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A Soft Pneumatic Exosuit to Assist Pronosupination

in Individuals with Spinal Cord Injury

Roberto Ferroni, Gaetano D’Avola, Daniele Filippo Mauceri, Chiara Pau,
Giorgia Sciarrone, Gabriele Righi, Jacopo Carpaneto, Marta Gandolla,
Giulio Del Popolo, Silvestro Micera, and Tommaso Proietti*

Forearm pronosupination is an essential movement for many activities of daily
living as it complements hand manipulation. Despite being highly impaired in
individuals with spinal cord injury (SCI), it is rarely assisted by wearable robots,
likely due to the challenging anchoring to the body and the risk of hindering hand
capabilities. Here, a lightweight (30 g) soft wearable robot is introduced to assist
pronosupination, employing a pneumatic fabric-based actuator that twists
around the forearm, without impeding hand movements. It is mechanically
transparent when unpowered but generates up to 122 N of force when inflated at
low pressure (70 kPa). The device is tested on 10 SCI individuals, showing
significant improvements in range of motion and reduced muscular effort.
Additionally, participants engage in a target-hitting exergame, achieving higher
scores and enhanced performance when assisted. The design potentially ensures
compatibility with other wearables, showing promise for integrated upper limb

of the spine, C1-C7—accounts for 47.2% of
traumatic SCI cases, often causing tetraple-
gia and life-threatening symptoms that inter-
fere with activities of daily living (ADLs).”
Unsurprisingly, individuals with cervical
SCI value restoring arm and hand function,
even partially, as their highest priority for
improving their quality of life.l®

Regardless of the impairment level, SCI
individuals need external assistance to com-
pensate for their deficits. While promising,
most technological approaches are not yet
viable solutions (e.g., electrical stimula-
tion):**! restoring arm and hand motor
function in high-level spinal cord injuries
remains elusive, requiring the challenging

assistance in individuals with neurological conditions.

1. Introduction

A spinal cord injury (SCI) is a devastating trauma—often traumatic
and in young adults—causing partial or complete loss of sensory
and motor function below the injury level.! SCI imposes a severe
physical, psychological, and financial burden on patients and their
families, with similar incidence across continents (54 cases per mil-
lion in the US, 66.4 in China, 77.8 in Germany, and 32.3 in
Australia)."! Cervical SCI—injury occurring at the cervical portion

coordination of multiple muscles across
joints (shoulder, elbow, wrist, and hand).!
Robotics, including wearable exoskeletons,
has shown promise to tackle multi-joint
assistance, but only a limited number of devices have progressed
to clinical testing for SCI or other neurological conditions.” When
focusing on distal joint assistance, we observe a large amount of
research targeting hand opening—closing support.®! Forearm
pronosupination critically affects the execution of many ADLs,
such as eating with a fork, opening a bottle, pouring water inside
a glass, or turning a doorknob, and naturally complements the
capability of the hand. However, robotic devices addressing assis-
tance to this degree of freedom (DOF) lack in literature. This is
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likely due to the complex anchoring of the robot to the human arm
to actuate this DOF, which often hinders the ability to grasp an
object, as most of the examples in literature require grasping a
handle.'*¢!

The limited number of designs that have been proposed to sup-
port pronation and supination of the forearm were mostly validated
on few healthy individuals, thus not making the leap to the real use
case.'” ! Those studies reaching clinical validation, instead almost
exclusively focused on post-stroke rehabilitation through rigid
end-effector-like robots.">'*?°34 Catalan et al. showed notable
results using a portable, wheelchair-mounted exoskeleton and a
brain—computer interface, that assisted multiple joints in the upper
limb (including pronosupination) of 10 neurologically impaired
patients (including SCI) during ADLs."*"!

From a technical standpoint, all these devices can output a con-
siderable torque, produce range of motion (ROM) that are compat-
ible or even larger than the biological requirement, and can detect
the user’s movement intention through electromyography,!'*-®!
electroencephalography,”®” or force sensors.***? The vast majority
is electrically actuated, requiring rails or rotation gears around the
arm, that limit the device’s compactness (a few hundred grams,
acting directly on the arm). In addition, a good amount of them
is equipped with graphical user interfaces aimed at making the
training more engaging by means of exelrgames.[l?"15 16,23,26]

In more recent works, research started emphasizing on light-
weight designs and portability as crucial features in the perspective
of an assistive paradigm, potentially unsupervised at home. For
example, Su et al*” demonstrated a cable-driven wearable skin
brace tested on 3 stroke individuals, and later evaluated the feasi-
bility (on 4 healthy participants) of a similar approach, combined
with a glove exosuit, aiming at expanding the hand grasping sup-
port over multiple forearm orientations.”” Balasubramanian
et al.* and Das et al.*?! instead used pneumatic artificial muscles
(PAMSs) to assist repetitive therapeutic tasks in healthy individuals.
Realmuto et al. proved the effectiveness of a fabric-based pneumatic
orthosis, both in healthy™** and in children with cerebral palsy,*"!
showing reduced effort in tracking a reference trajectory. Jeong
et al.*® proposed a wearable robot actuated by shape memory alloys
(SMAs), demonstrating enhanced pronosupination by <16° in 4
patients with stroke. Park et al*”! proposed an interesting design
using a fabric-based soft sleeve that can support pronation or supi-
nation. Even though this design was not evaluated neither on
healthy individuals nor or patients, they showed that it can provide
70N in traction force and 0.7 Nm torque when actuated at 50 kPa.

Here, we propose the design of a novel wearable robot that
actively assists the forearm pronation and supination, with a soft
and portable design that does not hinder hand grasping move-
ments, see Figure 1. The robot is pneumatically actuated, with ther-
moplastic polyurethane (TPU)-coated nylon air chambers twisting
along the forearm. This structure makes the device very lightweight
(30 g considering the worn portion only). Supplementary Video S1,
Supporting Information shows the donning of the robot and its
working principle. Earlier soft designs are innovative, yet each car-
ries a limiting trade-off: cable-driven cuffs are thin but still add
>130 g to the limb;*” lightweight pneumatic sleeves either require
high pressures (>400 kPa)**! or, while being promising, have not
yet been tested on human and lack data about comfort (i.e., maxi-
mum thickness when inflated);’*”! PAM-based devices, as the one
suggested by Das et al.**! remain quite bulky and weigh more than
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390 g; and the SMA-based wearable proposed by Jeong et al.l*"
exceeds 1.5 kg and operates at skin-side temperatures of ~65 °C.

By contrast, our textile actuator delivers clinically relevant
torque at only 70kPa, adds <50 g to the limb, all while leaving
the hand free. In this work, not only did we introduce the design
of the robot and its mechanical characterization—including
mechanical transparency validated on 5 healthy participants—
but we also assessed the robot-assistive efficacy by testing on
10 people surviving a cervical SCI. We quantified this assistance
both in terms of ROM and reduction of muscular activity
through a target-hitting exergame that was purposely developed
for this work (a classic Whac-A-Mole). Importantly, while the
robot can support both pronation and supination, our analysis
focused on supination as our participants (mostly all with
C3-C4 lesions) generally lacked active control of this movement.
Indeed, higher cervical lesions impact the musculocutaneous
nerve that acts on the biceps and supinator, while lower lesions
(level C6—C7) impact the median nerve, acting on the pronator
muscles.*®! Assistive pronation was therefore not tested in our
pool of SCI participants. However, the design is symmetrical for
both movements—the actuator needs to be attached to the palm
of the hand, instead of the back of the hand, and twisted around
the arm in the opposite direction of the supination—and we
expect a similar behavior in terms of performances. An interest-
ing and promising feature of the design is that its lightweight and
slim profile has potential for seamless integration with many
existing wearable solutions (e.g., traditional rigid exoskeletons),
potentially augmenting their range of action.

2. Results

We recruited 5 healthy individuals (2 males, 3 females; 27.6 £ 2.3
years old; weight, 63.8 &+ 16.3kg; height, 174.2+12.9cm) and
10 SCI individuals (10 males with a lesion between the C3 and
C7; 2 motor complete lesion; 54.3+11.9years old; weight,
82.3 £ 12.4kg; height, 178.7 £ 5.9 cm) to participate in a single-
session data collection using the proposed soft robot. Individual
data are available in Table S1, Supporting Information. After char-
acterizing the actuator mechanically using a universal testing
machine, the healthy participants performed a transparency test,
without wearing and wearing the robot powered off. Then, a test of
active ROM was also performed by the SCI participants, before
engaging with the custom exergame for 2 min. All tests involving
the SCI participants were performed in two conditions—robot off
and robot on—with randomization between the participants.

2.1. The Soft Actuator Can Produce up to 122 N at Low
Pressure, While Being Mechanically Transparent when Powered
Ooff

The results of the mechanical characterization of the actuator at
the universal testing machine are shown in Figure 2. As the
device is pressurized, each fabric chamber—sub-millimeter
thickness when uninflated—expands to only about 20 mm at
70 kPa pressure because the TPU-coated nylon fabric composite
is essentially inextensible in plane, this slight volume growth is
accompanied by a decrease in chamber width (Figure S2c,
Supporting Information), generating axial shortening that is
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Figure 1. Overview of the forearm soft robot, including the target-hitting exergame. A) The soft actuator vented (left, 0 kPa) and at maximum pressure (right,
70 kPa). When unconstrained, inflation to 70 kPa induces a contraction of 16.5% relative to resting length. When fully extended (0% CR), the actuator can
generate tensile forces up to 122.6 N. The shown actuator measures 44 cm with 11 air chambers of 5 cm width, but it can be easily customized to the body
characteristics of the user (time to manufacture below 10 min). B) Working principle of the forearm robot (supination mode). By inflating, the actuator gen-
erates a torque, causing the rotation of the forearm. The actuator is worn around the forearm using Velcro straps, attached both distally to a neoprene hand
brace, and proximally to a neoprene armband, positioned just above or below the elbow, depending on forearm length. An IMU is attached to the wrist and
measures the forearm pronosupination angle. C) Overview of the target-hitting exergame (Whac-A-Mole). On the left, the graphical interface that was shown to
the participant, which comprises 5 target positions (T1-T5) represented by dens; the target (the mole) appears randomly in one den at a time. The participant
controls the horizontal position of the cursor (the hammer) by changing the forearm angle (measured by the IMU). In the assisted condition, the participant
initiates the movement at their own pace as soon as the target appears, with the control algorithm detecting motion based on a customizable threshold for
forearm rotation velocity. Once detected, the actuator assists in reaching and holding the target. To score a point, the hammer must be held over the mole for
1's (minimum hold time). The blue progress bar provides visual feedback about the hold time for scoring a point. The cursor’s position relative to the target is
used to command the robot (inflate, vent, and close) in the assisted condition, supporting the participant in reaching and maintaining the target.

additive across the serially connected chambers. The soft actuator
can produce a remarkable traction force of 122.6 + 1.16 N at a rela-
tively low pressure of ~70kPa, when in a full extended configura-
tion (0% contraction ratio (CR)). A first-order least-square fit
confirmed that the force—pressure relationship is strongly linear
(mean R? across the tested CRs = 0.97), thus the total traction of
the eleven air chambers can be taken as the sum of the identical
single-chamber contributions. When using these values in a sim-
plified model of the interaction between the robot and the human
forearm (male, 1.85 m height, body mass index 23, see Figure S1,
Supporting Information), we estimated 2.2 Nm of max torque
production (again, when fully pronated). Despite these high
force/torque values, when powered off, the actuator is mechanically

Adv. Intell. Syst. 2025, 2500124 2500124 (3 of 12)

transparent i.e., it does not interfere with natural movements (see
Figure 3). Not only kinematically (no significant reduction in ROM
when powered off vs. when doffed, p > 0.05), but also from a mus-
cular activity standpoint (no significant increase in EMG at the
biceps or pronator teres, p > 0.05). This is due to the lightweight
nature of the actuator and its textile-based structure.

2.2. The Soft Robot Enhanced Active ROM and Reduced EMG
Activity in Individuals Suffering Cervical SCI

While mechanically transparent when powered on, the soft robot

can enhance active ROM and simultaneously induce the reduction
of muscle activity as measured by EMG. This is shown in Figure 3,
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Figure 2. Mechanical characterization of the soft actuator. A) The soft actuator mounted into a universal testing machine (Instron 5965, Instron
Corporation, USA). The eleven air chambers are clearly visible in the picture. As they pressurize, their volume increases while their width reduces, causing
a contraction over the whole actuator and thus a vertical pulling force. B) The quasi-linear force-pressure relation at given CRs. The actuator can produce
122.6 +1.16 N at 70 kPa, from a full extended configuration. C) The non-linear force—CR relation at set values of pressure.

with data from the 10 SCI participants. We observed +31.7%
improvement in active ROM (with the passive-triggered control)
from ~71.6° of supination to 94.2 when supported (p < 0.01).
At the individual level, apart from one participant who was able
to achieve almost 150° of supination unsupported, all of them
improved their ROM. The increase of ROM came together with
a significant reduction of 45.4% in the activity of the biceps muscle
(p < 0.05), mainly responsible for the supination movement. As
expected, the pronator teres, mostly responsible for pronation,
did not differ significantly in the two conditions. Importantly,
the values of maximum ROM for each participant were then used
to calibrate the exergame, that was thus customized for each par-
ticipant and for each condition (robot off, robot on).

2.3. Playing a Target-Hitting Exergame, SCI Individuals
Improved Their Performance Due to the Soft Robot

When engaged in the target-hitting exergame, SCI individuals
improved their performance, both at individual and group level
when assisted by the supination robot. As confirmation of what is
shown in Figure 3, we observed an increased ROM during the
game, too. Importantly, this did not come at the expense of a
worse time to target (no significant difference in the time elapsed
to reach the target angle between off and on conditions), nor to
muscular activity (no significant difference in biceps or pronator
teres EMG between off and on conditions, see Figure 4). This is
particularly significant considering that by calibration, the targets
in the on condition were placed at larger angles and thus, further
distance (@max assisted > 6, unassisted).
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Improvements were also observed when analyzing the game-
related metrics, such as the number of hit targets (+10.8%,
Figure 5a), with 6 out of 10 participants who improved their score
and 2 who scored equally in the two conditions (see Figure 5b).
Hold time (time over the target before granting the point)
improved significantly in one target only (T4, see Figure 5a).
We observed potential learning effects in few participants with
reduced hold time as they were playing the exergame, as shown
in Figure 5c.

3. Discussion

Forearm pronosupination is a critical movement that naturally
complements hand manipulation in the execution of many activ-
ities of daily life. This motion is often impaired in individuals
with neurological conditions, such as cervical SCI. However,
designing wearable robots to assist this joint is challenging; con-
sequently such devices are rare in literature.

Supplementary Table S2, Supporting Information collates
studies, presenting a total of 32 devices reported since 2003 tar-
geting the forearm pronosupination, either exclusively or as one
of the other DOFs assisted by the robotic system. Solutions that
have been validated on at least one participant have been reported.
Among these, the vast majority (84%) consists of rigid robotic sys-
tems (i.e., end effector-type robots (28%),122*! exoskeletons or
powered orthoses (50%),%****=2 robotic rehabilitation platforms
(22%)).[1316:5354 These devices appear much more powerful from
a mechanical performance standpoint, as they can output way
larger torques compared to the human joints’ biological needs:
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Figure 3. Transparency test with healthy participants and active ROM test with SCI participants. The soft actuator resulted in mechanically transparent,
not interfering with the natural ROM of the user when powered off. This was validated, both from a kinematic (no significant reduction in supination
angle) and a muscular activity point of view (no significant reduction in biceps or pronator teres EMG). When powered on, instead, the robot was able to
enhance the ROM of the 10 SCl participants (+31.7%, p < 0.01), as well as reduce the biceps activity (—45.4%, p < 0.05), which is the main responsibility
of the supination movement. As shown in the dashed gray box, for each participant, the max ROM reached in each condition was used to calibrate the
exergame before starting the 2-min session. Finally, a threshold on the forearm rotation angular velocity was adjusted to detect the patient’'s movement

intention, that triggered the robotic assistance.

for instance, compared to the normative joint torque required for a
healthy human being to carry ADLs (estimated around 0.06 Nm
for the forearm pronosupination motion),>* on average end effec-
tor-type robots are capable of outputting 9.8 Nm, rehabilitation
robotic platforms 3.2 Nm, exoskeleton frames 2.7 Nm. Some rigid
devices were used in clinical studies which proved that robotic-
assisted therapy is a viable option to traditional stroke rehabilitation,
showing significant clinical improvements of reduced spasticity,*!
improved standard clinical assessments, such as Fugl-Meyer
Score,*#7* or increased maximal voluntary strength in forearm
supinator muscles.®® Also, similar technology has been preliminar-
ily used with other neurological conditions such as Parkinson’s dis-
easel® or SCI (N=1 incomplete cervical SCI using the RiceWrist
exoskeleton®? or the RiceWrist-S).”

However, weight and size are still limiting factors when
discussing rigid exoskeletons’ accessibility. There are some
exceptions, as for the case of portable rehabilitation robots which
still require help to be carried around, but indeed provide valu-
able contribution for forearm or wrist training, that has been
shown to result in not significantly different rehabilitation
outcomes compared to a multijoint functional rehabilitation pro-
gram.’® These weigh on average around 5kg and are table-top
solutions. Also, some wearable rigid exoskeletons achieved
a remarkably low weight (SUE 0.56kg*” MAHI-EXO II
0.34kg,°!! SpringWear 0.5 kg),** but only one device has been
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evaluated in unstructured settings.”®! Interestingly, in a recent
survey,?? individuals living with impaired hand functionality
considered 200 g of additional mass onto their hand as a man-
ageable load and would feel a thickness superior to 3 cm on the
back of their hand as too bulky. These requirements set challeng-
ing thresholds for most robotic systems.

Factors such as comfort, portability, form factor, and weight,
pushed the development of assistive devices towards more soft
devices: the first one supporting pronosupination (together with
hand open/close DOF) dates back to 2018 (ForceHand Glove).[*’!
These pose other challenges, starting from their mechanical
characterization which is often not reported (only three out of
the five gave a measure of delivered torque)."*****! This is likely
due to harder modeling and thus, the need to experimentally
characterize the performance of the robots, without the possibil-
ity to derive it from the motors’ specifications and the transmis-
sion design choices. Notably, the usually much lower weight
reported for these robots (395 g on average) is related to only
reporting the actuator’s weight, excluding the actuation unit.
Only one group included the weight of the whole wearable sys-
tem, which comprised a backplate housing microcontroller,
motors, and battery (1.3 kg).[*” Moreover, only few systems have
been validated on healthy individuals, and even less tested on
patients in clinical settings (9 stroke,®” 7 children with CP,!*”!
3 stroke,[*” and 4 stroke)."*®!
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Figure 4. Kinematics and muscular activity during the 2-min exergame. The bar plots show target-dependent (T2-T5) metrics (supination angle, time to
target, normalized biceps EMG, and normalized pronator teres EMG) in both, unassisted (OFF) and assisted (ON) conditions. In the assisted condition,
we observed larger supination angles for each target (T2, +36.2%, p < 0.05; T3, +20.5%, p < 0.01; T4, +37.0%, p < 0.05; T5, +31.2%, p < 0.07).
Although the targets were placed at greater angular distances, this did not affect the time to target (p > 0.05) nor the muscles’ activity (p > 0.05).

Here, we introduced and demonstrated a new soft robot for
assisting the forearm movements by means of a textile-based
pneumatic actuator. Depending on the anchoring to the arm,
the robot engages one joint rotation or the other, thus pronation
or supination. However, due to the specificity of the participants
of this study, we mainly focused on the supination movement, as
much more affected.

We first showed that the textile-based design naturally pro-
vides the device with mechanical transparency, as demonstrated
by the healthy individuals not reducing their ROM or increasing
their muscular activity while using the robot in a powered off
condition. This is not only a distinct characteristic and advantage
of soft wearable robots over traditional rigid counterparts,/®*%%
but also a highly desirable feature for quantitatively monitoring
human movement, enabling unobtrusive assessments during
use.®” Then, we assessed the effectiveness of the support by
the robot on 10 individuals suffering from cervical SCI. We
showed that the robot can amplify the residual ROM of these
people (+31.7%) while also reducing the required muscular
effort on the biceps muscle, selected to better describe the
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supination movement through surface EMG recordings
(—45.4% with respect to the maximum voluntary contraction,
MVC). As expected, no reduction was observed on the pronator
teres which is, instead, mostly responsible for pronation move-
ments. The concurrent increase of ROM and decrease of EMG
activity is the result of the control strategy, as an increased ROM
would normally cause an increased EMG activity too. The robot
was indeed controlled by a passive-triggered strategy, engaging the
user to initiate the movement to start the inflation of the actuator
and thus the assisting torque. Noticeably, for most of the partici-
pants, the achieved ROM was closer to the minimum pronosupi-
nation angle necessary to perform common ADLs (4O°—140°),[64]
which underline the effectiveness of the robot. Seven patients
out of 10 reached an angle around 90° or above, which is sufficient
to assist common ADLs such as feeding, or using a smartphone.[”)
Despite improving (at least doubling their ROM when assisted),
this was not the case for the three other participants (S4, S5, S9),
who had particularly low baseline ROM (<25°). However, to boost
up the support by the robot, we could increase the number of air
chambers on the actuator, and thus the number of turns around the
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Figure 5. Performance-related metrics during the 2-min exergame. A) For each SCI patient, the time elapsed on average over each target (hold time, T2,
T3, T4, T5) before scoring the point, both in the unassisted (OFF) and assisted (ON) conditions. The minimum hold time (1 s) is shown with a dashed
line. Six patients out of 10 improved their scoring, while 2 reduced their performance when assisted by the robot. On average, participants improved their
scoring significantly (+10.8%, 11.1 not assisted vs. 12.3 assisted). Noticeably, healthy participants scored 10 hits min~' on average, regardless of the
condition (assisted or unassisted). B) Comparison of the hits by each patient in both unassisted and assisted conditions. The dashed diagonal line
represents an equal hit count for the two conditions. Text labels aside each subject marker indicate their injury level and AlS score. The only two par-
ticipants who reduced their scores were the two hitting the largest number of targets unassisted (meaning the ones with the best baseline ROM).
C) Learning effect across target-hitting repetitions for two exemplar subjects (S1 and S8). Each subplot shows hold time for one target (T2-T5) as
a function of the progressive hit number. These two participants were selected because they scored >3 hits on every target in both conditions, enabling
meaningful linear regression of the available observations (shown as dashed lines, for each target and condition).

forearm. Both of these are simple design parameters to control,
without impacting the anchoring to the arm or the feasibility of
the approach. Indeed, one fundamental feature of the proposed
robot is the simplicity of the design and the inherently easy custom-
ization, together with a quick manufacturing procedure (within
10 min). For this study, we decided to use an unique actuator size
for all the participants—as an initial test of the device’s robustness;
future work will customize actuator dimensions to individual
anthropometry, ensuring an optimal fit and maximizing the effects.

After the ROM test, we asked the SCI individuals to play an
exergame inducing forearm pronosupination for 2 min. The
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game consisted of a custom version of the classic Whac-A-
Mole game, with four targets plus the baseline position calibrated
for each patient and for each condition (robot off, robot on). Not
only was the game positively appreciated by the participants com-
pared to the ROM task—based on verbal feedback gathered dur-
ing post session debriefings—but we were able to extract useful
ad-hoc metrics automatically synchronized with the data from
the sensors (kinematics from the IMU and muscular data from
the EMG). Once again, the robot demonstrated its efficacy in
supporting supination movements. We observed higher ROM
(when assisted, all the targets were significantly more distant than
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in the off condition) with no increase either in muscular activity,
nor in the time to reach the target (at a group level, within 2's
despite the target), and a decrease in hold time (the time to spend
over the target to score a point, especially for T4 and T5). Moreover,
we measured an increase by 10% on the final score (number of hit
moles) at the group level, with 6 out of 10 participants who
increased their score and only 2 who reduced their score when
assisted by the robot. Importantly, these two participants were able
to achieve remarkable high scores (20 and 19, in line with 10 hits
min ! performed by the five healthy individuals on average) when
not assisted, demonstrating their higher baseline condition com-
pared to the rest of the group. While only validated on a videogame,
these results are promising for future demonstrations in which
participants will be tasked with real ADLs and object manipulation.

Our robot can provide up to 122N of linear traction at
only 70kPa, with an estimated 2.2 Nm of maximum torque.
Although this torque value is derived from the actuator’s mea-
sured force—pressure behavior, it relies on a model that 1) treats
the forearm as a rigid elliptical cylinder, 2) simplifies actuator
action to tangential point forces along a uniformly wrapped heli-
cal path, and 3) neglects soft-tissue compliance, dynamic effects,
and contact variability. Consequently, the estimate may overstate
the true on-body torque—benchtop measurements often exceed
in situ performance due to unmodeled interface dynamics/®®—
and human-device interactions can further absorb part of the
generated torque.!*”) Nevertheless, this estimate provides a useful
order of magnitude reference. Future work will incorporate
direct in situ torque measurements to refine these estimates.
Another pneumatic actuator,*” which was evaluated in experi-
ments with 6 healthy participants, required around 700 kPa to
generate ~1.7 Nm of torque, which was intentionally lowered
down to 1.5 Nm because of mild discomfort reported during
experimentation. The same research group reported a subse-
quent iteration of their design and tested it with 7 children with
cerebral palsy,*”! showing improved weight (only 110g) and
lower maximum pressure (440 kPa) required to reach compara-
ble torque to their previous version. In Das et al.1** a couple of
PAMs required more than 400 kPa to produce <15 N of linear
force. These high-pressure values imply the need for stronger
and thus bigger compressors, which are the weak point for
any pneumatic technology targeting portability. Park et al.*”)
showed a similar design (despite different anchoring location
and air chamber shape), reaching up to 0.7 Nm at 50 kPa, but
they did not validate their actuator with any human subjects.
In another work, authors used shape memory alloys (SMA), pro-
ducing 0.5 Nm to improve ROM by <20° in 4 stroke survivors.!*®!
However, this solution required a current of 1.5 A to heat the
SMA coil springs, reaching up to 50 °C close to the skin (requir-
ing serious risk mitigation strategies to avoid hazard), for a
device weighing more than 1.5 kg (including a flexion actuator).
Our solution is lightweight (30 g on the arm) and thin—about
20 mm when fully pressurized, comfortably below the discom-
fort threshold reported by Boser et al.**—while remaining safe
and readily integrable with other technologies (e.g., robotic
gloves) as the anchoring leaves the hand and the elbow unen-
cumbered. While the presented design supports one direction
of movement (either pronation or supination), depending on
the anchoring, we produced an X-shaped version of the robot that
is capable of simultaneously assisting both movements
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(pronation and supination) without requiring redonning of the
actuator (see Figure S4a, Supporting Information).

Beyond the quantitative performance advantages outlined
above, the real-world benefit of a wearable actuator ultimately
depends on how reliably and comfortably it interfaces with
the limb. Improper donning can degrade the performance of
any wearable assistive device. In rigid exoskeletons, where pre-
cise joint alignment is paramount, even small misalignments can
restrict the user’s natural ROM, cause discomfort or injury, and
dissipate the intended assistive torque at the human-device
interface.*7% These challenges are not entirely eliminated in
soft robotic systems;'®”) however, the compliant fabrics used in
such devices conform to the underlying anatomy, thereby accom-
modating for some degree of variability in fit and mitigating
rigid-alignment issues.”! In our textile actuator, the traction
force is predominantly applied tangentially along the forearm
because the fabric sleeve is anchored to the limb via the
Velcro strap rather than through stiff, orthogonal linkages typical
of rigid frames.[°”! As Yandell et al.l”! noted, even in soft exo-
suits, a portion of assistive force can be dissipated through fabric
stretch and slip at compliant interfaces; we addressed this
by reinforcing the soft anchors along the major force paths.
Moreover, the torques exchanged at this single DOF are consid-
erably lower than those reported for rigid upper-limb exoskele-
tons, shifting the fitting challenge from user safety toward device
efficiency—a topic we plan to examine further once the system is
adapted for unsupervised use. Finally, weight, ease of donning—
doffing, and reliable fit are recognized determinants of user
acceptance.”! Although the present study controlled these fac-
tors by having a trained researcher perform each donning pro-
cedure, future iterations could integrate color-coded alignment
markers and dial-based quick-fit closures (i.e., BOA) to standard-
ize the placement, enable one-handed self-donning, and further
reduce the setup time; accompanying studies will quantify com-
fort and performance under these independent-use conditions.

From a control standpoint, the passive-triggered strategy, in
which an IMU detects user-initiated motion, offers a simple,
intuitive, and robust approach. Future iterations will implement
more advanced solutions, including performance-adaptive strat-
egies, that scale difficulty according to a participant’s previous
score and resistive modes that require the users to further engage
with the actuator in a rehabilitation outlook. The inertial sensor
can also be fused with other biosignals (e.g., surface EMG) to
speed up the dynamics of the controller and accommodate par-
ticipants with very limited residual volitational control. Beyond
the controller, coupling the textile—pneumatic actuator with
task-oriented virtual reality (VR) scenarios can deliver intensive,
repetitive practice with real-time feedback—an approach shown
to be feasible, safe, and at least as effective as conventional
therapy in SCI cohorts.”? Yet, only a handful of studies have
combined VR with soft robotic devices, and these remain at a
proof-of-concept stage,”*”*! leaving open the opportunity to dem-
onstrate long-term benefits of modular, lightweight actuation.
Unlike other conditions (i.e., multiple sclerosis)’*'—where
robot-assisted VR training has driven measurable increases in
functional performance—evidence for durable ADL transfer fol-
lowing VR training in SCI remains limited, underscoring the
need for larger studies.”®””!
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As a preliminary investigation, we observed potential learning
effects in two participants (S1 and S8) who were able to score
enough points in each target location. They were indeed becom-
ing faster in scoring a point while the game was proceeding. As
this is an expected behavior, given the short familiarization time
for the participant with both the robot and the exergame, in
future work, we will need to better study this phenomenon as
it could be used to optimally tune the difficulty of the game
in a rehabilitation paradigm, to maximize engagement and thus,
potentially rehabilitation.

This work represents a promising step further in the assistance
of individuals suffering from neurological conditions, such as cer-
vical SCI, using a soft wearable robot. While we discussed the need
for multi-joint assistance, we only presented a single DOF robot,
which clearly is a limitation of this work. However, as mentioned
above, the thin and lightweight design potentially allows for seam-
less integration with other technologies. As proof of concept, Figure
S4b, Supporting Information shows the integration of the prono-
supination X-shaped module with a soft robot assisting the shoul-
der elevation on a healthy individual. Another limitation is linked to
the sample size, with only 10 SCI individuals enrolled for the testing
protocol. Confirmation of the results on a larger cohort and possibly
on real ADLs would be necessary for strengthening our claims. Still,
enrolling 10 SCI participants is inline or beyond the current state of
the art for studies on soft wearables assisting any neurological pop-
ulation, in particular the few tackling SCI assistance.”’

4. Experimental Section

The Robotic System: The robot was composed of a soft actuation
module, a textile harness, an offboard controller, and an external laptop,
running a custom graphical user interface. A video showing the donning
and the working principle of the soft robot is available in the supplemen-
tary materials (Video S1, Supporting Information). The actuation module
was made of TPU-coated nylon sheets (Ariatex, DD Global Store, Italy),
heat pressed (160 °C, 170 s) together with a heat-resistant paper to form
the air chamber. The actuator measured &0.11 L of volume. It was first
attached distally to a neoprene hand brace with Velcro. It was then
wrapped around the forearm and finally secured proximally—just above
or below the elbow, depending on forearm length—using a Velcro strap
sewn onto a custom neoprene armband (DD Global Store, Italy). Both
the hand brace and the arm strap incorporated heat-bonded nylon-TPU
reinforcements on the neoprene to prevent stretch along the load paths,
thereby reducing loss of input power. See Figure S2, Supporting
Information, for the design of the soft robot’s air chamber, together with
the soft anchoring and close-up views of the contractile units making up
the air chamber. For this work, we saturated the pressure on the balloon
to a maximum of 70 kPa to avoid any rupture.

The actuator was automatically controlled in pressure by a custom con-
trol box, including two air pumps (SP 622 EC-BL-DUp-DV, Schwarzer
Precision GmbH, Germany), four miniature 2/2 normally closed solenoid
valves (2x GO68A319S1VOOF3 ASCO, Emerson Electric Co., USA, and 2x V2
model 14, Parker, USA), a miniature 2/2 normally closed solenoid valve
for the pump exhaust (LVM10R3, SMC Corporation, |apan), a microcon-
troller (Feather M4 Express, Adafruit, USA), and custom electronics
(see Supplementary Figure S3, Supporting Information). The portable
benchtop control box weighed 2.1 kg, measured 22 x 14 x 30 cm, was
wall-powered, and produced 52.0dB of ambient noise—peaking at
57.5 dB when the pumps were active. Noise measurements were taken
with a sound level meter (72-942, Multicomp Pro, USA) in a 42 dB noise
environment, placing the system’s acoustic emissions within the range of
a normal conversation.”® The microcontroller ran a low-level pressure
control loop (bang—bang with hysteresis) at 200 Hz, measuring the
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pressure in the actuators via pressure sensors (ABPDANVO60PGAAS,
Honeywell International Inc., USA). At the higher level, user intention
was detected via an IMU mounted on the forearm. The high-level control-
ler implemented a passive-triggered strategy. When the participant began
moving toward the target angle, the IMU detected the intention once the
forearm angular velocity crossed an adjustable threshold that was tuned to
the participant’s residual motor capacity. After this trigger, the controller
inflates, holds, or vents the actuator according to the real-time forearm
angle—shown as a cursor on the monitor—relative to the target angle,
thereby supplying assistance until the point is scored in the exergame.

The graphical user interface runs a custom version of the classic game
Whac-A-Mole. A simple target-hitting task was selected to minimize cogni-
tive load and isolate the functional effect of the pronosupination assistance,
while still providing an engaging, quantitatively scored benchmark. The
game was programmed in MATLAB2024a (MathWorks, USA) using real-
time information from the IMU (supination angle 6) to move the cursor
(ahammer) horizontally over the targets (dens). Starting from a resting posi-
tion (T1, 0= 0), to score a point (hitting the mole), the cursor needs to reach
the target (time to target) and then hold in position (hold time) for a mini-
mum of 1s. A vertical bar shows the elapsed time over the target. If the
cursor exits from an allowed range (16l < Orange, Where Grange is 2.5% of
the target angle), the hold time restarts. In the assisted condition, depending
on the position of the cursor with respect to the target, the interface sends,
via serial port, the input to the pressure control loop in the soft robot control
box. Once a point is scored, the actuator vents to allow the participant to
return to the resting position, after which a new target is presented.

Mechanical Characterization Protocol: The mechanical response of the
actuator was characterized by measuring its geometric and force-genera-
tion properties under controlled conditions. First, the actuator length was
measured when unpowered (Log, 0kPa) and fully powered (Lo, 70 kPa).
The resulting overall CR was used as a parameter in the subsequent stage
of mechanical characterization. Isometric tests were then conducted with
the actuator securely clamped within a universal testing machine (Instron
5965, Instron Corporation, USA) between a 1 kN load cell and the base plate.
The CR was incrementally stepped from 0% to 100% by increments of 10%.
For each CR, the supplied pressure was varied from 0 to 70 kPa by steps of
7 kPa, and the corresponding force was recorded using the load cell.

Human Testing Protocol: A total of 15 individuals (5 healthy and 10 SCI)
voluntarily joined a single-session study protocol. Informed consent was
obtained by each of them prior to participation. Data collection on the healthy
participants took place at the Biorobotics Institute of Scuola Superiore
Sant'’Anna, Pontedera (Pl), Italy, after approval of the testing protocol
(32/2023, 01/2024) by the Joint Ethics Committee of the Scuola Normale
Superiore and the Scuola Superiore Sant’Anna. Data collection on the SCI
participants, instead, took place at the Careggi University Hospital, Florence,
Italy, after approval of the testing protocol (35/2022) by the Politecnico of
Milan review board.

For all the testing conditions and participants, we measured EMG activity
with surface wet electrodes (Sessantaquattro+, OT Bioelettronica s.r.l., Italy)
in two muscles of the arm, respectively the biceps and the pronator teres.
Sensor placement was determined according to the recommendations on
surface EMG for the noninvasive assessment of muscle activity.”” EMG data
was sampled at 2 kHz, then bandpass-filtered (fourth order, 10-400 Hz), rec-
tified, and lastly lowpass-filtered (fourth order, 10 Hz). In the healthy cohort,
MVC was measured for each muscle as the mean value of the maximum
EMG across three consecutive isometric contractions performed while par-
ticipants held a cylinder fixed on a firm support, which provided resistance to
their pronation or supination motion. Normalized EMG was then computed
to allow inter-subject comparison. On the contrary, in the patient cohort, the
MVC was not performed due to the excessively fatiguing nature of the task for
these individuals. In this case, instead, the maximum contraction value for
each muscle across the whole testing session was used as MVC and then
normalized for inter-subject comparison. Moreover, we measured forearm
kinematics using one IMU (MTw Awinda, Movella XSens, The Netherlands),
following a standard sensor calibration routine. Kinematic data was sampled
at 200 Hz and lowpass-filtered by means of a complementary filter (smooth-
ing factor 0.7). All the tests were recorded with a camera for documentary
purposes (Hero10, GoPro, USA).
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The testing protocol with the healthy participants consisted of two con-
sequent exercises. First, in the mechanical transparency test, the two fol-
lowing conditions were evaluated and randomized among participants:
device not worn (no robot) and device donned and powered off (robot off ).
For the robot-off condition, a member of the research team fitted the
device to the participant’s dominant forearm while the participant kept
the limb relaxed; no fine arm or hand movements were required. A brief
familiarization session then followed, covering the actuation mechanism
and control strategy. During this familiarization, the device's pressure was
gradually increased toward the set saturation limit of 70 kPa or stopped
sooner if the participant reported any discomfort. Importantly, no partic-
ipants required the pressure to be limited below 70 kPa due to discomfort
or any other reason. The set pressure (70 kPa) was then used as the upper
limit for subsequent tasks; because this value was never exceeded, partici-
pant comfort was assumed to be safeguarded for the entire session. In
each transparency condition, starting from a rest position (forearm fully
pronated), participants were asked three times to supinate to their max
supination angle. After a 10-min break, participants were asked to perform
2-min exergame sessions aimed at providing a reference about the hit
count, to be compared with observations from the SCI patients. The tar-
get-hitting exergame (Whac-A-Mole) was played in the two following con-
ditions, randomized among participants: robot donned and powered off
(robot off ), robot donned and powered on (robot on). The target presen-
tation order was randomized as well. The score was not shown in real-time
in order not to bias the participants’ performance.

The testing protocol with the SCI participants was similar to the one
carried out with the healthy individuals. The same donning, familiarization,
and safety-pressure procedure was applied by a research team member.
Then, participants were asked to perform a maximum ROM task. Starting
from a rest position, they were asked to supinate to their max supination
angle for three times in both, robot off and robot on conditions (random-
ized among participants). Max ROM data from this test was used to cali-
brate the targets for the game (T5 = max ROM, the other equally spaced
with respect to the baseline and T5) in both, robot off and robot on con-
ditions. After a 10-min break between the tests, to avoid excessive fatigue,
participants were engaged in achieving their maximum score at the target-
hitting game for a total of 2 min. Again, the score was not shown in order
not to bias their performance. Two conditions (assisted vs. unassisted)
were randomized between subjects, and were separated by a 10-min break.
Moreover, the 4 targets were also randomized within each session. The
protocol ended after playing the exergame in both conditions, and the par-
ticipants doffed the robot with the help of the research team.

Statistical Analysis: Given the small sample size, a Wilcoxon signed-rank
test was used to compare the conditions (no robot versus robot off for the
transparency tests with healthy participants, robot off versus robot on with
the SCI participants). The significance level was reported when exceeding the
standard p-value of significance (p < 0.05, marked with a single asterisk *,
p < 0.01, marked with two asterisks **). The analysis was performed on
MATLAB.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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