npj | flexible electronics

Article

Published in partnership with Nanjing Tech University

https://doi.org/10.1038/s41528-025-00399-3

Waterproof and conductive tough fibers
for washable e-textile
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Conductive fibers are essential for wearable electronics, especially in electronic textiles (e-textiles)
used as skin-interfaced sensors and interconnects. Achieving sustainable e-textiles with integrated
toughness, waterproofing, and washability remains challenging. We present waterproof conductive
tough fibers (CTFs) fabricated via a scalable, continuous capillary tube-assisted coating (CTAC)
process. The multilayered CTFs demonstrate a conductivity of 6.42 kS/cm, Young’s modulus of
6.22 MPa, toughness of 9.40 x 10°J/m?, and 70% strain at break. With lengths exceeding 20 m, a
native oxide layer on the eutectic gallium-indium (EGaln) shell ensures reliable waterproofing with the
IPX8 standard. They also maintain consistent performance for 24 days water immersion and repeated
washing up to 100 cycles, showing superior resistance retention compared to the EGaln-absence
fibers. As a proof-of-concept, they enable wireless power transfer and reliable monitoring of
electrocardiogram and electromyogram signals, establishing a robust platform for sustainable

e-textiles.

Conductive fibers have emerged as pivotal innovations in wearable elec-
tronics, particularly in electronic textiles (e-textiles), by functioning as both
sensors and electrical interconnectors'™*. Their seamless integration as one-
dimensional electrodes into fabrics has driven advancements across diverse
fields, including smart uniforms>, human-machine interfaces™’, and non-
invasive, real-time physiological signal monitoring™", all without compro-
mising mobility or comfort. The core of this technology lies in the devel-
opment of conductive fibers that meet several key requirements'' ™’ (1) high
conductivity, essential for capturing weak signals with minimal noise while
ensuring power-efficient operation; (2) mechanical durability, ensuring
toughness and/or tensile strength to resist mechanical deformations during
wearing and movement, which can lead to inconsistent performance and
cracks/scraps; (3) sustainability, enabling fibers to maintain their perfor-
mance over prolonged use and repeated wash cycles; (4) uniformity,
necessary for consistent sensing performance across extended lengths
seamlessly integrated into fabrics; and (5) affordability, allowing for cost-
effective mass production suitable for widespread consumer adoption.
From the perspective of materials and manufacturing processes, early
developments in conductive fiber-based e-textiles primarily relied on fibers
spun directly from individual composite materials, such as conducting
polymers'*"*, nanostructured metals'*", and two-dimensional *"* or carbon
materials’”. While these approaches offered uniform electrical

performance, ease of processing, and flexibility in structural modification,
the single-material approach has suffered from limited stability against
vigorous movement, strain, and moisture. Thus, multilayer structures have
been proposed as more effective alternatives for e-textiles, which combine
functional materials to improve their durability and functionality.
State-of-the-art multilayer fibers have enhanced the functionality of
e-textiles by introducing advanced materials in each layer to meet specific
requirements. One innovation involves an introduction of two distinct
layers based on liquid metal particles, which were sequentially deposited on
raw fiber substrate, achieving mechanical durability and stretchability up to
150% strain, while maintaining stable conductivity under deformation—as
indicated by a low gauge factor of 0.1—and high conductivity exceeding
10kS/cm for efficient signal transmission with minimal energy loss”. To
address the limitation of liquid metal particles regarding scraps during
wearing”, poly(sodium 4-styrenesulfonate) was attached to stabilize the
particles within the multilayer structure, thereby enhancing mechanical
durability during repeated deformation. Similarly, polyester yarn was coated
in multi-walled carbon nanotubes (MWCNTs) dispersion with polymer
resins, forming a multilayer structure that improves mechanical strength
and electrical conductivity”’. An annealing process strengthens the inter-
action between the MWCNT shell and polyester core, achieving extremely
high tensile strength up to 260 MPa with 25% of elongation limit. Recent
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studies have also leveraged interlocking structures using MXene, such as
hierarchically interlocked helical configurations™ or core-sheath hetero-
geneous designs™, to achieve exceptional conductivity exceeding 10°S/cm
and mechanical stretchability under large deformations up to 300%. Fur-
thermore, hydrogel-coated fibers offered remarkable environmental
stability””. Inspired by spider silk, a coating of polyacrylic acid sodium
hydrogel enabled maintenance of conductivity even at extremely low tem-
peratures (retaining conductivity down to —35°C) and provided rapid
recovery rate within large strains (fast resilience within 30 s from stretching
up to 1200%). Substantial efforts have been devoted to achieving the desired
characteristics of conductive fibers through the integration of multilayer
structures, with an emphasis on addressing specific performance
requirements.

However, despite these advancements, the development of sustainable
fibers for practical use in e-textiles remains challenging due to issues with
toughness, waterproofing, and washability. Conductive fibers often struggle
to maintain stable performance in response to external factors such as
repeated stretching, scratching, sweat, wet weather, and washing. Liquid
metals, while used as particle-embedded matrices, are limited by their
vulnerability to friction during continuous deposition. While advanced
carbon materials offer exceptional toughness, they are prone to
environment-induced chemical degradation, with prolonged exposure to
moisture or oxygen leading to performance loss. Mechanically flexible and
strong hydrogels, on the other hand, lose their functionality when exposed
to laundry detergents acting as surfactants. Therefore, innovative strategies
should be developed for conductive fibers that simultaneously meet these
requirements, creating high-performance e-textiles capable of daily, prac-
tical, and sustainable use.

In this study, we present waterproof conductive tough fibers (CTFs)
fabricated using a scalable, continuous capillary tube-assisted coating
(CTAC) process, addressing key challenges in e-textile development. The
three-layer configuration was strategically designed to synergize mechanical
resilience, electrical conductivity, and waterproof performance within a
single fiber platform. The CTFs feature a multilayer structure with each layer
serving a critical role: a stretchable polyester-rayon core provides a durable
and flexible foundation; an Ag flake-waterborne polyurethane (AF-WPU)
composite middle layer enhances mechanical stability, electrical con-
ductivity, and interfacial adhesion; and an outer eutectic gallium-indium
(EGaln) shell delivers exceptional conductivity. This design achieves high
conductivity of 6.42 kS/cm, Young’s modulus of 6.22 MPa, toughness of
9.40 x 10°J/m’, and a strain at break of 70%. The rapid formation of a native
oxide layer on the EGaln shell imparts exceptional waterproofing, enabling
the fibers to meet IPX8 waterproofing standards. Additionally, the CTAC
process allows scalable fabrication of fibers over 20 m long. These long CTFs
retained their electrical performance and original shape after 24 days of
immersion under IPX8-standard conditions and multiple washing cycles.
As a proof-of-concept, the CTFs powered wireless energy transfer via
electromagnetic induction and demonstrated reliable monitoring of elec-
trocardiogram (ECG) and electromyogram (EMG) signals with a
signal-to-noise ratio of 40.3dB, even after extensive washing and wet
exposure. This work establishes a robust and scalable platform for creating
sustainable e-textiles with reliable performance in demanding real-world
applications.

Results and discussion

Continuous manufacturing of multilayered conductive

tough fibers

Figure la illustrates the overall process for manufacturing multilayered
CTFs and their component materials. As a promising strategy for the
continuous fabrication of multilayered fibers, we exploited capillary action
within a confined tube with 1-mm-inner diameter to uniformly coat fibers,
enabling precise control over layer thickness and material distribution. This
process, referred to as the CTAC process, allowed for the formation of well-
defined microfibers with a core-shell structure. Unlike the conventional
coating processes for multilayered fibers, typically utilizing bulk bath for

dipping™, the CTAC process is significantly waste-efficient, requiring a very
small amount of solution (~70 pL) per cycle.

The polyester-rayon synthetic fiber, used as the core of CTFs, exhibited
a tensile strength of 3.58 gf/denier”, demonstrating its role as a tough and
durable framework. A conductive filler matrix composed of AF and WPU
was deposited onto the raw fibers during the first CTAC process. WPU,
formulated with an environmentally friendly water-based solvent™, ensures
robust adhesion to the raw fiber through favorable interactions’*. Simul-
taneously, the metallic AF increases the surface energy of filler layer, facil-
itating the effective attachment of the EGaln shell. Note that optimizing the
composition ratio is crucial for achieving the appropriate viscosity for the
filler matrix. Excessive AF concentrations result in overhardened suspen-
sions, whereas excessive WPU concentrations produce overdiluted sus-
pensions (Supplementary Fig. 1), both of which disrupt the CTAC process.
After drying the filler layer, EGaln was continuously deposited as a sec-
ondary layer using the CTAC process, yielding an ultra-conductive
microfiber. Unlike conventional solid metals, the fluidic properties of
EGaln enable facile deformation and strong coating capability. The superior
conductivity and mechanical toughness of the CTFs developed in this study
are remarkable compared to those of recently reported conductive fibers
fabricated from various materials (Fig. 1b)***** and the figure-of-merit
parameters of these fibers are summarized in Supplementary Table 1.

Figure 1cillustrates interfacial adhesion on fibers and their step-by-step
fabrication process using the CTAC process. Each process involves three
main steps with the following principles. (1) A well-blended conductive filler
suspension is dropped at the entrance of a tube with a 1-mm inner diameter,
while the raw fiber is threaded through, forming a meniscus of the filler
suspension between the rounded tube edge and the raw fiber. The meniscus
is automatically drawn into the tube via capillary action. Considering the
composition of anionic aliphatic WPU"**, employed in this work, hydro-
phobic (polyol, isocyanate) groups of the filler suspension facilitates better
spreading and wetting on the hydrophobic polyester-rayon fibers. This
ensures a uniform and adherent coating with an increased interaction area.
(2) The suspension meniscus is then drawn deeply into the tube by con-
tinuous injection. During the suspension flow, the constant injection
ensures uniform coating thickness by filling the textured surface of the raw
fiber (Supplementary Fig. 2), while the injection speed determines the
thickness of the coating™. At relatively low injection speeds, the thickness of
the shell layer is primarily governed by capillary action. Faster flow provides
insufficient time for interaction between suspension and underlying fiber,
thus resulting in a thinner layer due to evaporation. Conversely, beyond the
critical speed with a minimum thickness, a shear force within the suspen-
sion, referred to as viscous drag. Rapidly flowing suspension leaves more
fluids due to increased viscous drag, which turns in thicker layer, as inter-
preted by the Landau-Levich model**. Therefore, understanding the
relationship between injection speed and layer thickness is essential to
achieving the desired thickness in the CTAC process. (3) Finally, the volatile
solvent in the filler matrix is rapidly evaporated using a drier as the fiber
exited the tube, resulting in a densification (i.e., hardening).

With the same manner, the CTAC process is repeated with EGaln,
replacing the filler suspension. A key difference lies in the necessity of the
filler matrix for successful EGaln coating. Supplementary Fig. 3 and Sup-
plementary Video 1 present time-lapse images and videos of raw fibers and
filler-coated fibers being gradually pulled upward from EGaln droplets,
highlighting the critical role of metallic AF in increasing the surface energy
of the middle layer to facilitate EGaln adhesion. Additionally, subsequent
drying enables native oxidation of EGaln, forming an oxide layer that
functions as a passivation layer. Consequently, the fabricated CTFs
demonstrate enhanced mechanical durability and toughness, with mini-
mized abrasion-induced cracks (Supplementary Fig. 4)

Morphological, chemical, and mechanical analysis of CTFs

Figure 2a presents optical microscopy (OM) and scanning electron
microscopy (SEM) images of the fibers at different stages, showing the side
and cross-sectional views, respectively. These images demonstrate the
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previously reported conductive fibers. ¢ Schematic illustrating the overall CTAC
process for transforming raw fibers into multilayer-structured CTFs.

morphological evolution during the double CTAC process. The raw fibers,
composed of spiral bundles of discrete fibers, exhibited hairy and non-
uniform surfaces. However, the subsequent coating of filler matrix effec-
tively covered the rough surfaces, attributed to the enhanced wettability by
hydrophobic interactions. This leads to a relatively smooth surface. And
then, the second CTAC process with EGaln yielded a well-defined core-shell
structured CTF. Figure 2b shows the cross-sectional SEM and energy dis-
persive spectroscopy (EDS) mapping images of the CTF, highlighting the
elemental distributions of (i) C K, (ii) Ag L, (iii) In L, and (iv) Ga L series.
Both the filler matrix and EGaln layers were processed using the CTAC
method at a fixed speed of 20 mm/min. The black craters observed in the Ag
L and C K series correspond to raw fibers, where the elemental information
represents AF and WPU, respectively. Since the relatively heavy AF particles
are localized in the fiber core, the exposed WPU is more susceptible to
water-induced swelling, necessitating the subsequent EGaln coating. Con-
sequently, the EGaln layer, as clearly observed in the images, was success-
fully deposited with a thickness of around 63 pm.

Further investigation into the chemical composition of the CTF was
conducted using X-ray photoelectron spectroscopy (XPS) analysis. Depth-
dependent chemical analysis was performed via continuous scanning and
repeated in situ etching with Ar gas. Figure 2c shows the relative atomic
distributions of C, O, Ga, and Ag a function of etching depth, with all peaks
normalized to a reference peak for physisorbed CO, (Supplementary Fig. 5).
The relative concentrations of O and Ga decreased with increasing etching
depth, whereas those of C and Ag increased. Since the outermost layer is
EGaln, the high O content at the surface level corresponds to native oxides
acting as passivation layers. Notably, the depth-profiled XPS spectra for each
atomic orbital are shown in Fig. 2d-f. The background level of the O 1

spectra decreased significantly after a single etching step, indicating the
successful removal of native oxide layer originating from EGaln. At the
surface level, the O 1 s spectra exhibited two distinct peaks at 532.8 ¢V and
531.7 eV, denoted as O (i) and O (ii), respectively. The O (i) peak corre-
sponds to deeper levels and is attributed to O species involved in the polymer
backbone of WPU and/or the raw fiber. As higher binding energies reflect
bonding with more electronegative atoms of lower quantum numbers, the O
(ii) peak, observed exclusively at the surface, represents native oxides.
Consistently, the Ga 2ps/, spectra confirmed the native oxidation of the
outermost EGaln, as evidenced by two distinct peaks at 1118.6 eV and
1116.2 eV, corresponding to oxidized Ga,0O3 and metallic Ga, respectively”’.
Meanwhile, the peak intensities in the Ag 3 d spectra increased with etching
depth, indicting proximity to the AF layer deeper within the structure. These
spectra also showed double peaks resulting from spin-orbital splitting™.
Collectively, these comprehensive analyses validate the well-defined core-
shell structure of the CTF.

To validate the capability of each fiber as an e-textile, we investigated
their electrical and mechanical properties. Figure 2g shows the fiber thick-
ness at varying CTAC speeds from 10 to 40 mm/min. As discussed earlier,
the injection speed during the CTAC process determines the thickness of
layers. Specifically, the selected injection speeds belong to the regime gov-
erned by viscous drag, thus slower injection was advantageous for enhan-
cing electrical conductivity (Fig. 2h). While the coating thickness can be
lowered to enhance the conductivity, excessively slow injection rates restrict
scalable fabrication. Therefore, the injection speed was set at 20 mm/min.
The resulting diameter and conductivity of the fibers coated with the filler
matrix were 232 pm and 307 S/cm, respectively, whereas those of CTFs were
295 um and 6.42kS/cm. Additionally, the CTFs demonstrated enhanced
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mechanical strength (Fig. 2i). Notably, the additional layer deposition for
the core-shell structure subtly adjusted the rigidity and elasticity”. The CTFs
exhibited a breakdown stress of 2.54 MPa, a strain of 70%, Young’s modulus
of 6.22 MPa, toughness of 9.40 x 10°J/m’, all while maintaining ultrahigh
conductivity. The CTFs also exhibited reduced changes in conductivity
under mechanical deformation, as evaluated by the relative resistance (R/Ry)
asa function of strain (Fig. 2j). Under 70% strain, the R/R, value of CTFs was
1.43, compared to 2.03 for AF-WPU fibers without the EGaln layer, indi-
cating that the EGaln shell mitigated strain-induced conductivity instability.
To assess the electro-mechanical cycle reliability of the CTFs, the relative
changes in resistance and length values were recorded over 1000 cycles of
tensile strain at 10-40% (Supplementary Figs. 6 and 7). The CTFs
demonstrate complete resilience, maintaining a consistent relative length
(L/Ly=1) after 1000 cycles of tensile strain, along with stable electrical
performance with minimal resistance variation at strain levels up to 10%.
While resistance variations increase under multiple cycles of larger strains,
the CTF connected to an LED successfully functioned as an electrical
conductor, maintaining stable performance despite repeated bending and
stretching up to 70% strain (Supplementary Video 2), thereby demon-
strating both mechanical durability and consistent electrical conductivity
under deformation.

Scalable production and environmental stability of CTFs

The primary advantage of fiber-based electronics lies in their suitability for
mass production. Leveraging the uniformity of the CTAC process, a large-
scale roll-to-roll manufacturing system was designed, as shown in Fig. 3a. To
minimize gravitational effects, the fiber was maintained in a horizontal
orientation during the double CTAC process. Instantaneous drying of the
filler matrix and EGaln layers was achieved at controlled temperatures.

Figure 3b displays the resulting thread wound around the glass stick,
extending over 20 m in length. Despite vigorous winding, the thread showed
no significant cracks or damage due to the robust surface provided by the
EGaln coating. Additionally, the conductivity of a long CTF produced at a
CTAC speed of 20 mm/min was measured at 2 m intervals along its entire
length (Fig. 3c), confirming uniform conductivity throughout the fiber. To
further assess the suitability of the CTFs for skin-compatible e-textiles, we
examined their temperature-dependent conductivity over a 20 m length
(Fig. 3d). Given that the temperature of textiles in contact with human skin
can fluctuate in daily use, the conductivity stability across a range of tem-
peratures is critical for practical applications. The temperature of the CTF
was recorded using an infrared camera (inset). Remarkably, the CTFs
exhibited nearly constant conductivity across temperatures from 10 to
50 °C, underscoring their potential for integration into e-textiles. In com-
parison, fibers without the EGaln layer displayed consistent but lower
conductivity levels (Supplementary Fig. 8).

Waterproofing is a critical requirement for the sustainable use of
e-textiles. To evaluate the waterproof capabilities of the CTFs, we conducted
immersion tests based on the IPX8 standard, which involves continuous
immersion in water beyond 1 m depth. Specifically, long CTFs were sub-
merged in water at a depth of 1.5 m for up to 24 days, simulating extreme
waterproofing conditions. Figure 3e illustrates the changes in conductivity
and diameter of the CTF after this prolonged immersion. The long CTFs
were meticulously tested to validate the reliability of the CTAC process for
mass production, showing no significant cracks or damage. The native oxide
on the outer shell protects against swelling of the filler matrix, allowing the
non-hygroscopic CTFs to retain their conductivity and diameter. Crystal-
lographic analysis further validated the absence of unexpected shell corro-
sion during long-term water immersion™”"', as no additional diffraction
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Fig. 4 | Sustainable washing and versatile applications of CTFs. a Schematic of the
CTF washing process. b Schematic of an LED connected to the CTFs after the
washing process, powered by a 9 V battery. ¢ Electrical conductivity before and after
washing, indicating minimal change due to their waterproof properties. d LED
operation test with CTFs immersed in water. e Wireless power sensing experiment

with a CTF wound under a knit on one side and copper wire on the other side, and
f LED brightness as a function of the sensing distance. g Comparison of impedance
between the gel electrodes and wet CTFs, thereby showing the impedance values
(<10° Q cm?). h ECG and i EMG measurements using the CTFs before and after
washing.

peaks attributable to phases other than native oxides were detected (Sup-
plementary Fig. 9). Additionally, the inset OM images reveal no visible
deformation or damage, even after prolonged immersion, highlighting the
excellent waterproof capability of the CTFs in accordance with the
IPX8 standard. Beyond waterproofing, washability is another crucial factor
for the sustainable use of e-textiles. Figure 3f presents the relative resistance
changes of AF-WPU-coated fibers and CTFs as a function of washing cycles,
where a 20 m fiber was tightly wound on a slide glass for testing. Washability
was evaluated in a stirring water bath, as demonstrated in Supplementary
Video 3. While AF-WPU-coated fibers showed a significant increase in
resistance after only a few washing cycles, the relative resistance difference
(AR/R,) of the CTFs was 100 times lower than those for AF-WPU-coated
fibers after 20 cycles. Notably, the AR/R, of the CTFs demonstrated negli-
gible changes of resistance (Supplementary Fig. 10) and mechanical strength

(Supplementary Fig. 11), even after 100 washing cycles. This remarkable
washability can be attributed to the native oxide layer of EGaln, which
provides effective protection against mechanical stress and water ingress
during washing. Consequently, the CTFs exhibit not only exceptional
waterproof properties but also maintain stable electrical performance after
repeated washing, reinforcing their potential for practical e-textile
applications.

Sustainable washing and versatile applications of CTFs

To evaluate the feasibility of integrating CTFs into e-textiles, they were sewn
onto commercial cotton. Figure 4a shows the washability test of the CTE-
sewn cotton after rigorous washing. Despite minor scratching from the
millimeter-sized dirt particles, the sewn CTF functioned as electric wire,
powering an LED (Fig. 4b) and maintaining conductivity after laundering
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(Fig. 4c). While tightly wound raw fibers absorbed various liquids such as
deionized (DI) water, milk, orange juice, wine, and coffee within 30 min
(Supplementary Fig. 12), the CTFs demonstrated no significant liquid
absorption even after 120 min (Supplementary Fig. 13). When stained with
colored ink, the CTFs were effectively cleaned with DI water, further con-
firming their ability to power an LED after washing (Supplementary Video
4). The CTFs also demonstrated electrical functionality underwater, as
shown in Fig. 4d and Supplementary Fig. 14. As demonstrated in Supple-
mentary Video 5, the LED connected to the submerged CTFs remained lit
during vigorous mechanical deformations such as bending and stretching
up to 70% strain. This observation underscores the waterproof and
mechanically robust properties of the CTFs in wet environments, further
validating their suitability for practical e-textile applications.

Beyond waterproof functionality, coiled CTFs enabled wireless pow-
ering via electromagnetic induction. Figure 4e displays the experimental
setup, comprising a transmitter with a Cu enamel coil and a receptor with a
knit-sewn CTF coil. A negative-positive-negative (NPN) transistor and
resistor units connected to the enamel coil and a commercial battery
facilitated the conversion of direct current (DC) into alternating current
(AC) in the transmitter. The detailed circuit diagram is shown in Supple-
mentary Fig. 15. The AC power generated alternating magnetic fields that
wirelessly powered an LED connected to the CTF coil in the receptor. Figure
4f shows the light intensities of the LED as a function of the distance between
the transmitter and receptor, following the power-law of light intensity™.

Another wearable application of the CTFs is as physiological signal
sensors. The CTF-based electrode demonstrated impedance levels com-
parable to gel electrodes across the frequency ranges relevant to physiolo-
gical signals, including ECG (~20 Hz)* and EMG (~100 Hz)”, even under
wet conditions (Fig. 4g). This performance addresses the limitations of gel
electrodes, which can cause skin irritation during prolonged use and are less
suitable for extended monitoring. The comparable impedance of the CTF-
based electrode highlights its potential as a practical alternative to com-
mercial gel electrodes for physiological signal detection. Figures 4h, i display
the ECG and EMG signals before and after laundering, respectively,
demonstrating consistent signal integrity. CTFs exhibit a range of promising
features, including crack-free durability, ultrahigh conductivity, scalability
for mass production, temperature-stability, washability, and suitability as
skin-compatible electrodes for physiological signal monitoring. These
attributes underscore their potential for advancing fabric-based e-textiles
through large-scale manufacturing, paving the way for innovations in smart
clothing technology.

Discussion

In conclusion, this study successfully develops sustainable e-textiles based
on waterproof conductive tough fibers (CTFs) with a multilayer AF-WPU/
EGaln structure, ensuring high conductivity and mechanical toughness.
The rapid in-situ formation of a native oxide layer on the EGaln shell
provides exceptional waterproofing, enabling the fibers to exceed IPX8
standards and operate reliably under submerged conditions. Additionally,
the scalable CTAC process allows the extended and uniform fibers of which
length exceeds 20m. They also maintain consistent electrical and
mechanical properties even after multiple washing, underwater deforma-
tion, and ink contamination. These fibers demonstrate robust performance
in wireless power transfer and physiological signal sensing, including ECG
and EMG signals, even in wet conditions. The low-noise measurements
after laundering emphasize their potential for non-invasive health mon-
itoring. These advancements establish a new benchmark for durable,
functional, and scalable e-textiles, paving the way for smart clothing and
wearable technologies that can withstand demanding environments.

Methods

Preparation of inner and outer shell coating materials

Initially, 1.0 g of AFs (>99.99%, Daejoo Electronic Materials Co., Ltd.) was
combined with 1.5 g of WPU (solids content 59.5-61.5%, Alberdingk Boley
Co., Ltd.) at room temperature and vigorously stirred by vortex mixer for

30 min. The CTAC process was later conducted by injecting the mixture ata
speed of 20 mm/min into a polyester-rayon synthetic raw fiber connected to
the syringe pump. After the initial coating, the fiber was dried on a 60 °C
dryer for 10 min to ensure proper adhesion properties. Finally, EGaln
(75.5 wt% Ga and 24.5 wt% In, MSE Supplies) was applied using the CTAC
process as previously described. The fully coated fiber was dried in a 90 °C
dryer for over 30 min. This process was repeated for mass production
of CTFs.

Capillary tube-assisted coating (CTAC) method

The micro hematocrit capillary tube (70 uL of capacity, 1.1 mm of inner
diameter, 0.20 mm of wall thickness, and 75 mm of length, Korea Ace
Scientific) was used in the CTAC process. It was positioned at the center of a
syringe pump (NE-1010, New Era Pump Systems, Inc.). The fibers were
passed through the fixed capillary tube, while the coating agent was injected
at a speed of 20 mm/min, as set on the syringe pump to 20 mm/min. The
syringe pump facilitated the coating process™.

Electrical and mechanical measurement

We assessed the sheet resistance of the CTF using the four-point probe (4pp)
method (HPS2663, Helpass Electronic Technologies, Inc.). To ensure
optimal alignment between the sample size and 4pp tips, the probe spacing
was set to 2 mm. Tensile measurements were conducted using a universal
testing machine (UTM) (LDW-5, Jinan Chuanbai Instrument Equipment
Co., Ltd.), with aload cell of 20 N, where the length of CTF samples was fixed
at 6 cm. Uniaxial strain was applied at a rate of 20 mm/min, while the load
cell was calibrated prior to testing. Both electrical and mechanical mea-
surements were conducted at room temperature.

XPS measurements

The chemical compositions of the layered structure of AF-WPU with
EGaln were analyzed using X-ray photoelectron spectroscopy (XPS-
NEXSA, Thermo Fisher Scientific) with a monochromated Al Ka source.
Depth-profiling was conducted via repeated etching using an Ar gas flow,
with scans conducted at intervals of 30 s.

Immersion testing procedure for CTFs according to

IPX8 standard

The waterproof capability of the CTFs was evaluated by conducting
immersion tests under IPX8 standard conditions. The CTFs were com-
pletely submerged in a bath filled with DI water at a depth of 1.5 m, with the
water temperature maintained at 20 °C to simulate typical environmental
conditions. The immersion duration was set for up to 24 days to assess the
long-term waterproof capability of the CTFs under prolonged exposure.
After the designated immersion periods, the CTFs were carefully retrieved
from the water for subsequent analyses, including measurements of con-
ductivity, diameter, and visual inspections.

Submersion and washing procedures for CTFs in sewn textiles
The CTF was completely submerged in a bath filled with DI water to assess
its long-term waterproof characteristics. For verifying a sustainability
regarding washing capability, the CTFs, contaminated with sand, dust, and
other debris, were washed for 1h using a solution consisting of 30 g of
commercial liquid laundry detergent (Frosch, Erdal Rex GmbH), where the
temperature was fixed at 20 °C, as reported in previous research™.

Wireless power transmission test using CTFs

A wireless power transmission test generates an induced current in the
coil via electromagnetic induction. An enamel-copper wire coil was
prepared by winding it more than 30 times, with a loop created in the
middle of the coil. At both ends and loops of the coil, a 2N2222A
transistor and 9.0 V battery were connected. On the other side, the
developed CTF was wounded more than 30 times around the coil and
connected toa LED. Here, the induced current increases as the distance
between the two coils decreases.
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Impedance measurement

Electrode-skin impedance measurements were conducted using an elec-
trochemical workstation (CS350, Wuhan Corrtest Instruments Co., Ltd.)
over a frequency range of 10"-10° Hz. A sinusoidal stimulation voltage
varying from 1 to 2500 mV was applied to obtain the impedance curve. The
wet-coated CTF was wrapped around the right wrist. For comparison, Ag/
AgCl electrodes (3 M Monitoring Electrode 2223H) were used to measure
impedance under similar conditions, with each electrode having a surface
contact area of 1.5 x 1.5 cm’.

Physiological signal measurement with CTFs

Physiological signals were measured using CTFs, with ECG and EMG
signals collected using an electrocardiography meter (1800; A-M systems
microelectrode AC amplifier). Regarding the ECG measurements, the CTFs
were configured as bracelets worn, a reference electrode placed on the
forearm. The electrodes were connected to a signal recording setting and
processed using a bandpass filter (1-150 Hz). Regarding the EMG test, the
CTFs were also worn as bracelets on the wrist to detect muscle signals from
the biceps or brachial regions. Additionally, normal data were analyzed from
clinical datasets obtained in a clinical setting with Institutional Review Board
(IRB) approval (IRB Approval No. AJOU 202410-HB-003). All the data
were processed and analyzed using the Matlab envelope function™ .

Data availability
All data are available within the article or available from the authors upon
reasonable request.
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