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ABSTRACT
Wearable bioelectronic systems are rapidly emerging as a core technological platform for next-generation health monitoring,
neuromodulation, and human–machine interaction. These applications impose stringent demands on materials, including
softness, high electrical conductivity, conformal skin contact, and long-term durability. In this work, we present an ultrathin,
highly customizable, and encapsulation-free smart textile platform based on a liquid metal (LM) and waterborne polyurethane
composite. The conductive patterns are fabricated via laser pre-patterning and a one-step heat-transfer printing process, without
theneed for additional adhesives or encapsulation layers, enablinghigh-resolution integrationwith textile substrates. The resulting
fabric electrodes exhibit outstanding initial conductivity, excellent mechanical stretchability, and robust wash durability over
multiple laundering cycles. This textile platform supports a wide range of bioelectronic functionalities, including high-fidelity
electrocardiogram (ECG) signal acquisition, rapid and tunable Joule heating for wearable warming applications, lightweight
neural network-based gesture recognition (ten classes), and electrical stimulation for pain relief or functional therapy. Together,
these results offer a unified, multifunctional platform for next-generation wearable devices and intelligent textile systems.
1 Introduction

Flexible electronics have become an essential foundation for
the expanding field of wearable technologies, supporting diverse
applications in health monitoring, motion tracking, rehabili-
tation, and human-machine interaction [1–4]. Next-generation
wearable systems are expected not only to exhibit excellent
mechanical compliance but also to maintain stable and accurate
functionality under continuous deformation, repeated washing,
and complex environments [5–8]. Tomeet the increasing demand
for multidimensional sensing and active feedback, there is a
pressing need to move from single-function devices toward
© 2026 Wiley-VCH GmbH
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multifunctional integration, which calls for more versatile and
scalable solutions in terms of materials, device structures, and
fabrication processes [9–12].

Among various flexible electronic systems, electronic textiles
have emerged as ideal platforms for creating long-term, skin-
conformable, and breathable wearable systems [13–16]. Thanks
to their wearability and compatibility with large-area fabrica-
tion, textile-based electronics have attracted considerable interest
[17–19]. In recent years, a variety of functional e-textiles have
been developed through printing [20, 21], transfer printing
[22], coating [23, 24], and textile-based integration techniques
1 of 17
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[25], enabling flexible incorporation of electronic functionali-
ties into fabric substrates. These developments have enabled
diverse applications including strain and pressure sensing,
electrophysiological signal acquisition, thermal regulation, and
electrical stimulation [26–29]. Such progress has accelerated
the evolution from individual components to fully integrated
wearable systems, and laid important groundwork for practical
deployment [30–32].

Recent advances in smart textiles have extended wearable
biomedical systems far beyond conventional electrophysiologi-
cal electrodes, encompassing optoelectronic, photothermal, and
energy-harvesting functionalities [33–35]. Hwang et al. reported
a stretchable fiber-based OLED display enabled by robust,
conductive, and deformable via structures, achieving stable
operation under large mechanical deformation [36]. Sohn et al.
demonstrated printed fabric-based OLEDs using a poly(vinyl
alcohol) planarization layer to improve electrode uniformity and
device performance [37]. Qiu et al. introduced an alignment-
free textile sensing sleeve that integrates ECG and impedance
plethysmography for comprehensive cardiovascular assessment,
reducing sensitivity to sensor positioning while maintaining
high signal fidelity [38]. Tang et al. developed a Janus textile
with tunable photothermal heating modes through asymmetric
material integration, enabling environment-adaptive personal
thermal regulation [39]. Hou et al. further demonstrated fabric-
assisted flexible thermoelectric generators capable of harvesting
body heat under large deformation for a wearable energy supply
[40]. While these studies highlight the broad functional diversity
achievable in textile-based platforms,many of the optically driven
or structurally specialized approaches rely on complex inter-
connect architectures, asymmetric coatings, or precise structural
control, which may limit scalability, robustness, and system-level
integration [41].

LMs such as Galinstan have gained attention for their unique
combination of high electrical and thermal conductivity,mechan-
ical fluidity, and biocompatibility [42, 43]. LMs have been increas-
ingly applied in textile-based devices to support applications in
flexible circuits, pressure sensors, thermal heaters, and bio signal
interfaces [44–46]. LMs can be incorporated onto fabric surfaces
via injection, coating, or printing methods, enabling functions
such as temperature control, motion sensing, and ECG acqui-
sition [47, 48]. However, challenges remain in achieving high-
resolution patterning, durable adhesion to textile substrates, and
stable conductivity over multiple washing cycles. Building LM-
based textile systems that integrate conformal patterning, strong
interfacial bonding, and reliablemultifunctionality remains a key
research direction.

To better position this work within the current landscape of
textile-based conductive patterning technologies, Table 1 sum-
marizes representative strategies reported in previous studies,
including solution impregnation, wet spinning, electrolessmetal-
lization, helical wire wrapping, and liquid-metal-based compos-
ites. As shown in Table 1. In this work, we offer a simple and
scalable fabrication route that enables laser-defined patterning
with good spatial resolution, while simultaneously maintaining
high electrical conductivity and excellent stretchability. This
combination of processing simplicity, patterning fidelity, and
electromechanical performance.
2 of 17
We introduce a conductive polyurethane membrane system
reinforced with LM and carbon nanotubes, and establish a
rapid fabrication approach that combines laser pre-patterning
with single-step thermal transfer printing in Figure 1. This
process allows the formation of stable conductive patterns on
textile substrates without the need for additional encapsula-
tion layers. The resulting textile architecture exhibits enhanced
pattern precision, robust mechanical durability, and large-scale
processability. Based on this method, we present a unified smart
textile platform capable of supporting a range of bioelectronic
functions, including high-fidelity ECG monitoring, fast-response
heating, electrical stimulation through skin-integrated arrays,
and wearable gesture recognition based on lightweight neural
networks. This study demonstrates a complete system from
material design to functional validation, showing the platform’s
adaptability to various application scenarios in physiological
monitoring, interactive control, and personalized therapy. It
provides an integrated, scalable, and flexible pathway toward the
development of next-generation wearable bioelectronic systems.

2 Materials andMethods

2.1 Preparation of Conductive Ink

During ink preparation, 1 mL of liquid metal (≈6.3 g) was first
mixed with 10 mL of ethanol (volume ratio 1:10) and ultrasoni-
cally treated for 5 min using a bath sonicator (40% power, 300 W)
to break the bulk LM intomicro- and nanoscale droplets and form
a stable oxide shell, yielding a uniform core-shell dispersion.

A commercial waterborne TPU dispersion (38 wt.% solid content)
was subsequently added as the elastic matrix and adhesive phase.
The resulting LM/TPU (solid) mass ratio was approximately
6.3:3.8, corresponding to an LM loading of ∼62 wt.% with respect
to the total solid content. CNT, pre-dispersed in ethanol (0.1 g
CNT in 10mL ethanol via 5min ultrasonication), were introduced
in a controlled amount to reinforce the conductive network and
enhance mechanical robustness without significantly affecting
ink viscosity.

After a brief defoaming and stirring step (15 s), a homogeneous
and bubble-free conductive ink was obtained, with a final solid
content of approximately 25–30 wt.%, suitable for blade coating.
The ink was coated onto a PET substrate to form an elastic film
(∼50 µm thick) and cured at 50◦C prior to laser patterning and
thermal transfer.

2.2 Preparation of CNT Dispersion

CNT (0.1 g) was added to 10 mL of ethanol and ultrasonicated for
5 min to form a stable dispersion. The volume of CNT dispersion
added to the ink was calculated based on a preset ratio.

2.3 Fabrication and Patterning of Conductive
Elastomer Films

The conductive ink was blade-coated onto a PET substrate to a
thickness of approximately 50 µm and thermally cured at 50◦C
Small, 2026
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FIGURE 1 Schematic illustration of the multifunctional smart textile and its fabrication process. (a) Application scenarios of the patterned
conductive textile include ECG monitoring, thermal heating, electrical stimulation, and gesture recognition. (b) Scalable and precise fabrication
workflow.
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to form an elastic conductive film. Laser cutting was used to
create patterned features, which were then laminated with textile
substrates and hot-pressed at 90 ◦C for 50 min. After cooling, the
PET layer was peeled off to obtain patterned conductive textiles.
All electrodes,wearable devices, and gloves described in thiswork
were fabricated using this method.

2.4 Mechanical and Electrical Performance
Testing

Patterned textile samples were cut into strips of 50 mm × 5 mm.
The overall textile thickness was ∼500 µm, and the conductive
layer was ∼50 µm thick. Tensile testing was performed to assess
strain responsiveness, and electrical resistance was recorded
4 of 17
under different strain states to evaluate electromechanical cou-
pling behavior.

2.5 Wash Durability Evaluation

Wash durability was first evaluated using a controlled labora-
tory protocol to ensure repeatability. Specifically, samples were
immersed in 1000 mL of water containing 2 mL of household
detergent and stirred using a glass rod for 3 min, followed by
rinsing with clean water for 30 s. Each cycle was defined as one
washing process. Electrical resistance was measured before and
after multiple washing cycles to assess conductive stability.

In addition, to better simulate practical manual laundering
conditions encountered during daily wear, a representative hand
Small, 2026
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-washing process was performed, including direct rinsing under
running water, manual rubbing with detergent, thorough rins-
ing, and air drying. The corresponding procedure is provided
in Video S3. As shown in the video, the conductive patterns
remain intact throughout the washing process, with no visible
cracking, delamination, edge lifting, or pattern breakage, further
confirming the robustness of the conductive layer under realistic
washing conditions.

2.6 Material Characterization

The surface morphology and interfacial embedding of the con-
ductive patterns on the textile were observed using scanning
electron microscopy (SEM, model EM-30+). Samples were gold-
sputtered prior to imaging to improve conductivity. SEM imaging
was performed at an accelerating voltage of 15 kV to analyze the
uniformity and adherence of the CNT/LM/TPU composite layer.

Additionally, Fourier transform infrared spectroscopy (FTIR,
model Tensor II) was used to investigate molecular interactions
and functional groups within the composite film, scanning from
400 to 4000 cm−1 to characterize LM,CNT, and TPU components.

2.7 Biocompatibility Evaluation

NIH-3T3 fibroblasts were used to assess the biocompatibility of
the textile samples. Three groupswere prepared (Blank, LM/TPU,
CNT/LM/TPU). For each group, a 2 mm × 2 mm fabric sample
was placed in a 15 mm well. After a 24-h pre-culture period, the
sample was added and co-cultured for an additional 24 h. Cell
viability was assessed by DAPI staining and nuclear counting.

2.8 Heating Performance Test

The textile heaters were powered by a DC supply with con-
trolled voltage/current input. Surface temperature rise and heat
distribution were recorded using an infrared thermal imaging
camera.

2.9 Gesture Recognition Experiment

Patterned conductive fabrics were sewn into a five-finger glove to
form a five-channel sensing array. Signals were collected using a
microcontroller during different hand gestures. Each gesture type
was recorded more than 120 times, and both time-domain and
frequency-domain features were extracted for neural network
classification.

2.10 ECG Acquisition

Fabric electrodes were shaped and placed at standard chest
positions to collect ECG signals. Data were recorded via a
microcontroller platform under both resting and motion condi-
tions. This study was ethically reviewed by the Medical Science
Research Ethics Committee of Peking University Third Hospi-
Small, 2026
tal, with the approval number IRB00006761-M2023727, and the
informed consent of the experimental volunteers was obtained.

2.11 Electrical Stimulation Experiment

The textile electrodes were attached to the forearm skin and
connected to a medical electrical stimulator. Simultaneously,
a bio-potential acquisition system recorded the surface voltage
response to evaluate stimulation transmission capability. This
study was ethically reviewed by the Medical Science Research
Ethics Committee of Peking University Third Hospital, with
the approval number IRB00006761-M2023727, and the informed
consent of the experimental volunteers was obtained.

3 Results and discussion

3.1 Process Design and Structural Optimization
of the Smart Textile

To construct a patterned smart textile platform with excellent
conductivity, flexibility, and stable wearability, we developed a
scalable and high-precision fabrication process (Figure 1b). This
process includes the preparation of LM-based conductive ink,
formation of ultrathin conductive films, laser patterning, thermal
transfer printing, and final textile device assembly.

During ink preparation, ultrasonic treatment was used to break
the LM into micro- and nanoscale particles and form a stable
oxide shell, resulting in a uniform core–shell dispersion. TPU
was then added to serve as an elastic matrix and adhesive
phase, enabling the conductive particles to be embedded in
the polymer network. This provided the ink with good film-
forming ability and strong adhesion to fabrics. CNTs, dispersed
in ethanol via sonication, were also introduced to enhance the
mechanical toughness and wash stability of the conductive film.
A short defoaming step ensured uniformity and smooth flow for
subsequent coating.

The conductive ink was blade-coated onto a PET substrate and
cured. Unlike conventional multi-step processes, our strategy
integrated the conductive layer with the polyurethane matrix
in a single thermal pressing step, without requiring additional
adhesive or encapsulation layers. This method allowed high-
quality transfer of the conductive patterns onto fabric surfaces,
minimized leakage or migration of the LM, and significantly
improved device stability and safety during wear.

Figure 2a–c showed the macro appearance and cross-sectional
morphology of the conductive film on PET, revealing a uniform
and flat surface with a clear layered structure (approximately
50 µm thick). As shown in Figure 2c, the conductive layer
penetrates partially into the textile fibers, forming amechanically
interlocked structure that contributes to the stretchability and
wash resistance of the device. Figure 2d presents the laser-
patterned features with sharp and clean edges, demonstrating a
minimum linewidth of 100 µm and high pattern fidelity.

Benefiting from the laser-assisted pretreatment, the proposed
process enables stable and repeatable conductive patterning with
5 of 17
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FIGURE 2 Morphological and mechanical characteristics of patterned conductive textiles. (a) Optical image of the LM-based conductive film
coated on PET, showing a uniform surface and high transparency. (b) Cross-sectional microscopic image of the conductive film with ∼50 µm thickness
and layered structure. (c) Cross-section after thermal transfer, indicating tight bonding and partial penetration into the textile. (d) Surface microscopic
image of the transferred conductive pattern with clear edges and uniform geometry. (e) SEM image of the film before washing without CNT, showing
intact morphology. (f) SEM image after washing without CNT, revealing delamination and surface damage. (g) SEM image before washing with CNT
reinforcement. (h) SEM image after washing with CNT, showing improved surface stability and nanoparticle retention. (i) Optical demonstration of
various customized patterns and logos enabled by laser cutting. (j) Tape-peeling test showing strong adhesion of the conductive film. (k) Tensile
deformation test validating structural integrity under stretching. (l) Optical image of the fabric at its original length (before stretching). (m)Optical image
of fabric stretched along the longer direction, withstanding up to ∼130% strain. (n) LED circuit demonstration confirming continuous conductivity. (o)
Lighting performance under mechanical stretching, validating electrical functionality under deformation.
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a minimum achievable line width of approximately 100 µm. At
this resolution, the patterned CNT/LM/TPU traces can be cleanly
separated from the uncut regions and successfully transferred
onto textile substrates without mechanical damage or electrical
failure.

Although finer feature sizes are theoretically attainable by further
narrowing the laser cuttingwidth, practical limitations arise from
laser-induced thermal effects and the compliant nature of textile-
supported composite films. When the patterned lines become
excessively narrow, separation from the surrounding regions
during the transfer step becomes increasingly difficult, rendering
the conductive traces susceptible to mechanical damage. Such
limitations could potentially be alleviated through advanced
cutting-pattern designs, such as widening the separation grooves
6 of 17
to facilitate mechanical release; however, this aspect was not
systematically investigated in the present work.

To evaluate the reinforcing effect of CNT, Figure 2e, f and
Figure 2g, h compared the microstructure of conductive films
with and without CNT before and after washing. While CNT
addition did not significantly alter the size distribution of
LM particles, it helped suppress structural delamination after
washing, indicating improved interfacial stability. Figure 2i
demonstrates the successful transfer of various complex patterns,
including text, antenna designs, and electrode shapes, indicating
the compatibility of this process with customized applications.
Figure 2j, k demonstrates the robust adhesion and mechanical
resilience of the fabric-based devices. Figure 2j shows that the
conductive textile remains firmly attached to the substrate and
Small, 2026
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cannot be peeled off even under tape tests, indicating strong
interfacial adhesion. Figure 2k further reveals that, after being
subjected to severe stretching and pulling, the textile can recover
its original morphology without edge curling or permanent
deformation, confirming its excellent structural integrity and
conformability.

Figure 2l, m presents the photographic demonstration of the
textile-based device before and after stretching, highlighting
its good deformability and conformal behavior under tensile
loading. The woven textile substrate permits strains of approx-
imately 60% and 130% along its two principal directions, while
the LM–polyurethane conductive film itself can sustain uniaxial
strains exceeding 400%. These results indicate that the device
can maintain reliable performance under typical wearable defor-
mation scenarios and could adapt to even larger strains when
integrated withmore elastic fabrics. Figure 2n, o shows the textile
device powering an LED under stretching, confirming its reliable
conductivity and mechanical stability.

In summary, the patterned smart textile platform developed
here offers excellent process controllability, design flexibility,
and robust interfacial integration. This manufacturing approach
provides a reliable and scalable foundation for subsequent
multifunctional bioelectronic integration.

3.2 Interfacial Compatibility and Chemical
Composition Analysis

To further understand the composite mechanism and interfacial
compatibility of the LM based conductive ink, FTIR was per-
formed on different component systems, as shown in Figure 3a.
Typical absorption peaks of TPU were observed in all samples,
including the N─H/O─H stretching vibration near 3300 cm−1,
the C─H stretching vibration around 2900 cm−1, and the C═O
carbonyl stretching peak at approximately 1700 cm−1. These
results confirm that TPU serves as themain structural matrix and
bonding phase in the system.

In the LM/TPU composite, although the LM itself does not
contain infrared-active functional groups, the oxide layer Ga2O3
formed on its nanoparticle surface may interact with TPU
through physical adsorption or mechanical interlocking, result-
ing in a relatively stable interface. This physical embedding
and van der Waals adsorption mechanism helps the LM parti-
cles distribute uniformly within the polymer network, forming
continuous and flexible conductive pathways.

With the introduction of carbon nanotubes CNT, the main
FTIR spectra of the CNT/LM/TPU ternary composite (Figure 3a)
do not show distinct new chemical bonds. However, the dif-
ference spectra (Figure 3b) reveal noticeable microstructural
changes. In particular, there is a slight shift and enhancement
in absorption intensity around 1700 cm−1 (C═O) and 1530
cm−1 (N─H bending), suggesting that the hydrogen bonding
structures within the polyurethane chains may be locally recon-
figured due to CNT addition. Additionally, enhanced absorp-
tion in the range of 1200–1000 cm−1, associated with C─O─C
stretching, further supports the strengthening of interfacial
interactions.
Small, 2026

 C
These changes can be attributed to possible hydrogen bonding
and π–π stacking interactions between the residual carboxyl and
hydroxyl groups on the CNT surface and the polar groups in TPU,
such as N─HandC═O. The incorporation of thesemultiple inter-
action mechanisms not only improves the dispersion stability of
the LM particles within the polymer matrix but also enhances
the structural robustness of the device under conditions such as
washing and mechanical stretching.

The CNT/LM/TPU composite undergoes partial softening and
flows into the porous microstructure of the textile substrate.
This process enables intimate contact between the conductive
composite and individual textile fibers, forming a mechanically
interlocked interface rather than a simple film–substrate bound-
ary, resulting in a strong adhesion between the fabric and the
conductive layer. To qualitatively evaluate the robustness of the
interfacial adhesion, a manual tearing demonstration was per-
formed. During this process, no interfacial delamination between
the conductive layer and the textile substrate was observed.
Instead, a fracture occurred with the conductive layer itself,
while the bonding area remained firmly anchored to the textile
fibers. A representative tearing and tensile fracture process is
provided in Video S1, clearly showing cohesive failure of the
conductive layer without observable interfacial separation. This
observed failure mode qualitatively indicates that the interfacial
adhesion is stronger than the cohesive strength of the conductive
composite. Such mechanically interlocked adhesion is highly
desirable for wearable electronic applications.

3.3 Electrical, Mechanical, andWash Stability
Evaluation

To comprehensively evaluate the mechanical and electrical sta-
bility of the patterned conductive textile under realistic usage
conditions, we conducted a series of performance tests, including
assessments of static conductivity, washing durability, tensile
behavior, and cyclic reliability. The results are summarized in
Figure 3c–i.

The influence of LM content on electrical performance is
shown in Figure 3c. As the LM volume fraction increases,
the fabric’s conductivity improves markedly, indicating that LM
content is critical for establishing and maintaining conductive
pathways. However, at excessively high LM concentrations, the
polyurethane matrix fails to effectively encapsulate the LM,
leading to leakage risks. Based on these findings, an optimal LM
content of 15%was selected to balance conductivity and structural
stability.

Washing durability is explored in Figure 3d, which tracks the
resistance over repeated five washing cycles. In the absence of
CNT, resistance increased sharply after the fourth cycle, and the
sample eventually lost conductivity, likely due to mechanical
damage and LM particle displacement caused by agitation. To
further clarify this degradation behavior, optical microscopy
images were captured after each washing cycle for both LM/TPU
andCNT/LM/TPU samples in Figure S2. For the LM/TPU sample
without CNT, fine stripe-like features appeared after the first
washing cycle, indicating the onset of surface abrasion and LM
redistribution. With continued washing, these features became
7 of 17
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FIGURE 3 Electrical and mechanical stability of the patterned LM-based conductive textile. (a) FTIR spectra of pristine TPU, LM/TPU, and
CNT/LM/TPU. (b) Differential FTIR spectra highlighting spectral shifts. (c) Electrical conductivity of composites with different LM contents. (d)
Resistance changes over multiple washing cycles for samples with and without CNT. (e) Resistance–strain curves (0–50% strain) before washing. (f)
Resistance–strain behavior after one washing cycle. (g) Cyclic resistance response (R/R0) of the conductive fabric under repeated stretching at different
strain levels. The orange, green, purple, and yellow curves correspond to stretch ratios of 10%, 20%, 30%, and 40%, respectively. (h) Stress–strain curves
over 10 tensile cycles up to 40% strain, demonstrating mechanical resilience. (i) Resistance retention over 300 cycles at 40% strain, confirming long-term
electrical reliability.
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more pronounced, reflecting progressive mechanical damage.
Notably, visiblemicrocracks emerged after the fourth cycle,mark-
ing a transition from surface abrasion to structural disruption
of the conductive network. This morphological transition is in
good agreement with the abrupt resistance increase observed
in Figure 3d. After the fifth cycle, the cracks further deepened,
leading to the complete loss of electrical continuity.

In contrast, the CNT-enhanced samples showed negligible resis-
tance variation throughout the cycling tests, with no evidence of
electrical failure. Consistently, no stripe or crack formation was
observed in the CNT/LM/TPU samples even after five washing
cycles, as shown in Figure S2, indicating effective suppression
of abrasion and crack propagation induced by washing. These
results suggest that CNTs serve as a reinforcing framework,
enhancing LM particle anchoring and interfacial adhesion,
thereby improving mechanical robustness during laundering.
To further demonstrate the robustness and confinement of
8 of 17

e

the conductive layer under wet and mechanical perturbations,
representative tape-assisted peeling and water-washing processes
are provided in Videos S2 and S3, respectively. In both cases, no
liquidmetal leakage, pattern delamination, or visible degradation
was observed, supporting the stability of the encapsulation-free
architecture during laundering.

Figure 3e compares the strain-dependent resistance behavior of
both washed and unwashed samples. Within the 0–50% tensile
range, both CNT and non-CNT groups showed comparable
resistance increases, indicating that the addition of CNTs does
not significantly alter the initial conductivity or strain sensitivity
under mild deformation. Rather than affecting baseline perfor-
mance, CNT primarily contributes under harsher conditions,
such as post-wash or high-strain environments.

Post-washing tensile performance is highlighted in Figure 3f. The
CNT-free sample displayed elevated baseline resistance and a
Small, 2026
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rapid increase under strain, implying that washing had already
disrupted the conductive network. In contrast, CNT-reinforced
fabrics maintained low and stable resistance throughout stretch-
ing, closely resembling their pre-wash behavior. This confirms the
protective role of CNT in maintaining structural and electrical
integrity even after exposure to mechanical and fluid stress.

In addition to washing durability, the stability of the
encapsulation-free architecture under wet and chemical
environments relevant to wearable use was evaluated. To
simulate perspiration in a controlled and quantitative manner,
the samples were exposed to physiological saline for 24 h.
Optical microscopy observations before and after saline exposure
show that CNT/LM/TPU samples maintain intact and well-
confined conductive patterns in Figure S3, whereas noticeable
morphological degradation is observed in CNT-free samples.

These results indicate that the liquid metal is effectively confined
within the CNT-reinforced polymer matrix and the porous textile
structure, such that no additional encapsulation layer is required
for stable operation under non-invasive wearable conditions on
intact skin.

To assess long-term mechanical reliability, cyclic strain testing
was conducted. Figure 3g presents the resistance response under
repeated strain at four amplitudes: 0–10%, 0–20%, 0–30%, and
0–40%. At low to moderate strain levels (≤30%), the resistance
cycles remain highly stable and repeatable, exhibiting negligible
baseline variation and no electrical discontinuity, indicating
that the conductive network can effectively withstand cyclic
mechanical fatigue. When the strain amplitude is increased to
40%, a gradual upward shift in resistance is observed during
cycling, which is attributed to progressive microstructural rear-
rangement of the conductive pathways under large deformation.
Nevertheless, the resistance response maintains clear periodicity
without abrupt signal failure, demonstrating preserved electrical
functionality even near the upper strain limit. Further, Figure 3h
shows the stress–strain profiles over ten stretch–release cycles.
The curves largely overlap with minimal hysteresis, indicating
excellent elastic recovery and structural resilience. Importantly,
the introduction of the conductive coating does not compromise
the intrinsic flexibility of the textile substrate.

Finally, Figure 3i presents the resistance evolution under repeated
tensile cycling at a stretch ratio of 40%. Over extended cycling,
a gradual upward shift in the resistance baseline is observed,
accompanied by superimposed cyclic fluctuations. This behavior
is attributed to progressive microstructural rearrangement of the
conductive network under large, repeated deformation. Notably,
even after 1000 stretch–release cycles, no abrupt resistance jumps,
electrical discontinuity, or catastrophic failure are detected,
indicating that the conductive composite maintains functional
electrical integrity under prolonged mechanical fatigue.

3.4 Validation of ECG Signal Acquisition
Performance

Leveraging its high conductivity and skin conformity, the LM-
based smart textile demonstrates strong potential for electrophys-
iological signal acquisition. In this work, we applied the textile
Small, 2026
electrode to ECG monitoring, evaluating its performance under
both static and dynamic conditions, as illustrated in Figure 4.

Figure 4a shows the electrode design, featuring a circular sensing
area connected to a strip-shaped conductive lead. This structure
facilitates straightforward integration into garments for wearable
applications. A representative electrode placement is depicted in
Figure 4b, showing a bipolar electrode placement with textile
electrodes positioned symmetrically over the upper left and right
pectoral regions, simulating a simplified chest lead. Raw ECG
data acquired during walking is shown in Figure 4c. The signal
contains evident low-frequency drift and high-frequency noise,
attributed primarily to motion artifacts. After applying bandpass
filtering, the cleaned ECG waveform is presented in Figure 4d,
with clearly identifiable R-wave cycles. The heart rate (HR) is
measured at 98.5 bpm, and the RR interval standard deviation
is 0.107 s, indicating good rhythm stability and signal quality.
The extracted motion artifact component, isolated via low-pass
filtering (<0.5 Hz), is provided in Figure 4e. The waveform
displays smooth periodic undulations aligned with the user’s
walking rhythm, confirming its non-cardiac origin and successful
removal through signal processing.

Frequency-domain analysis is summarized in Figure 4f, which
compares the PSD of the raw signal, filtered ECG, and motion
artifact. The unprocessed signal spans a wide frequency range
dominated by low-frequency content. In contrast, the filtered
ECG concentrates energy in the 1–20 Hz band, consistent with
QRS complex frequencies, while the motion artifacts reside
mainly below 1 Hz—validating the effectiveness of the filtering
strategy. The corresponding time–frequency spectrogram of the
raw ECG is shown in Figure 4g, where fluctuating low-frequency
energy patterns further illustrate the presence of movement-
induced artifacts.

To explore physiological responsiveness, two ECG segments
collected under different activity states were analyzed. Post-
exercise data (Figure 4h) shows an elevated heart rate of
144.5 bpm with a low RR interval standard deviation of 0.005
s, reflecting accelerated cardiac rhythm and reduced beat-to-
beat variability. In contrast, the resting-state ECG (Figure 4i)
exhibits a lower heart rate of 105.8 bpm and a higher RR
interval standard deviation of 0.039 s, suggesting relatively greater
rhythm variability at rest. These results demonstrate that the
textile electrode can sensitively capture changes in heart rate
and rhythm dynamics across activity states, while maintaining
reliable signal acquisition during motion.

In practical wearable device applications, the humidity of the skin
and sweat can significantly affect the contact interface between
the electrodes and the skin, especially for dry textile electrodes.
To evaluate the stability of the proposed unencapsulated liquid
metal textile electrodes under different humidity conditions, a
controlled sweating simulation experiment was conducted by
introducing 1 milliliter of physiological saline on the electrodes
and the contact fabric.

The electrochemical impedance measurement results before and
after the salt water exposure are shown in Figure S4a. After
adding the salt water, the impedance between the electrode and
the skin significantly decreased, indicating that ion conduction
9 of 17
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FIGURE 4 Performance of the LM-based textile electrode in ECGmonitoring. (a) Structure of the textile electrode featuring a circular sensing area
and conductive lead. (b) Electrode placement on the chest is symmetrically positioned over the left and right chest regions to form a simplified bipolar
lead. (c) Raw ECG signal acquired during walking. (d) Filtered ECG waveform showing clear R-wave cycles. (e) Extracted motion artifact component
via low-pass filtering. (f) Power spectral density (PSD) comparison of raw ECG, filtered signal, and motion artifact. (g) Time–frequency spectrogram of
the raw ECG signal. (h) ECG segment after exercise showing elevated HR (144.5 bpm) and low RR variability (0.005 s). (i) Resting-state ECG segment
with reduced HR (105.8 bpm) and increased RR variability (0.039 s).

10 of 17 Small, 2026

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202514395 by N
ational U

niversity O
f Singapo, W

iley O
nline L

ibrary on [25/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202514395 by N
ational U

niversity O
f Singapo, W

iley O
nline L

ibrary on [25/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
was enhanced and the contact resistance decreased under humid
conditions.

However, although the impedance decreased, the electrocardio-
gram signals obtained under humid conditions did not show
the corresponding improvement in signal quality. As shown
in Figure S4b, although the characteristic electrocardiogram
waveforms were still clearly distinguishable, the baseline fluctua-
tions and noise increased compared to the dry conditions. This
phenomenon indicates that for liquid metal-based electrodes,
excessive moisture may introduce ionic polarization and lateral
current diffusion at the electrode-skin interface, which may
partially reduce the signal-to-noise ratio, although the impedance
has decreased.

However, no signal interruption or severe waveform distor-
tion was observed, and reliable electrocardiogram collection
was maintained throughout the measurement process. These
results indicate that the proposed textile electrodes can collect
electrocardiogram data under different skin humidity conditions.

3.5 Analysis of Heating Performance

To assess the feasibility of the LM-based textile device for thermal
regulation and wearable warming applications, a serpentine-
patterned heating element was fabricated, and its electrothermal
behavior was systematically characterized through both experi-
mental measurements and numerical simulations. The findings
are summarized in Figure 5.

Figure 5a presents the measured temperature response curves
under applied voltages ranging from 5 to 9 V. In all cases,
the device exhibited a rapid temperature rise, stabilizing within
approximately 30–40 s. The final steady-state temperature
increased proportionally with voltage, reaching close to 49 ◦C
at 9 V. These results demonstrate efficient Joule heating per-
formance and controllable thermal output under low-voltage
operation.

The corresponding simulation results are shown in Figure 5b,
revealing temperature–time trends that align well with experi-
mental data. The simulationmodel incorporates thermal conduc-
tivity of the LM circuit, heat capacity and diffusivity of the textile
substrate, and convective heat loss to the surrounding air, thereby
validating both the model’s fidelity and the device design.

To further examine temperature uniformity, Figure 5c quantifies
the spatial distribution of surface temperature under a 7 V
condition after 30 s of heating. Temperature profiles along both
the X and Y axes show a smooth, symmetric decay from the
central region toward the edges. This pattern indicates effective
in-plane heat spreading and thermal uniformity.

The evolution of heat distribution with increasing voltage is visu-
alized in Figure 5d, e, which show simulated and experimental
infrared thermal images, respectively, after 40 s of operation. In
the simulation (Figure 5d), higher voltages resulted in elevated
temperatures and larger effective heating areas along the ser-
pentine circuit, with distinct color gradients indicating thermal
accumulation along the conductive paths. The experimental
Small, 2026
images in Figure 5e reflect a similar progression: the heating
traces were clearly visible, and the temperature increased steadily
with voltage. The temperature at the fabric edges was slightly
lower than predicted, attributed to factors such as textile porosity,
air convection, or imperfect local contact. Despite these small
differences, the overall experimental results agreed closely with
simulation predictions, confirming the consistency and reliability
of the heater’s thermal performance.

In summary, the LM-based textile heater demonstrated rapid,
stable, and spatially uniform Joule heating under low-voltage
input. With a short warm-up time (<40 s), adjustable surface
temperature (>45 ◦C), and high thermal uniformity, the device
is well-suited for applications in smart garments, wearable
therapeutic systems, and personal heating technologies.

To further evaluate the device performance under realistic
conditions, we modeled the textile heater in direct contact
with a human skin layer (thickness 3 mm, initial temperature
37 ◦C). Heat transfer at the interface was represented by an
equivalent thin thermal resistance layer with a conductance of
300 W⋅m−2

⋅K−1. As shown in Figure S5, the peak skin tempera-
ture beneath the heater increased by ∼5.6–6.0 ◦C over 240 s. This
indicates that the device can effectively transfer heat to the skin
while maintaining physiologically safe temperature elevations.
The inclusion of the skin layer in the simulation provides a more
realistic assessment of on-body heating performance compared
with idealized rigid or adiabatic substrates.

3.6 Smart Glove Recognition System andModel
Performance Analysis

To validate the practical applicability of the developed LM-
based textile device in wearable human-machine interaction,
we designed a smart glove system for gesture recognition, inte-
grating flexible sensing, lightweight modeling, and embedded
deployment. The system workflow and corresponding results are
presented in Figure 6.

The structure of the smart glove platform is illustrated in
Figure 6a, comprising four functional modules: signal acqui-
sition, model training, embedded inference, and interactive
control. Flexible strain sensors integrated into the glove detect
resistance variations induced by finger movements, which are
transmitted to a computer via a data acquisition board for
feature extraction and model training. The trained model is then
deployed onto a microcontroller unit (MCU), enabling real-time,
low-power gesture recognition.While full interaction control was
not implemented in this study, the systemprovides amodular and
scalable architecture suitable for future application scenarios.

A schematic of the neural network used for classification is
provided in Figure 6b. A lightweightmultilayer perceptron (MLP)
model was selected to strike a balance between accuracy and
on-device efficiency. The model takes as input a 20-dimensional
feature vector, consisting of mean, standard deviation, and the
first eight FFT components frommultiple signal channels. These
features are processed by a three-layer fully connected network:
the first layer contains 64 neurons with ReLU activation and
batch normalization; the second layer contains 32 neurons; and
11 of 17
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FIGURE 5 Electrothermal performance of the LM-based textile heater. (a) Experimental temperature rise curves under applied voltages of 5–9 V.
(b) Simulated temperature–time profiles undermatching voltage conditions. (c) Quantitative temperature distribution along the X and Y directions after
30 s of heating at 7 V. (d) Simulated infrared thermal maps at different voltages after 40 s of operation. (e) Corresponding experimental thermal images
under identical conditions, showing consistent temperature distribution and heating efficiency.
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the final layer outputs probabilities over 10 gesture classes via
Softmax. A dropout layer (rate = 0.3) is inserted between the
first two layers tomitigate overfitting and improve generalization.
This compact architecture supports fast training and efficient
inference on resource-limited platforms.

Figure 6c displays images of the 10 static hand gestures used
in the classification task, including both isolated and combined
finger motions. Each gesture was recorded 120 times under
standardized conditions, ensuring balanced class distribution
and consistency across samples. For classification evaluation, the
dataset was processed using a stratified five-fold cross-validation
scheme. In each fold, approximately 80% of the samples from
each gesture class were used for model training, while the
remaining 20% were used for testing, ensuring balanced repre-
sentation across all gesture categories. This process was repeated
five times with different data partitions, and the final recogni-
tion accuracy was obtained by averaging the results across all
folds.

To visualize the separability of gesture categories, Figure 6d
presents a 2Dprojection of all samples using principal component
analysis (PCA).Most gesture types form distinct clusters, particu-
larly Classes 1, 2, 4, and 5. However, partial overlaps are observed
among Classes 6, 7, and 9, suggesting that these classes may
12 of 17
exhibit similar signal characteristics and require more expressive
features or deeper temporal models to improve classification
fidelity.

The training process is summarized in Figure 6e, where five-fold
cross-validation results are shown. Both training and validation
losses converge rapidly to below 0.1, while accuracy surpasses
95% within the first 10 epochs. The final training accuracy
approaches 100%, and validation accuracy consistently remains
above 97%, indicating excellent convergence and generalization
performance.

Inter-feature relationships are examined in Figure 6f through
a heatmap of pairwise correlation coefficients. The correlation
between features varies considerably: R1_mean and R4_std are
weakly correlated (−0.16), which can be advantageous for model
generalization, whereas R3_mean and R5_mean exhibit high
correlation (0.74), suggesting potential redundancy in feature
representation. These insights may guide future feature selection
or dimensionality reduction strategies.

Classification accuracy for each gesture is detailed in the con-
fusion matrix shown in Figure 6g. Most classes are accurately
predicted, with perfect classification observed in Classes 1, 2, and
4. Limited confusion exists between Classes 7 and 8, with a few
Small, 2026
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FIGURE 6 System design and experimental validation of the smart glove for gesture recognition. (a) Architecture of the wearable gesture
recognition system, including sensing, training, deployment, and interaction modules. (b) Structure of the lightweight MLP classification model based
on time–frequency domain features. (c) Images of the 10 hand gestures used in the dataset. (d) PCA-based 2D distribution of gesture samples showing
class separability. (e) Training and validation curves during five-fold cross-validation. (f) Feature correlation heatmap across different signal channels. (g)
Confusionmatrix of classification results with 10 gesture classes. (h) Predicted probability distribution for gestures 7 and 8. (i) Output variance indicating
prediction uncertainty between similar gesture classes.

Small, 2026 13 of 17

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202514395 by N
ational U

niversity O
f Singapo, W

iley O
nline L

ibrary on [25/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202514395 by N
ational U

niversity O
f Singapo, W

iley O
nline L

ibrary on [25/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
samples beingmisclassified between the two, likely due to similar
motion profiles.

To further probe the model’s behavior on ambiguous cases,
Figure 6h, i analyze the predicted probabilities and output
variance for Classes 7 and 8. While predicted probabilities remain
high (close to 1.0), subtle increases in output variance reflect
residual model uncertainty. These findings suggest potential for
improvement through enhanced signal augmentation, incorpora-
tion of dynamic features, or use of temporal architectures to better
capture transient gesture characteristics.

In summary, the smart glove system developed in this study
combines flexible textile sensing and a compact neural network
classifier to achieve accurate and responsive gesture recognition.
This demonstrates the promising potential of textile electronics in
wearable and intelligent interaction applications.

3.7 Biocompatibility and Neural Electrical
Stimulation Performance Evaluation

To assess the applicability of the LM textile electrodes in wearable
medical scenarios, we conducted a comprehensive evaluation
including biocompatibility assays, electrode–skin interface char-
acterization, and simulation of stimulation performance, as
summarized in Figure 7.

Figure 7a–c displays fluorescence images of NIH-3T3 fibroblasts
stained with DAPI after incubation on different textile sub-
strates. The LM/TPU sample (Figure 7a) and the CNT/LM/TPU
composite (Figure 7b) both supported robust cell adhesion and
proliferation, comparable to the control group without textile
(Figure 7c). Across all groups, high cell density and uniform
distribution were observed, with no visible signs of apoptosis or
inhibitory aggregation.

Quantitative results are shown in Figure 7d, where the relative
cell viability after 48 h of culture reached 99% for the LM/TPU
group and 92% for CNT/LM/TPU, both comparable to the control
(100%). These results confirm the low cytotoxicity of the textile
electrodes and suggest their compatibility with skin-contacting
and long-term wearable applications.

The physical appearance of the patterned textile electrode array
is shown in Figure 7e. The array consists of 16 individually
addressable rectangular electrodes (5 mm × 5 mm) fabricated
through laser patterning followed by transfer printing onto a
textile substrate.

Owing to its intrinsic flexibility and excellent skin conformability,
the electrode array enables stable multi-channel electrical inter-
facing with the skin, providing a versatile platform for cutaneous
electrical stimulation and bioelectrical signal acquisition.

In Figure 7f, we compare the impedance spectra of the textile
electrode and a standard Ag/AgCl gel electrode across the fre-
quency range of 1 Hz–10 kHz. While the textile electrode exhibits
slightly higher impedance at low frequencies (<100Hz) due to the
absence of a liquid electrolyte, it performs comparably at higher
frequencies. Its gel-free, reusable, and non-drying nature makes
14 of 17
it particularly advantageous for long-term wearable stimulation
and monitoring.

Figure 7g shows a representative potential waveform recorded
from the skin surface during stimulation. The voltage signal
exhibits a stable oscillatory patternmatching the input frequency,
confirming that the textile electrode can effectively transmit elec-
trical stimuli into subdermal tissue and generate a measurable
surface potential field. These results collectively demonstrate
the textile electrode’s promising potential for neural modula-
tion, rehabilitation, and electrophysiological feedback systems in
wearable formats.

To clarify the electrode’s working position, Figure 7h illustrates
the multilayer structure of the skin and the electrode’s contact
on the epidermis. The stimulation signal is expected to propagate
through the dermis, subcutaneous fat, and muscle layers to reach
target nerves, where coupling efficiency and interface stability are
critical to efficacy.

The spatial distribution of the electric field under 100 Hz, 5 V
AC stimulation is shown in Figure 7i, simulated via COMSOL
Multiphysics. The electric field is concentrated beneath and
between electrodes along the skin surface, forming a symmetrical
and continuous conduction pathway. The peak field strength
reaches approximately 1.57 × 104 V/m, well within the safe and
effective stimulation range for peripheral nerve activation.

Depth-dependent current density beneath the electrode center
is plotted in Figure 7j, where current density increases steadily
from ∼0.44 A/m2 at the surface to ∼3.86 A/m2 at 10 mm
depth, with a secondary peak observed between 8–10 mm. This
suggests efficient deep tissue penetration, highlighting the elec-
trode’s ability to activate deeper neural targets under low-voltage
stimulation.

In contrast, Figure 7k shows the current density profile at the
midpoint between electrodes (z = 25.25 mm). Here, current
remains stable at ∼0.92 A/m2 in the superficial 0–5 mm layer
and gradually attenuates to ∼0.08 A/m2 beyond that. A modest
resurgence between 8–10 mm likely reflects lateral field effects or
indirect conduction pathways, suggesting potential for shallow-
to-intermediate depth modulation even in non-contact regions.

Although in vivo studies involving patient pain modulation or
physiological response verification were not conducted in this
work, and a functional interface for closed-loop stimulation-
feedback remains to be developed, the present results demon-
strate the strong potential of the proposed textile electrodes. The
simulated electric field and current distributions confirm that
effective stimulation can be achieved under low-voltage drive,
with penetration sufficient to reach relevant neural structures.
The inherent softness and conformability of the fabric platform
provide a favorable basis for developing individualized, wearable
electrostimulation systems.

4 Conclusion

This study presents a high-stability fabric electronics plat-
form based on LM, integrating stretchable conductivity, fast
Small, 2026
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FIGURE 7 Biocompatibility assessment and electrical stimulation performance analysis of LM fabric electrodes. (a–c) Fluorescence images of
NIH-3T3 cells cultured on different textile samples. (d) Relative cell viability after 48-h incubation. (e) Photograph of the patterned textile electrode array.
(f) Impedance spectra comparison between textile and Ag/AgCl electrodes. (g) Recorded surface potential during electrical stimulation. (h) Schematic of
skin layers and electrode placement. (i) Simulated electric field distribution under AC stimulation. (j) Depth-wise current density beneath the electrode
center. (k) Depth-wise current density between two electrodes.
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thermal response, tactile sensing, and low-impedance stimula-
tion. Optimized interfacial design ensures structural stability
under repeated washing and deformation. Thermal experiments
and simulations confirm rapid heating and uniform temperature
distribution under low voltage, supporting wearable thermal
regulation. A gesture recognition system combining embedded
textile sensors and a lightweight neural network demonstrates
high accuracy and robustness. Biocompatibility tests and inter-
face modeling verify safe skin contact and effective electrical
stimulation. Overall, this work provides a versatile and scalable
approach for multifunctional wearable systems, with promis-
Small, 2026

 C
ing applications in digital health, rehabilitation, and human–
machine interaction.
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