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Abstract

Stroke is one of the leading causes of long-term disability worldwide, often resulting in
motor impairments that limit the ability to perform daily activities independently. Conven-
tional rehabilitation exoskeletons, while effective, are typically rigid, bulky, and expensive,
limiting their usability outside of clinical settings. In response to these challenges, this work
presents the development and validation of a novel soft exosuit designed for elbow flexion
rehabilitation, incorporating a multi-wire Shape Memory Alloy (SMA) actuator capable of
both position and force control. The proposed system features a lightweight and ergonomic
textile-based design, optimized for user comfort, ease of use, and low manufacturing cost.
A sequential activation strategy was implemented to improve the dynamic response of
the actuator, particularly during the cooling phase, which is typically a major limitation in
SMA-based systems. The performance of the multi-bundle actuator was compared with a
single-bundle configuration, demonstrating superior trajectory tracking and reduced ther-
mal accumulation. Surface electromyography tests confirmed a decrease in muscular effort
during assisted flexion, validating the device’s assistive capabilities. With a total weight
of 0.6 kg and a fabrication cost under EUR 500, the proposed exosuit offers a promising
solution for accessible and effective home-based rehabilitation.

Keywords: Shape Memory Alloy actuator; exosuit; multi-bundle actuator

1. Introduction

According to the World Health Organization (WHO), approximately 15 million people
suffer a stroke each year worldwide. Of these cases, it is estimated that 5 million are
left with permanent disabilities, representing a significant burden for both families and
healthcare systems [1]. Similarly, the World Stroke Organization reports that more than
12 million people will experience their first stroke episode this year [2]. These data highlight
the magnitude of the problem and underscore the urgent need to implement effective
strategies for stroke prevention, early diagnosis, and treatment on a global scale.

When such neurological conditions occur, the affected individual often experiences
impairments in motor and sensory functions, vision, or language, which significantly
impact their ability to perform daily activities [3]. Depending on the severity of the
impairment, the person may become dependent on assistance from others.

From a diagnostic and therapeutic standpoint, rehabilitation exoskeletons have made
substantial progress in recent years. These devices enable repetitive, precise, and intensive
rehabilitation, providing valuable support to therapists by reducing their workload and,
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concurrently, lowering healthcare-related costs [4]. Nevertheless, exoskeletons still face
several technical challenges, such as power-to-weight ratio, safety and control, portability
and ease of use, comfort and adaptability, cost, and cognitive synchronization with the
patient [5]. One potential approach to addressing these challenges is to focus on the
development of soft exoskeletons, exosuit-type devices. These systems better adapt to the
patient’s biomechanics, minimizing movement restrictions and improving overall usability.

Focusing on the upper limb, numerous exosuit-type exoskeletons have been proposed
in recent years. In [6], a textile-based soft elbow exosuit is presented, incorporating an
adaptive mechanism and composite bellows designed to reduce mechanical resistance
and increase output torque during elbow flexion. Experimental validation demonstrated a
78.6% reduction in mechanical resistance and a 207% increase in output torque compared
to conventional designs, enabling full range of motion (0°-130°) and effective weight-lifting
assistance with reduced muscle activation. Nevertheless, being a pneumatic actuator, the
relationship between input pressure and output torque is inherently nonlinear, which
complicates accurate control and system modeling.

An exosuit actuated by pneumatic artificial muscles is also presented in [7] inspired
by the anatomy of the brachioradialis muscle and employing a pennate architecture. The
device achieves a maximum elbow torque of 9.15 Nm, covering a range of motion from 0°
to 120°. However, it relies on an external pneumatic pressure source and features a control
system based on fixed valves and pressure levels, which adds complexity to its operation.

In [8], the anchor point configuration for generating motion in a soft exosuit actuated
by a cable-driven mechanism was studied. This was validated using a test bench consist-
ing of two metal bars simulating the upper arm, forearm, and elbow joint. The results
demonstrate that increasing the distance between the cable guide and the elbow’s center of
rotation improves the efficiency of the exosuit by reducing the required muscle activation.

A modular exoskeleton for upper limb rehabilitation, combining rigid structures with
soft reconfigurable joints based on pneumatic chambers, was presented in [9]. The system
allows for adjustment of the range of motion and stiffness of each joint, and was validated
through tests with healthy users, demonstrating precise control and adaptability to dif-
ferent movement trajectories. Although each soft exoskeleton module is lightweight, the
complete system—including pumps, valves, and controllers—is bulky and uncomfortable
for prolonged use outside of the laboratory.

A textile-based soft exosuit for elbow rehabilitation was also developed, featuring a
lightweight and customizable modular pneumatic actuator [10]. The design achieves an
output torque of 7.18 Nm and a range of motion greater than 100°, validated through both
static and dynamic tests. The system aims to enhance comfort, safety, and effectiveness in
assisting elbow flexion movements in stroke patients.

Although most devices use cable-driven actuators or pneumatic artificial muscles, soft
exoskeletons actuated by Shape Memory Alloys (SMA) have also been developed [11,12].
One example is a soft elbow exoskeleton powered by SMA springs [13]. The device is
capable of generating a torque of up to 0.063 Nm and achieving a range of motion of up
to 60°. Another example is a soft exoskeleton actuated by an SMA coil spring bundle,
designed to assist elbow flexion and forearm pronation-supination. The device achieves a
maximum elbow joint torque of 1.96 Nm [14].

The main limitations of these devices—such as volume, weight, or, in the case of
SMA-actuated systems, reduced torque and speed—are directly related to the type of
actuator used. For this reason, this work presents a novel multi-bundle SMA actuator
for rehabilitation devices, featuring both position and force control. Additionally, the
proposed actuator is integrated into the design of a soft exosuit for elbow joint rehabilitation,
demonstrating its feasibility. The proposed design overcomes the current limitations of
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similar devices, achieving a maximum torque of 5.23 Nm and an elbow flexion range of
motion between 0 and 120 degrees.

This article is structured as follows. Section 2 presents the materials and methods
used in the study, including the biomechanical analysis of the elbow joint, the design of
the multi-wire SMA actuator, the electronic components, the exosuit construction, and
the control strategy. Section 3 describes the experimental setup and provides the results
obtained both on the test bench and with user trials. In Section 4, the results are discussed
in terms of actuator performance, user assistance, and design limitations. Finally, Section 5
outlines the main conclusions and proposes future lines of research.

2. Materials and Methods

This section details the biomechanical aspects, the design of both the actuator and the
exosuit, the electronics, sensors, and the control strategy implemented to achieve precise
tracking of the exosuit’s position and force.

2.1. Biomechanics

The elbow is the joint that connects the humerus (upper arm) with the radius and
ulna (forearm), enabling the hand to move toward and away from the body. This joint
exhibits two degrees of freedom (2-DOF): one for flexion—-extension and another for prona-
tion—supination. The angular range of motion for flexion—-extension typically spans from
0° to 150°, although the functional range required for performing activities of daily living
(ADLs) is generally between 30° and 120°. Regarding forearm rotation, average values are
approximately 71° for pronation and 81° for supination. In the context of ADLs, however,
the functional range is around 50° for both pronation and supination [15]. According to the
study presented in [16], for an individual weighing 80 Kg and 1.8 m tall performing elbow
flexion—extension at a frequency of 0.25 Hz, the required peak torque is approximately
3.5 Nm. In this case, it is assumed that the entire torque required to move the joint is pro-
vided by the exoskeleton, with no contribution from the patient during the movement. The
proposed design should exceed this torque in order to be capable of moving the patient’s
forearm when it is fully impaired.

2.2. Multi-Bundle SMA Actuator

An SMA is a material capable of returning to its original (trained) shape after defor-
mation when heated above its transformation temperature. This behavior results from a
reversible phase transition between martensite (at low temperatures) and austenite (at high
temperatures). The most commonly used SMA for actuation is Nitinol, a nickel-titanium
(Ni-Ti) alloy. Owing to its superelastic properties, Nitinol can withstand millions of de-
formation-recovery cycles, provided that the strains remain within its recovery range. In
this work, the Joule effect is employed to heat the material, converting electrical energy
into thermal energy, which is then transformed into mechanical work [17]. This type of
actuator has been previously employed in a range of applications, including prosthetic
hands [18,19], exoskeletons [20,21], aerospace systems [22], and robotics [23]. In the case of
the proposed actuator, no forced cooling or locking mechanisms will be used, in order to
maintain the simplicity of both the actuator and the overall system.

The actuator proposed in this work builds upon the previous study presented in [24],
which demonstrated the superiority of a multi-wire actuator with a novel strategy of control
activation algorithm compared to single-wire and conventional SMA bundle actuators.
This multi-wire configuration exhibited faster recovery to the initial position (in the cooling
stage) due to the use of an activation strategy in which three independent actuators are
alternately and independently activated. In this work, the proposed actuator consists of
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three bundled units, each comprising three SMA wires arranged in a parallel configuration

(see Figure 1).
Top section view
Screw 3- PTFE
- 1.525m 0.07°m  4.25m R
1- Endpoints 2- Bowden 4- SMA wire

Figure 1. Multi-bundle SMA actuator. Components: 1—Endpoint terminal connections. 2—Bowden
cables (one per bundle). 3—PTFE tubes (one per bundle for electrical insulation). 4—SMA wires
(three wires per bundle arranged in parallel).

In Figure 1, the SMA wires are shown in red, and each wire has a length of 1.85 m.
Inside each Bowden sheath (gray), there is a PTFE tube (yellow), which contains three SMA
wires arranged in parallel. The highlighted 0.075 m section represents the free zone (where
both the Bowden and PTFE tubes are interrupted), allowing the SMA to contract. The final
actuator consists of three parallel Bowden cables, each with a diameter of 6 mm. Each cable
includes its own PTFE tube and three SMA wires.

Each bundle unit consists of two terminal connectors that crimp the three SMA wires
and provide electrical connections, one metallic Bowden cable that transmits the force to
the target point, a PTFE tube that electrically insulates the Bowden cable from the SMA
wires, and three SMA wires with a diameter of 0.51 mm and an activation temperature
of 90 °C, supplied by Dynalloy Inc. Each SMA wire present a pull force of 34.91 N which
resulting a pull actuator force (each bundle) of 104.73 N. The pull force generated during
heating is calculated based on a stress of 25,000 psi (172 MPa), as specified in the Dynalloy
Inc. datasheet [25].

To properly characterize the required performance of the SMA actuator, it is essential to
consider the proportion of forearm and hand weight relative to total body mass. According
to the literature, the combined mass of the forearm and hand represents approximately 3%
of total body weight in men and 2.8% in women [26]. In our case, the experiments were con-
ducted on a male subject with a body weight of 80 kg, resulting in an estimated combined
forearm and hand weight of approximately 3.2 kg. Considering that the actuator applies
force at a distance of 0.05 m from the elbow joint, and accounting for angle-dependent
decomposition of force, the maximum required actuator force is estimated to be around
100 N, excluding the singular configuration at an elbow joint angle of 0°.

The total length of the actuator is 1.85 m, which, according to the Dynalloy datasheet,
can produce a displacement of 0.074 m. In the proposed actuator design, this displacement
is transmitted to the elbow joint, where an intentional interruption of 0.075 m (Figure 1) in
the Bowden cable and PTFE tube allows the motion to generate elbow rotation.

2.3. Electronics and Testbench

The control electronics consist of an STM32F4 microcontroller [27], responsible for
acquiring signals from various sensors, executing control algorithms, and communicating
with the user interface. To activate the SMA fibers, a Pulse-Width Modulation (PWM)
signal generated by the control algorithm is used to drive the power electronics through an
MOSEFET [28] capable of handling currents of up to 20 A.
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The elbow angular position was measured using an AS5045 rotary position sensor [29]
manufactured by ams AG. The sensor was mounted on a 3D-printed joint composed of
two segments, which can be externally attached to the proposed exosuit at the elbow joint
using Velcro.

Additionally, for force measurement, an FSR 404 sensor from Interlink [30] was used.
The sensor was placed between the actuator endpoints and the Bowden cable, sandwiched
between two metal plates with rubber layers on each side and the sensor in the middle. The
SMA wires passed through this assembly in such a way that, when activated, the pressure
between the actuator endpoints and the Bowden cable could be measured.

The control algorithms were initially tested on test benches that allowed both linear
and rotational displacement configurations, as presented in a previous work [24]. These
test benches were equipped with position and current sensors. The force sensor used in
the test bench was the same as the one implemented in the exosuit. The rotary test bench
consists of two aluminum bars representing the upper arm and forearm, connected by an
intermediate rotational axis that allows flexion—extension (1 DOF), abstractly simulating
the elbow joint with a single degree of freedom. The forearm section of the test bench
includes multiple holes for attaching weights, enabling the simulation of different torques
at the joint. Additionally, the elbow joint is equipped with a pulley to which the SMA
actuators are connected. The schematic of the rotary test bench and the actual test setup
can be seen in Figure 2.

i

Figure 2. Rotary test bench. (Left): Schematic representation of the test bench, where the actuators

are shown in blue, and the segments and joint of the test bench are shown in gray. (Right): Image of
the actual test bench setup along with its electronic components.

Additionally, to acquire the electromyography (sEMG) signal, a Quattro sensor with
four channels from the company Bioelettronica [31] was used. This sensor was connected
directly to the microcontroller via an analog port for sSEMG acquisition. Although the
sensor supports a sampling frequency of 1024 Hz, the data were acquired at 500 Hz. These
data will be used for muscle activity evaluation during the exosuit test.

2.4. Exosuit

The exosuit design considered several key aspects: a good fit to the human body, ease
of donning and doffing, user comfort, ease of cleaning, and the use of readily available
materials. Figure 3 shows the proposed exosuit design. It is based on a garment tailored for
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a unisex subject, along with a neoprene glove. The actuators were fixed (sewn) at specific
key points, including the arm region approximately 0.05 m from the elbow joint, as well
as on the forearm and the dorsal part of the glove. These key attachment points were
reinforced with adjustable fastening straps, which provide the mechanical link between the
garment and the actuators. These straps play a critical role in the exosuit design, serving
as the interface with the human body through which the actuators transmit force to the
forearm and upper arm segments. The farther the anchor point is from the elbow, the less
force is required from the actuator to move the joint, at the cost of a greater displacement.
In this design, since the SMA actuator provides a limited stroke, the anchor distance
was selected so that a maximum displacement of 0.074 m results in a 120-degree rotation.
Adjustable straps allow for slight repositioning of these anchor points. As a result of
the placement of these key attachment points, activation of the actuators (contraction)
mobilized the user’s elbow joint, producing a flexion movement.

Shoulder
brace =~ T T 7

Adjustable
support straps

Figure 3. Proposed exosuit design integrating the multi-bundle SMA actuator.

Additionally, to enhance the robustness of the system during activation, the shoulder
area was reinforced with an adjustable shoulder brace from the company Orliman [32],
made of neoprene.

To insulate the actuator endpoints, Kapton tape was used due to its high temperature
resistance of up to 350 °C. This tape was applied at both ends of the actuator.

The estimated weight of the exosuit is approximately 0.6 kg, excluding the electronics
and power source. The total weight, including the electronics, is approximately 1.55 kg.
Of this, 0.08 kg corresponds to the STM32F4 microcontroller, 0.04 kg to the power stage,
and 0.83 kg to the power supply (PLUS CP20.241) [33]. This low weight improves user
comfort and facilitates the medical rehabilitation process, while also enhancing overall
device acceptance.



Actuators 2025, 14, 337

7 of 16

2.5. Control Strategy

Due to the nonlinear characteristics of SMA wires—including hysteresis—the pro-
posed actuator exhibits nonlinear behavior, which necessitates the design of nonlinear
control loops. The behavior of SMA actuators is governed by thermomechanical phenom-
ena, making their response difficult to predict. While several studies have attempted to
model the behavior of SMA wires [34-36], these models are highly dependent on specific
wire characteristics and environmental conditions. In more complex actuator designs, such
as the one proposed here—where multiple wires are arranged in parallel, interacting with
PTFE tubes, and influenced by terminal constraints—the modeling becomes significantly
more complex and challenging to implement. For this reason, controller parameter tuning
was carried out on the test bench using the trial-and-error method.

The primary goal of the control strategy is to enhance the dynamic performance of
the actuator, particularly in tracking sinusoidal reference signals. To address this issue,
a Bilinear Proportional-Integral-Derivative (BPID) controller illustrated in Figure 4 was
implemented. This control approach is supported by findings in the literature [24,37] and
was selected as a compromise between performance and robustness.

'lf Linearized plant
Ra| + PID Vi) Bilinear | U [Nonlinear] Y&
controller > Compensator "1 plant —_ ]

-,

Figure 4. BPID controller for the proposed actuator.

Figure 4 illustrates the control scheme proposed for the actuator, which consists of
a bundle of three SMA wires. This control architecture enables both position and force
control, with closed-loop feedback based on either the elbow joint angular position or the
actuator force signal. In the diagram, R, represents the reference input, which can be
either position or force. The signal V|, corresponds to the output of the Proportional-
Integral-Derivative (PID) controller, while U, denotes the control signal modified by the
bilinear term. Finally, Y, represents the measured output, corresponding either to the
elbow joint position or the force measured by the force sensor.

The discrete equation (with a sample time of 0.002 s) (Equation (1)) of the bilinear

compensator is as follows:
U(Z) 1+ th(z)

= 7 1
V(z) 1-kz1Yz) @
where K} is the bilinear gain. The PID controller is defined by Equation (2):
1 N
V(z) = [kp +kiTsZ — + kg I |E(2). (2)

where K, is the proportional gain, Kj; is the derivative gain, K; is the integral gain, and E(z)
is the error.

In the case of the multi-bundle actuator, each bundle consists of three wires, and each
bundle must be activated sequentially. When one bundle is active, the other two remain at
rest. In the next cycle, the second bundle is activated while the remaining two are inactive,
and so on. This activation sequence selects the appropriate wire bundle based on an
internal counter and the reference signal, sending a PWM signal to the active actuator while
setting the PWM signals of the other two to zero. Based on this strategy, the control scheme
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was modified by adding a new block corresponding to the activation sequence selector
(Figure 5). The advantage of using a multi-wire actuator with sequential activation over a
single-wire actuator was demonstrated by the research group in a previous publication [24].
In this work, the multi-wire actuator is replaced by a multi-bundle actuator, which, due
to the presence of multiple wires arranged in parallel within each bundle, increases the
control complexity.

wlv ( Linearized plant
R(Z) & PID Viy Bilinear | U Activation .| Nonlinear Yz o
/=7 |controller Compensator| “l sequence plant i

Figure 5. BPID controller for the multiwire proposed actuator.

The BPID controller was tuned for the two proposed control strategies: position control
and force control of the actuator. In both cases, the trial-and-error method was used, and
the resulting controller gains are presented in Table 1.

Table 1. BPID controller gains.

Gain Kp Kd Ki Kb
Position 24 24 0 2
Force 8 0.075 0 1.2
3. Results

Prior to integration into the exosuit, the control algorithms were tuned and validated
using the testbench. Two different test benches were used for this purpose: one that
allows linear displacement, and another that simulates a joint, enabling the evaluation
of various actuator configurations, including an antagonistic setup. In this study, the
experiments were limited to the agonist configuration, as the exosuit is actuated only for
the flexion movement.

3.1. Testbench Results

The actuator (one bundle) was mounted on the linear test bench by fixing one end of
the SMA actuator to the movable part of the bench, where displacement can be measured,
and attaching the other end to the Bowden cable, replicating the same attachment method
used in the exosuit. With this configuration, different step inputs were applied to observe
the actuator’s response and to adjust the controller gains accordingly. The final response of
the actuator can be observed in Figure 6, where it tracks a series of random step inputs.

As shown in Figure 6, the largest position error occurs during the actuator’s cooling
phase, where the response depends on passive heat dissipation to the environment, without
any external forced cooling source. It is important to note that the SMA wire used in the
actuator has a diameter of 0.51 mm and, according to the datasheet, requires 14 s to cool
down and return to its original shape under a load of 1.424 kg. In this test, however, a
payload of 3 kg was displaced. On the other hand, during the heating phase—when the
controller actively drives the actuator—the steady-state error was approximately 0.03 mm,
which corresponds to an error of around 0.123%.
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Figure 6. Actuator response following step inputs.

In the same configuration, an FSR 404 force sensor was mounted at the free end of
the actuator. This sensor was previously calibrated using static weights to convert the
analog signal read by the STM32F4 microcontroller into force values in Newtons. For this
purpose, different weights were applied, and a relationship between applied weight and
sensor output data was established. The other end of the SMA actuator was connected to
a spring that deforms under the actuator’s force. The spring had an elasticity constant of
20 N/mm. As mentioned earlier, the control algorithm was modified to accept the required
force signal as the reference input, and the control loop was closed using the force sensor
signal. The controller gains were empirically re-tuned. Figure 7 shows the force response
of the actuator to a sinusoidal input signal.

——Force reference
—— Force response

1 | | | L
00 20 40 60 80 100 120

Time (s)

Figure 7. Force-controlled actuator response.

As shown in Figure 7, after tuning the controller gains, the actuator is able to track the
force reference. However, the force sensor signal exhibits significant noise, as no filtering
was applied prior to acquisition. For this reason, to avoid amplifying the noise in the
control loop, the derivative gain was significantly reduced. In this case, the error is more
pronounced at low force levels, particularly near zero, where the actuator is not under
mechanical tension—around 1.5 N. At higher force levels, such as 17.5 N, the error was
approximately 0.15 N, corresponding to 0.85%. Additionally, a slight discrepancy can be
observed during the cooling phase, where the actuator exhibits a slower response as a
result of relying on passive heat dissipation to the ambient environment.
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3.2. Exosuit Results

Following the tuning of the control algorithms on the test benches, the system was
implemented in the exosuit and evaluated through trials with a healthy participant, a
female subject, 35 years old, with the following upper limb segment lengths: 0.31 m
arm, 0.25 m forearm, and 0.155 m hand. It is important to consider that, in this case, the
load being displaced is the user’s own forearm, which varies depending on the elbow’s
angular position. Furthermore, during the recovery phase, depending on patient-specific
characteristics (such as body weight) and the elbow angle, the load applied during the
actuator’s cooling phase may fall below the minimum recommended by the manufacturer.
This is especially relevant considering that the actuator consists of three bundles, each
composed of three 0.51 mm diameter wires.

To highlight the difference in actuator response between a single bundle of three wires
and an actuator composed of three bundles (each with three wires) activated sequentially,
two separate position control tests were conducted: the first using the actuator with a single
bundle (see Figure 8), and the second using the actuator with three bundles (see Figure 9).

120

—Reference
—— Elbow joint position

100~

60— —

Position (degrees)

201~ —

| | | | |
00 20 40 60 80 100 120

Time (s)

Figure 8. Exosuit response when activating the actuator composed of a single bundle of three wires.

120

— Reference
—— Elbow joint position

100~

80— —

60— —

Position (degrees)

20— —

| |
0 20 40 60 80 100 120
Time (s)

Figure 9. Exosuit response with the proposed actuator composed of three bundles, each consisting of
three wires, activated sequentially.

In both tests, the system was required to follow a sinusoidal position reference ranging
from O (fully extended, considered the default state) to 120 degrees, with a frequency of
approximately 0.065 Hz (one cycle every 15.5 s). The user did not apply any force during
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the test. From the perspective of SMA wire dynamics, this is considered a high frequency, as
the manufacturer recommends 14 s solely for the cooling phase—implying a minimum of
28 s per full cycle. This frequency was chosen because it more closely resembles early-phase
rehabilitation therapy, which typically involves slow, repetitive movements, and it allows
for a clearer comparison of the performance between the two actuator configurations. It
is also worth noting that if a lower frequency were used, the position error would be
significantly reduced.

Figure 8 shows the exosuit’s position response while tracking a sinusoidal reference.
As previously discussed, the position error during the cooling phase is significant, reaching
up to 50 degrees in the first cycle and increasing with each subsequent cycle due to heat
accumulation in the Bowden cable of the actuator. After 115 s, the position error during
the cooling phase increased to 68 degrees. During the heating phase, the maximum error
was 8.3%.

The second test, in which the exosuit was actuated using the proposed configuration of
three bundles—each composed of three wires activated sequentially—is shown in Figure 9.
Each bundle of wires is activated for one cycle, while the other two are left to cool down
for two cycles. The duration of each cycle can be configured at the beginning of the test.
If more force is required, all bundles can be activated simultaneously. In this case, the
control system must be capable of synchronizing the activation of each wire bundle in
such a way that the transition from one actuator to another is smooth and does not deviate
from the reference trajectory. In this case, the position error decreased and did not increase
significantly over time, as observed in the previous configuration. An angular position
error between 36 and 45 degrees was observed, depending on which bundle was active
(bundles under lower mechanical tension exhibited better performance during the cooling
phase). During the heating phase, a similar position error of approximately 8.3% was
observed. However, a study of the selected gains on the test bench and their sensitivity in
the actual exosuit should be conducted. Nevertheless, due to the complexity of the design,
including its nonlinearities, and considering that the system will be tested directly on the
human body, this evaluation and subsequent gain adjustment would be challenging.

In both cases, the position error during the cooling phase could be reduced by intro-
ducing an actuator in an antagonistic configuration, which could assist in the recovery
of the agonist actuator. Another alternative could be the use of elastic elements, such as
springs or a silicone band, similar to the one proposed in [38], which could assist in the
recovery phase.

To demonstrate the force assistance provided by the exosuit, two tests were conducted
in which the muscle activity of the biceps was measured. In this case, one channel of
the EMG device was used, capturing the signal via an analog port. The EMG signal was
acquired at a sampling frequency of 500 Hz and then processed using a band-pass filter
between 20 and 250 Hz to eliminate low-frequency noise (e.g., from cable movement) and
high-frequency noise generated by the electronics. The 20-250 Hz range corresponds to
the frequency band where muscle activity is most significant. After band-pass filtering, a
50 Hz notch filter was applied to remove power line interference (50 Hz in Europe), and the
signal was then rectified by taking its absolute value. For improved visual interpretation,
the signal envelope was extracted using a low-pass filter at 6 Hz.

In both tests, the user performed three repetitive flexion—extension movements while
holding a 2.5 Kg weight. In the first case (see Figure 10), the exosuit was not activated, and
the user provided all the force required to move the joint. In this case, the envelope of the
SEMG reached values close to 60 units, with the highest peak observed during the first
cycle. A higher amplitude in the sSEMG signal indicates greater muscle activity, which is
directly related to the amount of force exerted by the user.
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Figure 10. Elbow joint angular position (top) and enveloped electromyography signal (bottom)
during the test without exosuit assistance.

In the second test, the user performed the same task—moving a 2.5 kg load through
flexion—extension—but in this case, with the exosuit activated, providing a constant as-
sistive force of 12.2 N. Figure 11 shows the user’s elbow joint movement along with the
enveloped sEMG signal. As observed, the amplitude of the sSEMG signal decreases to
approximately 40 units, indicating reduced muscular effort during the flexion movement.
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Figure 11. Elbow joint angular position (top) and enveloped electromyography signal (bottom)
during the test with exosuit assistance.

4. Discussion

Although exosuits do not restrict users’ movement as much as rigid exoskeletons, they
still present several challenges, particularly due to the need for flexible materials compatible
with the user, as well as lightweight and flexible actuators and sensors. Moreover, control
strategies for such systems are more complex due to their inherent flexibility.

In this work, the obtained results show that the proposed actuator, based on multiple
SMA wires, improves angular trajectory tracking at the elbow joint compared to traditional
configurations using a single wire bundle. During the heating phase, the position error
remained approximately 8.3%, while during the cooling phase, although the error increased,
the sequential activation strategy partially mitigated this effect.

Although the temperature of the SMA wires can reach up to 90 °C, the temperature of
the Bowden sheath reaches around 60 °C at the point where the SMA is in contact with
both the Teflon wall and the Bowden tube wall. This was measured through simulation
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in a previous study [39]. Nevertheless, the Bowden tube is never in direct contact with
the user’s skin, as it is enclosed within the exosuit. The most critical temperature point is
located at the elbow joint, where the wires are not protected by the Bowden cable. However,
during actuation, these wires will not come into contact with the exosuit due to the angle
formed by the elbow during flexion. In the future, this section will be reinforced with
improved thermal and electrical insulation.

sEMG tests demonstrated a notable reduction in muscle activity during assisted flexion,
confirming the exosuit’s real contribution in terms of physical assistance.

However, some limitations remain. The actuator’s response during the cooling phase
is still slow due to passive heat dissipation. This limits the maximum operating frequency,
restricting its use in activities that require higher dynamic performance or shorter rehabili-
tation cycles. To improve this response, the future integration of an antagonistic actuator is
proposed, which would actively support the recovery of the agonist actuator. This method
was previously tested in a rigid structure [39] and in flexible structures [40,41].

Additionally, the cost and weight of the exosuit are among the main advantages of
the proposed design. While the total weight of the exosuit is approximately 0.6 kg, the
fabrication cost of this prototype does not exceed EUR 500.

Table 2 presents a quantitative comparison between our proposed exosuit and several
representative elbow exosuits from the literature. The comparison includes key parameters
such as actuation type, maximum torque (or actuator force), range of motion (ROM), total
weight (or wearable component), and flexion speed (or maximum actuation frequency).
As observed, systems actuated by DC motors—often transmitting force through Bowden
cables—are significantly faster than those based on SMA, but are also heavier compared
to SMA or pneumatic exosuits (at least when considering only the wearable components).
In our case, one advantage of the proposed actuator is that the Bowden cable already
integrates the actuation mechanism, eliminating the need for a backpack-mounted DC
motor (and its associated weight), while achieving torque and force levels comparable to
those of DC motor-driven systems. On the other hand, pneumatic systems offer low weight
and fast actuation, but require a compressed air supply and precise position control.

Compared to other SMA-actuated exosuits presented in the literature, our system
employs bundles of SMA wires housed in Bowden sheaths. This configuration offers certain
advantages, such as providing more time for the SMA wires to cool down. Additionally, it
allows for a slight reduction in the overall weight of the device.

On the other hand, the length of the SMA actuators in our system is longer compared
to those that use SMA springs. However, due to the actuator’s flexibility, it can conform
to the shape of the human body—either by being sewn directly into the actuated suit or
coiled along the user’s back.

Table 2. Comparison with other rehabilitation devices.

Source Torque/Force Weight ROM Response Time Actuator

Our proposal 104.73 N 0.72 kg (wearing part) 0-120° 28 s/cycle SMA wires

[6] 2 Nm 1.3027 kg 0-130° - pneumatic

[7] 9.1 Nm 0.211 kg (wearing part) 0-120° - pneumatic

[42] 3.4 Nm 22kg 0-90° 424 deg/s DC motor

[43] 33N 2.013 kg 90-157° 1s DC motor

[13] 100 N 0.877 kg 0-80° 0.1Hz SMA springs

[14] 3 Nm 1.55 kg (wearing part) 0-120° - SMA coil springs

[44] 100 N 0.96 kg (wearing part) 0-90° 33s SMA springs
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5. Conclusions

A novel soft exosuit for elbow flexion rehabilitation was successfully developed and
validated, integrating a multi-bundle SMA actuator capable of both position and force
control. The proposed actuator configuration was compared with a single-bundle SMA
actuator, demonstrating that the multi-bundle system with sequential activation bundles
improved dynamic response. The exosuit design emphasizes user comfort, low weight
(0.6 kg), and cost-effectiveness (under 500 euros), making it a promising candidate for
future clinical applications. Despite the positive outcomes, the actuator’s cooling phase
remains a limiting factor. Future work will focus on integrating an antagonistic actuator to
enhance recovery dynamics and overall system performance.
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