mitigate the lateral movement
of the hip during back extensions, as shown in Fig 2(a). Buckles
at both ends of the artificial muscles allowed for their easy
installation and replacement on the suit.

To make the assistive suit untethered, a control board, solenoid
valves, and a power source were designed to be integrated within
the central belt. A portable miniature pump (B2C-090V12AN-
03, Parker) was selected for the actuation of each artificial
muscle and able to provide a pressure of up to 20 kPa with a flow
rate of 9.5 L/min. To manage airflow the direction with only a
single pump, two 3-way solenoid valves (VK332 V, SMC) were
employed. The binary control of the solenoid valves alternates
between inflating and deflating the artificial muscles, enabling
directional control of the airflow. Unlike systems that passively
release air back to the ambient atmospheric pressure, this de-
sign actively redirects airflow, ensuring controlled deflation and
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The central figure illustrates the back and the front views of the suit when worn by the users. (a) Parallel artificial muscles were connected using

non-stretchable bands, designed as modular units for easy attachment or detachment from the anchoring suit. (b) Two artificial muscles extend from the shoulder
to the lower arm, with the actuators precisely aligned with the upper arm muscles’ contraction direction for efficient support. (c) Batteries and controller board are
attached to the central belt, making the system untethered. (d) The rechargeable battery pack and the miniature pump, along with the solenoid valves, are compactly

integrated onto the designed manifold and secured to the belt.
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Fig. 3. Fabrication process of a FIAM. (a) Two TPU-coated nylon sheets of
the identical size are aligned together. (b) A predesigned sketch of the artificial
muscle, with chamfered corners is patterned by ultrasonic welding for bonding
of the patterned trajectory. (c) Two identical FIAMs are aligned and fused by
welding additional horizontal lines.

precise adjustment of the contraction and relaxation phases of
the artificial muscles, as shown in Fig. 2(d).

The integration of these components into the central belt pro-
vides the benefits of portability, comfort, and usability, making
the system suitable for wearable applications. Unlike conven-
tional systems that often require external air supply or bulky
components [18], [20], this compact configuration allows the
suit to operate untethered while maintaining high performance

and reliability. Additionally, the modular design of the air supply
system simplifies the assembly and enables easy adaptation to
different wearable setups [16], [17].

A micro-controller board (UNO, Arduino) was incorporated
to control the pressure of the pump and the direction of the air-
flow through the valves. A 12V-6400 mAh capacity rechargeable
lithium-ion battery was connected alongside the microcontroller
board to the circuit, ensuring the operation of the actuators and
control components, as shown in Fig. 2(c). This placement not
only maximized the functionality but also allowed the wearer’s
freedom of movement, making the entire system self-contained
and efficient for practical use.

B. Characterization of Flat Inflatable Artificial Muscles

1) Axial Contraction: The axial contraction behavior of the
artificial muscles aligns with previously established models [19],
[22]. The relationship between axial force (F}) and internal
pressure is expressed using virtual work principles as:

—F,dL = PdV, (1)

where L is the actuator’s contracting length, and V' is the pouch
volume [25]. The axial force can be parameterized by 6 as:
av

cos 0
F.(0) = —Pd—L = LoDP 7

2

Authorized licensed use limited to: Seoul National University. Downloaded on May 18,2025 at 02:09:52 UTC from IEEE Xplore. Restrictions apply.



HONG et al.:

(@) (b)

Fig. 4. (a) The FIAM configuration during the pressurization and the prede-
fined parameters. (b) Detailed illustration of a single pouch, showing geometric
parameters. (c¢) The bending actuation of the FIAM on a curved surface.
(d) External forces and geometric parameters affecting a single pouch under
bending.

with strain e defined as:
lo — 1,

sin af
€= =21 -

le ab

3)

Using prior models [21], [22], a fitting coefficient o = 1.1
was applied for alignment with experimental data. The estimated

force £, is defined as a function of strain and pressure:
Fy=F(e, P). 4)

Numerical solutions for Fa were obtained using (2) and (3).

2) Contraction While Bending: The bending behavior of ar-
tificial muscles on curved surfaces was analyzed to derive the
relationship between the bending angle (6,) and the contraction
force (F}). Assuming constant curvature and identical deforma-
tion across three connected pouches, the effective bending angle
per pouch (0g) is:

(&)

where N is the number of pouches. The effective length (I.) in
bending is calculated as:

le =2(R+d)sinfg, (6)

where R is the radius of curvature and d is the offset. Using
(3), the strain allows estimation of horizontal force (F}). The
contraction force (F}) is then defined as:

Fy, = F,cosfp = F(ep, P) cosOg. @)

Experimental data confirmed the validity of (4) and (7), as
detailed in Section IV.
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C. Surface Electromyography (SEMG) Measurement

To evaluate the developed system objectively, we monitored
the muscle activation level and energy expenditure. By tracking
muscle activation, we aimed to quantify the extent of support
the suit provided to the wearer during the designed tasks.
The integration of the voltage levels measured from surface
electromyography (SEMG) on targeted muscles, known as the
integrated EMG value (iIEMG), served as the primary method for
evaluating muscle activation [26], [27]. The electromyography
(EMG) and the energy expenditure (EE) measurements were
employed to evaluate the system’s effectiveness in reducing the
muscle activation level and the metabolic cost during weight-
lifting tasks. Since these are standard evaluation techniques [28],
[29], their combined application in the context of a fully soft
assistive suit incorporating FIAMs introduces a novel frame-
work for performance assessment. This approach allows for a
detailed understanding of the system’s impact on muscle usage
and energy efficiency, supporting the feasibility of pneumatic
actuators for wearable applications.

The voltage from the target muscle was integrated over a
specified time window [t, t+T], represented by the equation

t+T
iEMG = / Vema(t)|dt, (®)
t

where Vg (t) was the voltage measured at time t. For inter-
participant comparison, the iEMG value was normalized as

, iEMG

iEMGN = —7 =[], ©)
with the reference voluntary contraction (RVC) representing the
peak voltage value of the EMG signal within all the measure-
ments. Prior to task initiation, each participant was fitted with
EMG measurement devices. The primary muscles monitored
are the erector spinae (ES), gluteus maximus (GM), and bi-
ceps femoris (BF), which were predominantly engaged during
weight-lifting activities.

D. Energy Expenditure

In conjunction with the muscle activation, a respiratory-
related index was measured. During the task implements the
oxygen volume inhaled per minute and weight (VVO3) and the
carbon dioxide volume exhaled per minute and weight (V C'O2)
of each participant were measured. Referring to the prior studies
that estimated the energy expenditure per minute (£ E'm) using
VOs and VCOs levels [30], [31], [32], calculated as a weighted
sum of these values, such as

EEmMm =16.89 VOy +4.84 VCO2 (10)

III. EXPERIMENTS

A. Actuator Characterization

To evaluate the axial actuation of the artificial muscles, two
sets of experiments were performed: one focusing on linear
contraction and the other on bending.

1) Linear Actuation of FIAMs: A tensile tester (34sc-1, In-
stron) measured the contraction force of the muscle generated at
various pressure levels, ranging from 10 kPa to 50 kPa with an
increment of 10 kPa. The force and contraction ratios were then
recorded under quasi-static conditions at a displacement speed
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Load Cell
MU
Fig. 5. (a) Experimental setup for characterizing the linear contraction of the

artificial muscle. The artificial muscle was pressurized at a constant pressure,
and the force generated was measured while the tensile tester head moved at
a fixed speed. (b) Experimental setup for the bending actuation of the artificial
muscle on a curved surface. The artificial muscle was anchored to a frame with
a rotational joint, with one end connected to a load cell.

of 0.1 mm/s, with a cyclic of 20 times at each pressure level, as
depicted in Fig. 5(a).

2) Bending Actuation of FIAMs: This experiment simulated
human bending motions using a single-joint aluminum linkage.
One end of the muscle was fixed to one link, and the other end
was attached to a load cell (RFT64-6A01, Robotus) anchored to
the second link. The load cell measured force during bending,
while an IMU (EBIMU-9DOF, E2BOX) recorded the bending
angle (), synchronized with the force data (Fig. 5(b)).

B. Clinical Test

1) Lifting Task Protocol: The clinical evaluation aimed to
assess the performance of the wearable suit with FIAMs during
a weight lifting task. Each participant lifted a 15 kg weight,
performing the task in three distinct phases: lifting, holding,
and lowering. Each phase lasted for 10 seconds, creating a
controlled cycle of 30 repetitions to ensure consistent and repeat-
able conditions across all trials. Participants were not provided
with specific posture instructions to allow for natural movement
patterns, reflecting realistic lifting scenarios.

The weight selection of 15 kg was based on research con-
ducted in the United States, which highlights that approximately
30% of occupational injuries are caused by manual handling
tasks involving weights around 23 kg [33]. This choice balances
the need for a meaningful load with the constraints imposed by
the device’s power output and safety considerations. Addition-
ally, the Institutional Review Board (IRB) required adherence
to safety guidelines to protect participants during human trials.
Allowing participants to lift significantly more than 15 kg would
not comply with these standards.

The participant group included five males aged between 20
and 30, representing a typical adult population with moderate
physical fitness. Each participant performed the task under three
conditions: lifting without wearing the suit (None), wearing
the suit but without actuation (Off), and wearing the suit with
the actuators fully engaged (On). The sequence of trials
for the three conditions was randomized for each participant
to minimize the influence of fatigue or adaptation on the results.
This procedure provided a robust dataset for analyzing the effect
of the wearable suit and actuation on lifting performance, muscle
engagement, and respiratory indices.
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Fig. 6. (a) Illustration of the timing schedule for the lifting task, showing
the sequence of lifting, holding, and lowering a 15 kg load over 10 sec-
onds alongside the corresponding artificial muscle actuation. (b) A participant
wearing the assistive suit performs the lifting task, equipped with EMG devices
and a respiratory mask.

2) Actuator Control Scheme: The back and arm FIAMs were
actuated in a synchronized manner, providing assistance during
the lifting motion and targeting specific muscle groups engaged
in the task. The actuation strategy, illustrated in Fig. 6(a), ensured
alignment with the participants’ natural lifting and lowering
movements. Inflation of the FIAMs required approximately
three seconds, a duration selected to match the actuator re-
sponse time and maintain stable force output. Deflation was
completed within four seconds, allowing a smooth transition
during the lowering motion while avoiding abrupt changes in
support.

The timing of FIAM activation was carefully synchronized
with the lifting and lowering phases of the participants’ move-
ments. Activation of the actuators was completed before the
“Lifting” signal, ensuring that full support was available as
the lifting began. This pre-activation phase ensured alignment
of the actuator’s force output with the initial effort required
for the task. Deflation timing was similarly adjusted to align
with the lowering phase, maintaining consistent assistance while
minimizing resistance. The structure of each lifting task fol-
lowed a five-second cycle, accommodating the inflation and
deflation phases and providing reliable assistance throughout
the experiment.

3) Measurement Devices: To assess muscle activation and
metabolic cost as described in Sections II-C and II-D, two mea-
surement devices were used. The SEMG devices (Trigno Mini,
Delsys) were affixed to the target muscles based on established
placement protocols [34]. These devices measured the electrical
activity of the muscles during the lifting tasks, providing data on
muscle engagement across different experimental conditions.
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Fig. 7. (a) Axial force vs. strain curves for the FIAM measured under five

different pressure inputs, with dashed lines representing prediction curves.
(b) Force measurements of the FIAM under bending deformation using the same
pressure inputs as in the axial deformation tests. (c) Axial force vs. strain curves
recorded during cyclic testing. (d) Maximum peak force degradation observed
throughout the cyclic testing.

Metabolic cost was evaluated using a respiratory gas analysis
system (K5, COSMED). The system recorded oxygen consump-
tion (V' O3) and carbon dioxide production (V CO,) wirelessly
during the task. The collected data were used to calculate the
energy expenditure per minute (/Em) based on (10), which
accounts for the respiratory exchange ratio (RER). The mask
was securely fitted to each participant to ensure accurate and
continuous monitoring of respiratory gases throughout the lifting
cycles, as shown in Fig. 6(a).

IV. RESULTS
A. FIAM Performance

The characterization results for both axial and bending exper-
iments are presented in Fig. 7(a) and (b), respectively, demon-
strating the performance and predictive accuracy of the devel-
oped model under different actuation scenarios.

For the axial contraction tests, the experimental results
showed strong alignment with the model predictions derived
from (3). Across the tested strain range of 0.1 to 0.43, the forces
generated at all applied pressure levels matched closely with the
theoretical estimates. The shaded regions in Fig. 7(a) indicate the
range of experimental variability, with an average force deviation
of 4.24 N between the experimental and model-predicted values.
The corresponding estimation error was calculated to be 8.72 N
on average, demonstrating a reliable force-strain relationship.
These results confirm the model’s ability to accurately capture
the behavior of the actuator under axial loads, ensuring consis-
tency in practical applications.
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The cyclic performance of the artificial muscles was further
evaluated under an actuation pressure of 50 kPa, focusing on
short-term reliability and repeatability. Fig. 7(c) and (d) illus-
trate the cyclic axial force-strain behavior over 200 cycles. The
maximum force degradation was observed to be minimal, with
areduction of only 1.52% between the initial and final cycles, as
shown in Fig. 7(c). The nearly overlapping force-strain curves
across the cycles indicate consistent performance, confirming
the actuator’s structural integrity and resistance to material fa-
tigue. Fig. 7(d) highlights the gradual reduction in peak force,
which suggests negligible wear and ensures reliable operation
over short-term repetitive cycles. These findings validate the
actuator’s durability under repeated use.

For the bending actuators, the experimental forces generated
during actuation closely matched the model predictions across
varying bending angles (6,) and pressure levels, confirming
the applicability of the force estimation model under geometric
constraints. The experimentally measured bending angles were
applied to (7), which predicted the forces with high accuracy. As
shown in Fig. 7(b), the average deviation between the measured
and predicted forces was 2.31 N, while the estimation error
averaged 1.73 N. These results indicate that the bending force
model successfully estimates the nonlinearities occured by the
complex geometry and the material deformation of the FIAM
during the bending, further demonstrating its robustness for
practical implementation.

Overall, the axial and bending characterization results estab-
lish the validity of the proposed models for force estimation,
their consistency across different loading conditions, and the
reliability of the FIAM during repetitive cycles.

B. Muscle Activation and Metabolic Cost Analysis

The analysis evaluated the impact of the assistive suit on
muscle activation and energy consumption during the lifting
tasks. The normalized iEM Gy values were calculated for all
participants, focusing on reduction ratios across three conditions
(None, Off, and On) of the suit and two separated phases (lifting
and lowering) of the task. Whereas EEm was calculated for the
entire task operation. Two key ratio indices were derived:

e <None-On>: represents the overall support from wearing

the suit and activating the artificial muscles.

e <Off-On>: reflects the effect of the active artificial muscle
support, excluding the passive benefits from wearing the
suit.

Table I presents the experimental results for all five partici-
pants, comparing i "M G 5 and EEm across the three conditions
(None, Off, and On). Missing data points are marked as “-”,
indicating failed measurements of i £ M GGy from the BF muscle
due to the EMG device interference caused by the suit.

Reduction ratios for iEM Gy and EEm across three target
muscles, three conditions, and two phases are summarized in
Table I. The values highlighted in green indicate decreases
in both indices for the <None-On> case. Notable reductions
in muscle activation were observed for participants 1, 3, and 4,
with significant decreases in GM and BF muscles for participants
3 and 4.

No significant differences were observed between the two
phases of the motion. Participants who exhibited reductions in
muscle activation tended to benefit during both the lifting and
the lowering phases. In contrast, participants such as 2 and 5 did
not show a noticeable effect from the suit’s assistance.
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TABLE I
CLINICAL TEST RESULTS FOR FIVE PARTICIPANTS
Participant 1 Participant 2 Participant 3 Participant 4 Participant 5
None Off On None Off On None Off On None Off On None Off On
= =
ES 6576 | 7496 | 6558 | 4775 F 63.10 | 60.33 | 7805 | 57.64 | 53.26 | 5285 | 8327 | 83.09 { 21.66 | 2198 | 4549
on
= = =]
E| GM | 7417 | 87.81 | 7589 { 2033 | 2113 | 2898 | 2582 | 1447 | 1522 | 2402 | 91.08 | 87.40 { 2224 | 2881 | 46.75
3 (=
< BF 2663 | 5031 | 5336 39.97 § 3899 | 37.87 { 3952 | 17.74 | 8.93
S
= =
_E w | ES 4237 | 4276 | 3744 | 2581 | 3601 | 4298 | 6577 | 4993 | 4828 { 6670 | 5746 [ 5747 [ 19.16 | 1834 | s50.21
= S 5
S| GM | 5737 | 4276 | 5899 | 863 | 1043 [ 1375 [ 1552 | 546 | 528 d 2020 | 5055 [ 5193 [ 1114 [ 1444 | 32585
=] — = —
- BF 2324 | 4131 | 39.46 61.98 | 6464 | 7659 | 57.66 | 76.95 | 42.96
EEm [kealmin kg] | 8227 | 7.340 | 8212 | 6.093 | 6.009 | 6346 | 7.751 } 8566 | 8.290 { 5541 } 5947 | 5558 { 7.690 | 8.002 | 6.824
<None-On> case reduction E <Off-On> case reductioni _______
(a) (b) and actuator control strategies to achieve consistent benefits
<None-On> <Off-On> across users.
20 .
< = A comparison between the <None-On> and <Off-On>
=) . . .
% * o cases revealed that reductions in metabolic costs were more
g 2 frequently observed. This indicates that wearing the suit with-
Q . . . . .
é | out actuation increased muscle activation and energy expendi-
S o 3 [_] o ture, likely due to interference with natural movements [35],
g u 5 [36]. In contrast, active assistance provided by the suit in the
= 10 = <Off-On> case partially assisted the lifting motion by reducing
I N s % s the activation levels of the target muscles.
AL PRIPUINCIPR I . - .
T T RT ]V ]T DL SR LR Ll b The results confirmed the feasibility of the suit in reducing
] ) o ] muscle activation and metabolic cost, although variations among
Fig.8. Decrease in EEm of the participants. Two comparison cases are plotted:

“None vs. On” in (a) and “Off vs. On” in (b). The “*” mark indicates the
participants who exhibited a reduction in metabolic cost.

For the <Off-On> case, reductions in i EM G 5 were more
commonly observed, as highlighted with red dashed boxes in
Table I. For participants 1, 3, and 4, most muscles showed
reductions in both phases. Reductions in EEm were observed
for participants 3 (3.22%), 4 (6.54%), and 5 (14.72%), as shown
in Fig. 8(b).

V. DISCUSSION

This work introduced a fully soft assistive suit integrated
with FIAMs, specifically designed for weight-lifting tasks. The
study included the design of the suit, integration of FIAMs,
and validation through human testing. The FIAMs, compliant
with the human body and capable of generating sufficient force,
were characterized for both linear and bending actuations. The
results demonstrated minimal errors, highlighting the potential
for practical applications with feedback control. Additionally,
the lightweight anchoring design ensured comfort and minimal
interference during use.

The experimental results revealed variations in the suit’s
impact on muscle activation and metabolic cost. Some partic-
ipants showed reductions in normalized EMG (:EM G y) and
energy expenditure (EEm), while others exhibited negligible or
inconsistent changes. Especially in <Off-On> case, participants
experienced reductions in EEm during both the lifting and lower-
ing phases, while participant 2 showed increased ¢ EM Gy and
EEm. This highlights the importance of tailoring the suit design

participants and muscle groups shows areas for improvement.
These inconsistencies suggest the need for further refinement
of the anchoring mechanism of the suit to ensure proper fit
and alignment for all participants. Poor anchoring or misalign-
ment may have contributed to increased effort or discomfort,
as observed in certain cases, and warrants careful consideration
in future examinations. Additionally, conducting more human
trials under controlled clinical settings is necessary to refine
the experimental methodology and validate the findings across
diverse users and conditions.

Expanding the participant pool will be essential to draw robust
statistical conclusions and establish reliable trends. However,
before scaling the study, it is crucial to conduct iterative testing to
optimize the suit design, particularly the anchoring mechanism,
and evaluate the performance across repeated trials. A detailed
analysis of the interaction between the suit and the human body
will help address variability and ensure consistent benefits for a
broader population.

Future work will include optimizing actuator control strate-
gies to improve dynamic responsiveness and adaptability. Fur-
thermore, expanding task-based evaluations, such as testing the
maximum weight-lifting capacity or the assessing long-term
usability, will help validate the functional benefits of the suit.
These improvements will enhance the system’s applicability in
real-world scenarios, including industrial lifting, rehabilitation,
and mobility support, while providing a foundation for more
extensive clinical trials.

VI. CONCLUSION

The development of our assistive suit, equipped with artificial
muscles, represents the progress in wearable technologies for
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assisting labor-intensive tasks like lifting. While the participant
sample size was limited, the result provides valuable insights
into validating soft wearable technologies. The future research
will focus on optimizing the anchoring suit for diverse users
and tasks, expanding the participant pool, and refining actuator
placement to enhance adaptability. This foundation paves the
way for broader applications in industrial, rehabilitation, and
mobility assistance settings, reducing metabolic cost and im-
proving performance.
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