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Abstract— Home-based rehabilitation is increasingly
recognised as a key strategy for providing continuous,
accessible and cost-effective therapies while reducing
dependence on specialised equipment and clinical supervision.
This is particularly relevant for musculoskeletal and post-
surgical rehabilitation. Extending functional therapies (e.g.,
mechanotherapy and heat therapy) to wearable platforms
requires compact, lightweight devices that preserve therapeutic
efficacy outside of clinical settings. This work presents the
concept and preliminary investigation of a fully textile,
programmable compression module that integrates localised
heating into a lightweight, compact architecture. The
system employs thermally activated twisted and coiled
polymer actuators (TATCPAs) for controlled compression and
embroidered hybrid resistive elements for efficient heating,
synergistically combining mechanotherapy and heat therapy
in a single wearable device for the first time. This proof-of-
concept consists of a single compact drive module, intended as
the basic building block to devise a fully functional wearable
system. This approach provides a scalable basis for extending
rehabilitation beyond clinical settings, facilitating accessible
home-based therapy.

Keywords—mechanotherapy, shape-memory polymers,
textile electronics, textile robotics, multimodal actuation,
wearable robotics, heat therapy

I. INTRODUCTION

Musculoskeletal (MSK) disorders, which encompass a
broad spectrum of conditions affecting joints, muscles, ten-
dons, and bones, represent one of the leading causes of
pain, disability, and reduced quality of life worldwide [1].
The World Health Organization estimated in December 2024
that over 1.7 billion people worldwide are affected by MSK
conditions. These conditions account for nearly one third of
general practice consultations and represent a major cause of
work absences, substantially impacting healthcare systems
and economic productivity [2]. Consequently, there is a
pressing need for accessible, non-pharmacological therapeu-
tic solutions that can be used both in clinical settings and at
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Fig. 1. Schematic view of the multimodal band illustrating the main
components.

home to support personalized rehabilitation and continuous
management of MSK pain.

Manual therapy, physiotherapeutic exercise, and thermal
treatments are widely recognized as effective for managing
MSK conditions [3], [4]. Heat therapy in particular plays
a central role, providing pain relief, reducing stiffness and
muscle spasms, and promoting local circulation [5]. Sim-
ilarly, mechanotherapy, defined as the therapeutic use of
mechanical stimulation to promote tissue repair or maintain
homeostasis, has emerged as a cornerstone in rehabilita-
tion medicine [6], [7]. By eliciting mechanotransduction
responses at the cellular level, mechanical cues such as
compression massage, or stretching can help modulate tissue
regeneration, and inflammatory responses [8], [9].

In this context, wearable robotic systems and smart textile
technologies offer a promising route to devise lightweight,
and conformable mechanotherapeutic devices [10]. Current
devices often rely on pneumatic or hydraulic actuation
systems [11], [12]. Although these systems enable precise
mechanical control, they are typically heavy, bulky, rigid,
and cumbersome for daily or home-based therapy. Textile-
based solutions would provide inherent advantages in terms
of comfort, breathability, and ease of customization, essential
features for home-based rehabilitation and personalized ther-
apy [13]. Shape memory alloys (SMAs) and shape memory
polymers (SMPs) have demonstrated the potential to provide
compact, thermally-activated actuation [14], [15], [16]. Since
they inherently couple thermal and mechanical actions, they
are ideal candidates to develop a device capable of providing
multimodal therapy.

In this work, we present the design of a fully textile-
based armband module capable of delivering simultaneous
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Fig. 2. (A) Front view and (B) back view of the multimodal textile band prototype. (C) Exploded schematic of the multilayer structure.

mechanical compression and thermal stimulation through the
integration of thermally responsive fibres and embroidered
resistive heating elements. Developed as a proof-of-concept,
the prototype demonstrates the feasibility of a scalable, active
multimodal device that combines mechanotherapy and heat
therapy within a wearable textile platform, thus achieving a
synergistic therapeutic effect.

II. DESIGN

The proposed system combines thermal and programmable
mechanical actuation within a textile architecture by ex-
ploiting thermally activated polymer fibres together with a
resistive heating coil. In particular, we adopted thermally
activated twisted and coiled polymer actuators (TATCPAs)
fabricated by The Multifunctional Materials Design research
group (MMD) at Aalto University, through proprietary man-
ufacturing techniques. These fibres exhibit reversible bending
upon localized thermal activation. In parallel, hybrid resistive
heating elements were designed and produced by Research
and Innovation Centre for Electrical Engineering (RICE) at
University of West Bohemia, using textile-based fabrication
methods to integrate electronic components directly into
the fabric. At the Textile Robotics Lab, Scuola Superiore
Sant’Anna, we designed and integrated the prototype that
consists of a tight-fitting textile band designed to apply cyclic
compression to a targeted body region. The active fibres
are arranged circumferentially along the band, positioned
above the resistive heating coils. In the initial state, prior
to thermal activation, the band applies a compressive load to
the underlying tissue. As the resistive elements heat up, the
TATCPAs undergo uniform thermal deformation, causing the
band to expand and thereby reducing the applied pressure.
The combination of two fibres and a resistive heating coil
builds the active unit. This unit is approximately 1.0 cm
wide, corresponding to the diameter of the TATCPAs (0.4 cm
each) plus a 0.1 − 0.2 cm spacing to allow independent
fibre expansion and avoid mutual interference that could
limit deformation. To protect the user’s skin and ensure
efficient heat transfer, a cotton-padded insulation layer is
inserted between the heating coils and the skin. This layer
serves a dual function: it prevents direct exposure to the
high temperatures required for TATCPA activation, and it
acts as a thermal buffer during the cooling phase, pro-
viding a prolonged therapeutic thermal effect. Combined

with the compression–release cycle, this controlled ther-
mal environment supports musculoskeletal recovery while
promoting vascular and lymphatic circulation. The system
is entirely powered and controlled by an Arduino UNO,
with a PID controller that exploits real-time temperature
feedback to modulate the supplied power and maintain the
desired thermal profile, ensuring compactness and portability.
Two textile-embedded channels were sewn respectively in
front of and behind the insulation layer. These channels
enable the stable positioning of NTC temperature sensors for
continuous thermal monitoring. One sensor remains in direct
contact with the heating resistor, while the other measures the
temperature on the outer surface of the band, i.e., at the skin
interface. Finally, a thin tulle fabric forms the outermost layer
of the band, acting as a guiding channel to direct the TATCPA
fibre deformation and facilitate controlled expansion of the
band. This layer is sewn onto the fabric integrating the
embroidered heating elements, fixed around the embroidery
for the positioning of the fibres, as shown in Fig. 1 and Fig. 2.
Each actuator is housed within its own dedicated channel to
prevent mechanical interference between neighboring fibres
during activation, as the helical expansion could otherwise
be obstructed. The channels are designed with sufficient
clearance between the fibre and the stitching to avoid friction
or snagging during motion, ensuring reliable and repeatable
actuation performance.

A. TATCPA fibre

Mechanical actuation in the proposed device is provided
by twisted-and-coiled polymer actuators (TATCPAs) fabri-
cated from Kinetic Super Mono ultra-high-molecular-weight
polyethylene (UHMWPE) fishing line [17]. In general, their
activation temperature and actuation behavior depend on both
intrinsic material parameters - such as molecular weight,
melting point, and degree of crystallinity - and fabrication pa-
rameters, including the diameter of the filaments, the one of
the coil, and thermosetting conditions [18], [19]. The spring
index (ratio of coil diameter to filament thickness) strongly
affects actuation: thinner filaments and larger spring indices
yield greater displacements, whereas thicker filaments and
smaller spring indices increase load capacity. Twisting and
coiling pre-stress the fibre, providing the internal stress
required for actuation. The actuators employed in this study,
first proposed and characterized in [17], [18], are made
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from single-ply filaments (0.4 cm diameter), fabricated from
Kinetic Super Mono ultra-high-molecular-weight polyethy-
lene (UHMWPE) fishing line. Filaments were coiled around
0.2 cm mandrels under constant tension to introduce internal
stress. Coils were then thermoset at 192 ◦C for 150 minutes
in a hydrothermal oven to stabilize their helical geometry and
confer shape-memory properties. After cooling, they were
removed from the mandrels and integrated into the textile
band (Fig. 3).

Fig. 3. Images of a twisted-and-coiled polymer actuator (TATCPA) in its
initial relaxed state (at 25 ◦C) and expanded heated state (heated over its
activation temperature)

B. Resistive Heating Elements

Hybrid conductive threads combine a textile filament core
with embedded metallic microwires (see Fig. 4). The textile
component provides a familiar feel as well as mechanical
properties comparable to standard fibres, which enables
straightforward integration into conventional textile technolo-
gies (e.g., embroidery, knitting, or weaving). In contrast,
the metallic microwires impart electrical conductivity and
mechanical robustness, ensuring high durability even un-
der repeated automated washing [20], [21]. The specific
thread used in this study, Clevertex No. 53, consists of a
polyester filament combined with four non-insulated silver-
plated copper microwires with a diameter of 30µm and an
electrical resistance of 6, 5Ω/m. The thread is also health-
safe in accordance with Regulation (EC) No. 1907/2006
(REACH). The embroidery process was carried out on a
Bernina embroidery machine, using Clevertex No. 53 as the
upper thread and standard non-conductive polyester as the
bobbin thread. Hot spots and enhances the safety of the
heater, since the textile substrate provides both a thermal
buffer and mechanical flexibility. Convection and radiation
still contribute to the overall heat dissipation, but to a lesser
extent compared to conduction, which remains the dominant
pathway in textile-based heaters.

C. Insulation Layer

One challenge in this design prototype is to effectively
insulate the heated elements from the human skin without
compromising on the temperature needed for actuation and
therapeutic stimulation. Therefore, it is critical to: (i) main-
tain 70 ◦C degrees on one part of the band to actuate the fibre,
but (ii) not exceed 48 ◦C on the surface in direct contact with
the wearer’s skin to shield it from this actuation temperature,
and to (iii) sustain a warm contact surface temperature to
facilitate and prolong the therapeutic heating effect. To find
the optimal textile layering for such insulation, ensuring user

Fig. 4. Thermal response of the hybrid conductive threads (left). Close-up
view illustrating the combination of metallic microwires and textile filaments
within the thread structure (right).

safety while maintaining a stable therapeutic temperature,
different materials and fabrics were explored and evaluated.
By choosing these materials, a guiding aspect of this design
is to find materials that feel natural to a wearer and are
breathable and comfortable to wear. Under these premises,
the following materials were tested:

(i) Single layer of interlock cotton knit
(ii) Double layer of interlock cotton knit

(iii) Double layer of interlock cotton knit + sandwiched foam
sheet with cotton cover

(iv) Double layer of interlock cotton knit + padded polyester
(v) Foam sheet with cotton cover

For each configuration, temperature profiles were recorded
over three heating–cooling cycles to evaluate thermal perfor-
mance and repeatability. The safe skin-contact temperature
for prolonged heat therapy, avoiding irritation, erythema, or
burns, is considered to be approximately 42–43 ◦C. A higher
threshold of 48 ◦C represents the limit that the skin can
tolerate only for short exposure (on the order of seconds)
[22].

III. RESULTS

A. Pressure test setup

To evaluate the pressure applied by the textile band, we
3D-printed a plastic cylinder (TPLA) with a diameter of
75mm (approximately the diameter of the human arm [23])
and sensitized it with a 6-axis load cell (M3712A, SRI Sen-
sor, China, see Fig. 5A,C). The band prototype was placed
around the cylinder, and the compression force measured by
the load cell was recorded, with an acquisition frequency
equal to 100Hz. Two commercial NTC thermistors were
employed to monitor temperature at two critical locations.
The first sensor was placed in contact with the heating coil,
inserted in a channel sewn between it and the first insulation
layer; the second one was placed into an external channel,
sewn above the resistor outside of the insulation layer, the
surface that would be in contact with the skin.

B. Preloading condition

The static preloading condition, representing the baseline
compression applied by the band prior actuator activation,
was characterized by computing the median of the compres-
sion force recorded for 30 s in the case of a single active
fibre and in the one of two active fibres; the computed force

112
Authorized licensed use limited to: Scuola Superio Sant'Anna di Pisa. Downloaded on September 17,2026 at 12:13:51 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 5. (A) Experimental setup. The textile device is mounted on a sensorized cylindrical phantom used to measure the compression force exerted by the
band. An NTC thermistor is inserted in a channel sewn between the heating coil and the first insulation layer. As shown in the zoomed view, the thermistor
is positioned directly above the heating coil. The coil temperature serves as the feedback signal for a PID controller that regulates the electrical power
supplied to the heating element. (B) Fluctuations of the total pressure result from the expansion and contraction of the active fibres during successive
heating and cooling cycles. Negative values indicate a decrease in pressure with respect to the preload one. The pressure change is around 40Pa, with a
marked baseline drift. (C) Section of the sensorized cylinder.

value was then divided by the estimated interface area of
the band (24 cm2) to obtain a measure of the initial pressure
exerted by the active area of the device. In the configuration
with one active fibres we obtained a median static pressure of
47.7Pa, with an interquartile range (IQR) of 4.67Pa, while
two active fibres led to a median static pressure of 88.1Pa
with an IQR of 6.91Pa.

C. Heating cycle test

The band prototype, embedded with two fibres, was sub-
jected to cyclic heating–cooling for 10 minutes to evaluate
the pressure variation during a simulated therapy session.
Temperature feedback from the NTC thermistor placed in
contact with the heating coil was employed by a PID con-
troller to regulate the power supplied to the coil, ensuring that
the active fibres reached and maintained the target activation
temperature of 70 ◦C during the heating phase. The controller
parameters were empirically set to

Kp = 5
W
◦C

, Ki = 0.05
W
s◦C

, Kd = 0.005
Ws
◦C

.

Each thermal cycle lasted 120 s, divided into a 60 s heating
phase followed by a 60 s cooling phase, for a total of five
consecutive cycles (10min of device use). The pressure
profile recorded by the load cell exhibits oscillations (Fig.
5B). During the first heating cycle, an initial preconditioning
phase is observed, after which subsequent cycles show a
stabilized elongation behavior, corresponding to a pressure
variation of approximately 40Pa. To better highlight pressure
fluctuations, the offset given by the static preload was
subtracted from the recorded force, with negative values
indicating a decrease in pressure with respect to the preload
one. Pressure changes exhibited a time delay with respect to
temperature variations, estimated to be 5.13 s in the heating

phase and 13.31 s in the cooling phase. These asymme-
tries, caused by differences in temperature-pressure response
between phases, are attributable to the intrinsic thermo-
mechanical dynamics of the active fibres, which is markedly
nonlinear [17], and of textiles in general. The pressure profile
also exhibits a marked drift (10Pa) in the baseline, due to the
prolonged time interval as well as the hysteresis associated to
the mechanical behavior of both fabric substrate and fibres.

D. Temperature Characterization of the Insulation Layer

Different textile configurations were investigated to iden-
tify an insulation architecture capable of ensuring user safety
while maintaining a sustained therapeutic temperature. The
safe temperature range for prolonged heat therapy is reported
to be between 42 ◦C and 43 ◦C, which prevents skin irri-
tation or burns, whereas 48 ◦C represents the upper limit
tolerable only for short exposure durations. Five insulation
configurations were evaluated (Fig. 6): (i) single layer of
interlock cotton knit, (ii) double cotton jersey layer, (iii)
foam sheet with cotton cover, (iv) double layer of interlock
cotton knit + sandwiched foam sheet with cotton cover, and
(v) double layer of interlock cotton knit + padded polyester.
The configurations were selected to balance insulation per-
formance with minimal bulk. Starting with a single layer of
cotton (< 1mm), additional layers were added to improve
performance. Foam and padded polyester layers were tested
for their ability to trap air and improve insulation, with
thicknesses approximately of 2mm and 4mm. Each config-
uration underwent three consecutive heating–cooling cycles
and the surface temperature was monitored through the NTC
thermistor positioned on the external side of the insulation
layer. During the heating phase, the power supplied to the
heating coil was regulated by the PID controller, ensuring
that it reached the activation temperature of the fibres. During
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Fig. 6. Temperature profiles for five different insulation configurations: (A) single cotton layer, (B) double cotton layer, (C) black cotton combined with
foam, (D) double cotton layer combined with black cotton and foam, and (E) double cotton layer combined with a polyester padded layer. The orange
curves represent the temperature of the heating coil over three consecutive heating–cooling cycles. The coil reached the target temperature of 70 ◦C within
10–15 s and maintained a steady state for approximately 45–50 s. During the cooling phase, the system was switched off for 60 s. The blue curves indicate
the temperature measured at the external surface of the insulation layer. The critical temperature thresholds of 43 ◦C and 48 ◦C are highlighted by dashed
lines. Configuration (v) did not exceed the safety limits during the test and exhibited limited heat dispersion, ensuring a sustained thermal effect.

the cooling phase, the controller stopped supplying power to
the coil for 60 s. Fig. 6 illustrates the temperature profiles
for the different configurations, highlighting their respective
thermal insulation performances.

IV. DISCUSSION

The experimental results confirm the feasibility of a
fully textile-based platform integrating programmable com-
pression and localized heating within a single multimodal
module. The applied pressure scaled proportionally with
the number of active TATCPAs: doubling the number of
actuators nearly doubled the preload pressure, suggesting the
potential of parallel fibres arrangements in modular archi-
tectures to increase force output. Moreover, serial configu-
rations can extend band deformation and dynamic pressure
change. Despite the low absolute pressures (below 0.1 kPa),
significantly lower than the therapeutic pressure range of
2 − 10 kPa typically reported for vascular and lymphatic
therapies [10], these values are consistent with the limited
1 cm active section of each unit (heating coil + two fibres).

Given the compact dimensions of the actuation module,
achieving clinically relevant compression levels would re-
quire the integration of several tens of units. Nevertheless,
this modular configuration would still result in a wearable
device with an estimated length of approximately 20−30 cm.
To further validate these findings, a theoretical model of
the system will be developed to assess the feasibility of
the parallelization strategy. Finally, thermal characterization
demonstrated effective spatial separation between actuation
and skin-contact regions. This effect can be attributed to
the low thermal conductivity of the selected textile mate-
rials and to the air retained within the fibrous architecture.
Cotton typically exhibits thermal conductivity values in the
range of 0.04 − 0.06W/mK, while polyester fibres show
comparable or slightly lower values (0.03 − 0.05W/mK)
[24]. However, the main contribution arises from trapped
air (∼ 0.026W/mK) in padded or foam layers, which
significantly increases the effective thermal resistance of the
multilayer architecture [25]. With the selected multilayer
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insulation - comprising double cotton layers and polyester
padding - the actuator side reached 70 ◦C, while the skin-
side temperature remained within the therapeutic range of
42 − 44 ◦C during heating. During the cooling phase, the
external surface temperature decreased by only ∼ 6 ◦C
over 60 s, ensuring a sustained and comfortable thermal
effect. This concurrent delivery of controlled mechanical and
thermal stimuli highlights the capability of the proposed
textile design to provide safe, prolonged, and multimodal
treatment suitable for wearable rehabilitation devices.

V. LIMITATIONS AND OUTLOOK

Given the very preliminary nature of this study, several
limitations remain. Our prototype presented a significant
drift during heating-cooling experiments, most likely due
to the hysteretic behavior of complex structures such as
textile materials. To address this issue, future work will
investigate pre-conditioning heating-cooling cycles to reduce
hysteresis, as well as a characterization of TATCPA fibres
in terms of compressive force. The actuation system will
be enhanced by testing multiple configurations that combine
fibres in parallel or incorporate contractile fibres to optimize
force delivery. Multi-zone actuation strategies will also be
investigated to improve pressure distribution for different
therapeutic protocols. Finally, fully textile-based temperature
and strain sensors will be integrated to eliminate reliance
on external instrumentation, and advanced control strategies
could further enhance safety and prevent overheating. A
hierarchical stack-of-tasks scheme could enforce temperature
thresholds to prioritize patient safety, while predictive control
may be implemented after detailed characterization of the
device’s thermal dynamics. Moreover, physiological factors
such as sweat and moisture effects will be considered in
future work. These factors can influence temperature dynam-
ics and textile performance during long-term wearable use.
These advancements will support the translation of textile-
integrated multimodal rehabilitation devices into practical,
home-based therapeutic applications.
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J. Seppälä, Z. Sun, and J. Vapaavuori, “Light-driven multidirectional
bending in artificial muscles,” Advanced Materials, vol. 36, 9 2024.

[18] Y. Zhang, M. Vaara, A. Alesafar, D. B. Nguyen, P. Silva, L. Koskelo,
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