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Double-network PEDOT:PSS xerogel fibers with
high stretchability and electrical stability for
wearable strain sensing

Gayaneh Petrossian,a Sara Ebrahimi,a Floriane Miquet-Westphal,a Hang Xub and
Fabio Cicoira *a

Conductive polymer xerogels provide a promising route toward mechanically stable and water-

independent alternatives to conventional hydrogels for wearable bioelectronics. However, achieving high

stretchability, mechanical robustness, and stable electrical performance in xerogel fibers remains

challenging. Here, we develop highly stretchable and conductive double-network PEDOT:PSS xerogel

fibers fabricated through freeze–thaw-induced physical crosslinking of poly vinyl alcohol (PVA) followed by

borax-mediated crosslink formation. The resulting fibers exhibit enhanced network integrity and

mechanical robustness, enabling tensile strength up to B16 MPa and elongation at break exceeding 1100%

at an optimized borax concentration, while maintaining stable electrical conductivity (B0.8 S m�1). The

fibers display reproducible strain-dependent resistance changes with gauge factors up to B19 at high

strain. When integrated as wearable sensors, the xerogel fibers enable reliable real-time monitoring of

human motion, including finger, wrist, and elbow movements. This double-network xerogel strategy

provides a simple and scalable approach to engineering mechanically robust conductive fibers for next-

generation wearable sensing and bioelectronic applications.

Introduction

Flexible and stretchable conductive materials composed of con-
ductive polymers and elastic matrices are increasingly explored
for applications in wearable health monitoring, implantable
bioelectronics, and human–machine interfaces.1–10 Conducting
polymer-based hydrogels have attracted significant attention due
to their combination of softness, stretchability, and ionic/elec-
tronic conductivity. Among these materials, poly(3,4-ethylene-
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) has emerged
for its tunable electrical conductivity, aqueous processability,
biocompatibility, and potential for self-healing. However, in its
pristine form, PEDOT:PSS generally exhibits moderate conduc-
tivity (B1 S cm�1) and limited stretchability (B5%).11,12 More-
over, most PEDOT:PSS-based hydrogel conductors remain
strongly dependent on water content to maintain their mechan-
ical compliance and electrical performance, making them vul-
nerable to dehydration, dimensional instability, and long-term
performance degradation in ambient environments. To over-
come these limitations, various additives have been introduced.

Small-molecule polyols such as glycerol,13 ethylene glycol (EG),14

and xylitol15 primarily act as conductivity enhancers, while
polymeric additives such as polyvinyl alcohol (PVA),16 polyur-
ethane (PU),17 polyurethane diol (PUD),18 and polyethylene glycol
(PEG)19 are commonly incorporated to improve mechanical
compliance, stretchability, and structural stability of the con-
ductive network.

Xerogels, the dry analogs of hydrogels, are polymer networks
obtained by removing water from a hydrogel while preserving
the underlying crosslinked structure. Unlike aerogels, which
require supercritical drying to maintain an open-pore architec-
ture, xerogels are typically produced through ambient drying or
mild thermal drying, making them simpler and more cost-
effective to manufacture.20 The removal of water results in a
denser and mechanically stable material that is no longer
dependent on hydration for structural integrity. Consequently,
xerogels overcome key limitations of hydrogels, including dehy-
dration, dimensional instability, and degradation of mechanical
and electrical performance over time. These advantages make
conductive xerogels particularly attractive for wearable and bioe-
lectronic applications requiring stable performance under ambi-
ent conditions.

To enhance the mechanical performance of polymer-based
hydrogels and xerogels, both physical and chemical crosslink-
ing methods have been employed.21,22 Physical crosslinking
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methods, such as freeze–thaw cycling,23 rely on non-covalent
interactions, including hydrogen bonding and crystallite for-
mation, to establish network structures without the introduc-
tion of additional chemicals. In PVA systems, freeze–thaw
processing promotes the formation of microcrystalline domains
that serve as physical junction points, resulting in enhanced
elasticity and mechanical strength.24 Chemical crosslinking
involves the formation of covalent or reversible bonds using
crosslinkers such as glutaraldehyde,25 citric acid,26 or borax.27–29

Borax forms reversible di-diol complexes with PVA chains,
enabling dynamic and tunable mechanical behavior.30 Combin-
ing both physical and chemical crosslinking approaches can
therefore produce hybrid networks that balance flexibility,
strength, and structural stability.31,32

Conductive fibers are particularly attractive for wearable
sensing applications due to their inherent flexibility, light-
weight nature, and ability to conform to complex and dynamic
surfaces.33–35 Compared with bulk films, fiber-shaped sensors
can accommodate larger deformation, provide improved
mechanical compatibility with soft tissues, and enable reliable
signal acquisition during motion. Fiber geometries also facil-
itate the integration into wearable platforms, such as textiles
and skin-mounted devices. For example, fiber-like conductive
hydrogels fabricated through freeze–thaw processing and weav-
ing strategies have been reported as mechanically robust and
stretchable sensors for human motion monitoring.36 Similarly,
PEDOT:PSS/PVA hydrogel fibers have demonstrated high
mechanical strength and sensitivity for physiological sensing
applications.37 Despite these advances, developing conductive
xerogel fibers that simultaneously exhibit high mechanical
robustness, large stretchability, and stable electrical perfor-
mance remains challenging, particularly in water-independent
systems.

Here, we report highly stretchable and conductive double-
network PEDOT:PSS xerogel fibers for wearable strain sensing
applications. The fibers are fabricated through a double-network
design combining freeze–thaw-induced physical crosslinking of
PVA with borax-mediated dynamic crosslink formation. This
strategy produces mechanically robust and electrically stable
xerogel fibers that operate under water-independent conditions,
addressing a key limitation of conventional PEDOT:PSS hydrogel
strain sensors. By varying the borax concentration, the crosslink
density can be systematically tuned, enabling control over the
mechanical and electromechanical properties of the fibers. The
resulting xerogel fibers exhibit tensile strains exceeding 1100%
while maintaining stable electrical conductivity and reliable
strain-dependent resistance changes. When integrated as wear-
able sensors, the fibers enable accurate real-time monitoring of
human motion, demonstrating their potential for robust wear-
able bioelectronic applications.

While PEDOT:PSS/PVA-based systems and double-network
hydrogels have been widely explored, most studies focus on
hydrated materials whose performance depends on water
retention. In contrast, this work focuses on conductive xerogel
fibers, enabling water-independent operation while main-
taining high mechanical robustness and electromechanical

functionality. The integration of freeze–thaw-induced physical
crosslinking with borax-mediated dynamic crosslinking results
in a double-network structure that provides a favorable balance
between strength, extensibility, and electrical stability in the
dry state.

Materials and methods
Materials

Poly(vinyl alcohol) (PVA, 89 000–98 000 average molecular
weight and 99+% hydrolyzed), glycerol (Z99.0%), and sodium
tetraborate decahydrate (borax, Z99.5%) were purchased from
Millipore Sigma (St. Louis, MO, USA). PEDOT:PSS dispersion
(conductive grade, SKU 483095, 1.3 wt% solids) was purchased
from Millipore Sigma (St. Louis, MO, USA). Silicone elastomer
Ecoflex Gel was purchased from Smooth-On (Macungie, PA,
USA). Copper tape (88.9 mm, 10 mO sq�1) was purchased from
McMaster-Carr. The glass capillary tubes with an inside dia-
meter of 1 mm were supplied by Iouyup (China).

Xerogel preparation

Initially, a 15 wt% aqueous solution of polyvinyl alcohol was
prepared by dissolving PVA in ultrapure deionized (DI) water
(18.2 MO cm at 25 1C) in an oil bath at 90 1C with continuous
stirring for 2 hours until a clear solution was obtained. A
precursor solution was prepared by mixing 1 g of the PVA
solution, 1 g of PEDOT:PSS dispersion, and 0.1 g of glycerol
under magnetic stirring at 50 1C for 5 min.

After thorough mixing, the homogeneous solution was
injected using a syringe into molds with desired shapes, where
the mold geometry defined the final form of the xerogel. For the
preparation of the fibers, the mixture was injected into glass
capillary tubes with an inside diameter of 1 mm and a length of
10 cm. For certain characterization techniques, films were also
prepared by casting the solution into flat molds to obtain xerogel
films with uniform thickness. Consequently, the materials were
subjected to freeze–thaw (F–T) processing, consisting of freezing
at �80 1C for 8 h followed by thawing at room temperature for
30 minutes, repeated for five cycles, resulting in physically
crosslinked hydrogels. After freeze–thaw treatment, the samples
formed fully solid, self-supporting structures that could be easily
removed from the molds without deformation or damage. These
samples were designated PPG. Following gel formation, the
hydrogels were immersed for 30 s in aqueous borax solutions
(concentrations of 0, 0.1, 0.25, and 0.5 M), followed by ambient
drying to obtain the xerogels. For comparison, cast-only (CO)
control samples were prepared by casting the precursor solution
into films and allowing them to dry at room temperature without
undergoing freeze–thaw treatment. Because no crosslinking
occurred under these conditions, the materials did not form
stable fibers. These samples were designated CO-PPG.

Characterization

The morphology of the xerogels was analyzed using a Quattro
(Thermo Scientific) scanning electron microscope (SEM). The
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samples were cryo-fractured using liquid nitrogen to achieve a
clean representative cross-section of their internal structure.

The thermal stability of the xerogels was evaluated using
thermogravimetric analysis (TGA, 5500, TA Instruments, USA).
Measurements were performed in an open platinum crucible
from 40–600 1C with a heating rate of 20 1C min�1, under a
nitrogen atmosphere (40 mL min�1). Differential scanning
calorimetry (DSC, Q2000, TA Instruments, USA) was used to
determine the crystallinity percentage (Xc), using the following
equation:

Xc ¼
DHf

DH100
f

� 100 (1)

where DHf is the heat of fusion, measured by the area under the
melting peaks in DSC, and DH100

f is the heat of fusion for a
100% crystalline PVA, obtained from the literature (DH100

f =
161.4 J g�1).38

To study the chemical structure and bond formations,
Fourier-transform infrared (FTIR) spectroscopy was performed
on the samples using a PerkinElmer Spectrum 65 spectrometer.
Before acquiring sample data, a background spectrum was
recorded. The sample spectra were measured at room tempera-
ture with a scanning range of 4000–600 cm�1 and a resolution
of 4 cm�1 across 32 scans. Each sample underwent three scans
under the same conditions.

Water content percentages (WC%) of the hydrogels were
determined using:

WC ¼Wh �Wx

Wx
� 100 (2)

where Wh and Wx are the weights of the hydrogels and xerogels,
respectively. In addition, the swelling degree (SD) was
calculated using:

SD ¼Ws �Wx

Wx
� 100 (3)

where Ws is the weight of the swollen samples. The swollen
samples were prepared by immersing 1.0 g of xerogel in
distilled water at room temperature. The swollen samples were
removed, patted dry with absorbent paper, and weighed, after
specific time intervals. The measurements continued until the
swollen gel’s weight stabilized, indicating that equilibrium
swelling had been reached. The equilibrium swelling degree
was defined as the plateau value in the swelling ratio versus
time curve.

Mechanical and electrical tests were performed using a
Mach-1 V500csst MA009 mechanical tester (Biomomentum
Inc., Canada). Uniaxial tensile tests were performed on xerogel
fibers to evaluate their mechanical response, using a constant
crosshead speed of 30 mm min�1. For xerogel fibers, a custom
double-needle tensile mounting approach was used to enable
reliable handling of small-diameter filaments (Fig. S1). Briefly,
two syringe needle tips were positioned facing each other on
the bench and separated by a predefined gauge gap of
B10 mm. The xerogel fiber was carefully threaded through
both needle tips, and a single drop of cyanoacrylate adhesive

was applied within the plastic cavity of each needle to immo-
bilize the filament ends. The two needle tips were then seated
onto a double-needle tip holder assembly (provided by Biomo-
mentum Inc., Canada) designed for the Mach-1 tester. A 70 N
load cell was used for these experiments. The holders were
mounted coaxially, facing each other at the center of the testing
chamber, and the double-needle assembly was firmly inserted
onto the holders to establish a stable tensile configuration for
fiber testing.

Electrical conductivity measurements were carried out using
a tailored tensile grip with electrodes (model MA068) made by
Biomomentum Inc., interfaced with a source measure unit
(B2902A, Agilent). For all electrical measurements, copper tape
was used to tab the xerogel fibers at both ends to ensure stable
electrical contact between the sample and the electrodes. The
electrical resistance of the samples was measured using the
source measure unit during the test. The conductivity (s, S m�1)
was calculated using:

s ¼ L

R� A
(4)

where R denotes the average resistance (O), and L and A are the
length (m) and cross-sectional area (m2) of the xerogels between
two grips, respectively. The reported conductivity values corre-
spond to the average of 3 measurements, with error bars
representing the standard deviation. Electrical continuity was
further demonstrated by incorporating the xerogel conductor
into a simple circuit connected to a light-emitting diode (LED),
where successful illumination confirmed effective charge trans-
port through the material.

The electromechanical response was evaluated by monitor-
ing the relative resistance change (DR/R0) during tensile defor-
mation using the same mechanical testing system coupled to
the source measure unit. The relative resistance change was
defined as:

DR
R0
¼ R� R0

R0
� 100 (5)

where R is the instantaneous resistance and R0 is the initial
resistance at 0% strain. Additionally, the gauge factor (GF),
indicating the sensitivity of the xerogel, was calculated using
the following equation:

GF ¼

DR
R0

e
(6)

where e represents the applied strain.
Humidity-dependent electrical measurements were per-

formed using a Burnsco environmental chamber (ON, Canada).
The relative humidity was incrementally increased, and sam-
ples were equilibrated at each humidity level for 30 min prior to
conductivity measurements, which were carried out using the
same electrode grips as described previously, connected to a
source measure unit.

For wearable sensing demonstrations (refer to the results
and discussion section for details), PPG-0.1 M borax xerogel
fibers were placed on the skin and secured using a thin cured
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Ecoflex elastomer film. Copper tape was applied at both ends
of the fiber to establish electrical connections to the source
measure unit, and the real-time resistance was recorded
during human motion. All measurements were performed
under ambient laboratory conditions (temperature B22 1C,
relative humidity B20%).

Results and discussion
Preparation of PVA–PEDOT:PSS–Gly–borax hydrogels and
xerogels

Here, we introduce a reinforced xerogel fiber strategy based on
a double network of physically and dynamically crosslinked
PVA–PEDOT:PSS, enabling mechanically robust, stable sensing
materials. Fig. 1 illustrates the fabrication process and struc-
tural evolution of the xerogel fibers. A homogeneous aqueous
solution of PVA, glycerol, and PEDOT:PSS was subjected to
freeze–thaw cycling to induce physical crosslinking through the
formation of PVA crystallite, producing free-standing hydro-
gels. Freezing drives phase separation and chain packing,
generating crystalline junctions within a three-dimensional
network that balance strength and elasticity. Although glycerol
can participate in hydrogen bonding with PVA, substantial
concentrations are typically required to markedly alter the
hydrogen-bonded network.39,40 In the present system, glycerol
primarily acts as a plasticizer, improving chain mobility and
flexibility within the matrix, while also acting as an electrical
conductivity enhancer.41,42 PEDOT:PSS provides the conductive
phase. To further reinforce the network, the hydrogels were
post-treated with sodium tetraborate decahydrate (borax),
which forms borate–diol crosslinks with PVA chains.43 This
process yields mechanically robust and conductive double-
network xerogel fibers.

Scanning electron microscopy was used to examine the
fracture morphology of the xerogels prepared under different
conditions (Fig. 2a–c). The cast-only sample exhibited a fea-
tureless fracture surface, indicating a dense and relatively
homogeneous polymer network formed in the absence of any
crosslinking. In contrast, the PVA–PEDOT:PSS–glycerol freeze–
thaw sample (PPG) exhibited a textured fracture surface, reflect-
ing the porous network typically formed in hydrogels during
freeze–thaw gelation, where subsequent dehydration leads to
partial pore collapse.44–46 Following borax treatment, the PPG-
0.1 M borax xerogel displayed an even more textured morphol-
ogy, suggesting further modification and reinforcement of the
network due to the formation of the double-network structure.

FTIR spectra of the cast-only sample (PPG-CO), freeze–thaw
xerogel (PPG), and borax-treated xerogels (0.1–0.5 M) are shown
in Fig. 2d. The broad absorption band at 3000–3600 cm�1 is
attributed to the stretching vibration of hydroxyl (–OH) groups
in PVA.47–49 The peak at 2915 cm�1 corresponds to the stretch-
ing vibration of –CH2 groups.50 The characteristic band at
1000–1150 cm�1 (ref. 50 and 51) is associated with C–O
stretching and crystalline domains of PVA. Additionally, the
asymmetric stretching vibration of B–O–C at 1415 cm�1 con-
firms the crosslinking of PVA with borate ions through the
formation of tetrahedral complexes.52

Thermogravimetric analysis (Fig. S2) was conducted to eval-
uate the thermal stability of the xerogels before and after borax
treatment. Both samples exhibited minimal mass loss below
150 1C, indicating a negligible amount of residual free water.
The untreated PPG sample showed the onset of major weight
loss at around 200 1C, whereas the borax-crosslinked xerogel
exhibited a delayed degradation onset, indicating enhanced
thermal stability due to the formation of additional crosslinks,
consistent with previous reports.53 The primary degradation
stage between 300 and 500 1C corresponds to decomposition of
the PVA backbone and PEDOT:PSS.54,55 Notably, the borax-
treated sample displayed a higher residual mass at elevated

Fig. 1 (a) Schematic illustration of the fabrication process of the xerogels.
(b) Chemical structures of PVA, glycerol, sodium tetraborate (borax), and
PEDOT:PSS. (c) Schematic representation of the network evolution during
processing: (c1) homogeneous precursor solution after mixing, (c2) physi-
cally crosslinked network formed via freeze–thaw cycling, and (c3) che-
mically crosslinked network after borax treatment. Schematic created with
BioRender.

Fig. 2 (a)–(c) SEM images showing the fracture morphology of (a) CO-
PPG, (b) PPG, and (c) PPG-0.1 M borax xerogels. (d) FTIR spectra of the
CO-PPG film, PPG xerogel film, and PPG-0.1 M borax xerogel film.
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temperatures, confirming the formation of a more thermally
stable network. These results demonstrate that borax treatment
effectively improves the thermal resistance of the xerogel by
increasing the crosslink density.

Differential scanning calorimetry (DSC) thermograms
obtained during the second heating cycle are shown in
Fig. S3a. The untreated PPG sample exhibited no distinct
melting transition, indicating that crystalline domains formed
during freeze–thaw processing were either thermally unstable
or highly constrained. This behavior can be attributed to the
presence of physical crosslinks formed during freeze–thaw
processing, which restrict the mobility of amorphous chain
segments and inhibit the formation of well-defined crystalline
domains detectable during the second heating cycle.56 In
contrast, borax-treated xerogels displayed a pronounced
endothermic peak at approximately 160–190 1C, corresponding
to the melting of crystalline domains formed within the more
constrained network. The degree of crystallinity (Fig. S3b)
increased progressively with borax concentration, confirming
that borax treatment promotes structural ordering. Addition-
ally, the melting peak broadened with increasing borax concen-
tration, indicating a wider distribution of crystalline domain
sizes. This broadening is attributed to reduced chain mobility
caused by borate crosslinks, which disrupt uniform crystal
growth and lead to crystals with varying sizes and stability.57

Swelling behavior

To evaluate the structural stability of the developed materials
and to gain insight into the internal double-network architec-
ture, the dehydration and swelling behaviors were investigated.
For these swelling studies, samples were prepared as films
using small square molds to obtain specimens with uniform
geometry. Swelling analysis provides information about the
internal polymer structure and crosslinking density, reflecting
the relationship between network organization and water trans-
port properties. Fig. 3a shows representative photographs of
the hydrogel, the corresponding xerogel after drying, and the
swollen sample after rehydration. Fig. 3b shows the temporal
evolution of water content during ambient drying. All composi-
tions exhibit a continuous and nearly linear decrease in water
content, reaching near-complete dehydration and equilibrium
with ambient humidity within approximately 8 hours. The
similar drying profiles observed for all samples indicate that
borax treatment does not significantly alter the overall evapora-
tion kinetics.

In contrast, the swelling behavior was strongly influenced by
borax concentration (Fig. 3c and d). Borax-treated xerogels
exhibited faster swelling kinetics and higher equilibrium swel-
ling degrees compared to the untreated PPG sample. The
influence of borax on swelling in PVA-based systems is not
universal, as both decreases57–59 and increases60–62 in swelling
have been reported depending on network structure and pro-
cessing conditions. In PVA networks crosslinked solely by
borax, borax crosslinks often restrict chain mobility and reduce
swelling. However, in the present freeze–thaw-derived network,
borax treatment increases swelling capacity. This behavior

likely arises from the interaction between borate ions and
hydroxyl groups on PVA chains, which modifies the original
hydrogen-bonding network formed during freeze–thaw gela-
tion. The formation of borate crosslinks partially disrupts
locally dense hydrogen-bonded regions, leading to a more open
network structure that facilitates water penetration. As a result,
the equilibrium swelling degree increases with borax concen-
tration, reflecting greater water uptake within the double-
network xerogel.

Appropriate swelling ability is important for sensing and
bioelectronics applications, as it influences fluid transport,
interfacial contact, and material stability in aqueous environ-
ments. Similar PVA–borax systems reported in the literature
exhibit swelling ratios ranging from B32% to 600%, demon-
strating suitability for applications such as wound dressings
and soft sensors.58,59,63,64 The swelling performance achieved
here falls within this range, highlighting the suitability of these
double network xerogel fibers for aqueous and bioelectronic
applications.

Mechanical properties

The tensile behavior of the xerogel fibers was evaluated using a
custom double-needle tensile mounting system (Fig. 4a)
designed to securely hold soft and compliant fibers without
inducing stress concentrations or slippage. In this configu-
ration, each fiber was fixed inside opposing syringe needle tips
using adhesive and mounted onto the tensile tester. Represen-
tative stress–strain curves under tensile loading are shown in
Fig. 4b. The curves are representative of three independent
measurements, with statistical analysis presented in Fig. 4c and d.
Compared to the freeze–thaw-only PPG fibers, borax-treated sam-
ples displayed higher stress levels across the entire strain range,
indicating effective reinforcement of the network.

Fig. 3 (a) Digital images of the PPG-0.1 M borax hydrogel, the same
sample after drying, and after swelling in water for 4 h. (b) Dehydration
behavior of PPG and borax-treated xerogels (0–0.5 M) under ambient
conditions, showing water content as a function of drying time until
equilibrium with ambient humidity. (c) Swelling kinetics in deionized water,
where samples were periodically weighed to determine swelling degree
over time. (d) Equilibrium swelling degree of xerogels treated with different
borax concentrations after reaching mass stabilization in water. Data
represent mean � standard deviation (n = 3).
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Quantitative analysis further confirms this trend (Fig. 4c
and d). The elastic modulus, extracted from the slope of the
initial linear region of the stress–strain curves (0–10% strain),
increased substantially with borax concentration, reflecting the
introduction of additional borate–diol interactions that
strengthen the polymer network. The modulus increased by
more than 4.5 times from the untreated PPG sample to the
0.25 M borax-treated xerogel, consistent with the increased
effective crosslink density widely reported in PVA–borax
systems.66,67 Similarly, the tensile strength at break increased
progressively with borax concentration, approximately dou-
bling from the untreated PPG sample to the 0.25 M borax-
treated xerogel, demonstrating improved load-bearing capacity
and tunable mechanical properties through borax-mediated
crosslinking. The tensile strength achieved here is comparable
to or higher than previously reported PVA-based fibers while
maintaining similar to higher stretchability.36,37

The enhanced mechanical performance of the xerogel fibers
can be attributed to the synergistic effect of the double-network
structure. The freeze–thaw process induces the formation of
physically crosslinked PVA crystalline domains, which act as
elastic junction points and provide an initial load-bearing
network.24 Subsequent borax treatment introduces borate–diol
interactions, increasing the effective crosslink density and
reinforcing the network.65 This combination enables efficient

stress distribution during deformation, where the physical
network contributes to elasticity while the borate crosslinks
provide additional resistance to deformation and energy dis-
sipation. As a result, the xerogel fibers exhibit both high tensile
strength and large extensibility.

The elongation at break initially increased at moderate
borax concentration (0.1 M) but decreased at higher concen-
tration (0.25 M). At moderate borax content, additional borate–
diol interactions reinforce the network while still allowing
sufficient chain mobility, leading to improved extensibility. At
higher borax concentration, the increased crosslink density
imposes stronger network constraints, restricting chain mobi-
lity and resulting in more brittle behavior. This trend highlights
the intrinsic trade-off between mechanical reinforcement and
flexibility, where increased crosslink density enhances stiffness
and strength but limits extensibility.79 The toughness followed
a similar trend, reaching a maximum (136.78 � 5.95 MJ m�3) at
intermediate borax concentration before decreasing at higher
borax concentration, indicating an optimal crosslinking win-
dow at moderate borax concentration, beyond which excessive
crosslinking windows where the balance between strength and
extensibility maximizes energy dissipation.

Subsequently, cyclic tensile tests were conducted to assess
the energy dissipation behavior of the xerogel fibers (Fig. 4e).
All samples exhibit evident hysteresis loops during loading–
unloading, and the loop area increases with borax concen-
tration (PPG o PPG-0.1 M o PPG-0.25 M). The enlarged
hysteresis indicates greater mechanical energy dissipation,
consistent with a more highly crosslinked network that
increases internal friction and limits molecular rearrangement
during deformation. These results further support that borax
post-treatment strengthens the double-network structure by
increasing crosslink density, leading to improved mechanical
robustness and toughness. Overall, our xerogel fibers exhibited
higher ultimate stress and strain than many previously
reported PVA-based strain sensors (Table 1). As summarized
in Table 1, many reported PVA-based strain sensors exhibit
elongations at break in the range of a few hundred percent,
whereas the present xerogel fibers reach over 1100% strain
while maintaining high tensile strength. This combination
highlights the ability of the double-network xerogel structure
to achieve unusually large deformation without sacrificing
mechanical robustness.

To further evaluate mechanical stability, cyclic tensile tests
at progressively increasing strain were performed on the PPG-
0.1 M borax fibers, corresponding to the optimal crosslink
density (Fig. 4f). As the applied strain increased from 5% to
100%, the hysteresis loops progressively expanded and the
maximum stress increased steadily, demonstrating stable
load-bearing capability and mechanical integrity, consistent
with previous reports.80–82 The well-defined, closed loops indi-
cate that the fibers maintain structural integrity throughout the
loading–unloading cycles, confirming that borax post-
treatment produces a mechanically robust network capable of
sustaining repeated deformation without failure. This combi-
nation of high stretchability and mechanical robustness is

Fig. 4 (a) Digital images of a PPG-0.1 M borax xerogel fiber during tensile
testing, showing the original state and elongation to 300% strain (the red
dashed lines indicate the gauge region of the fiber between the tensile
grips), along with a demonstration of load-bearing capability (200 g).
(b) Representative tensile stress–strain curves. (c) Elastic modulus and
toughness (mean� SD, n = 3). (d) Elongation at break and strength at break
(mean � SD, n = 3). (e) Loading–unloading tensile curves of PPG xerogels
with 0, 0.1 M, and 0.25 M borax. (f) Cyclic tensile behavior of PPG-0.1 M
borax fibers at increasing strain levels (5–100%).
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particularly advantageous for strain sensing applications,
where large deformation and repeated loading are required.
As summarized in Table 1, the present xerogel fibers combine
high tensile strength (B16 MPa) and large elongation
(41100%) with conductivity in the typical range of PVA-based
strain sensors. While some systems achieve higher conductivity
or sensitivity, they often do so at the expense of mechanical
robustness or stretchability. In contrast, the present system
provides a balanced combination of mechanical and electro-
mechanical performance in a water-independent xerogel
format.

Electromechanical properties

Charge transport in the xerogel fibers occurs through a combi-
nation of continuous PEDOT:PSS pathways and interdomain
hopping/tunneling between conductive regions embedded
within the PVA matrix. PEDOT:PSS endows the xerogel fibers
with electrical conductivity by forming a continuous conductive
network. All samples exhibited similar conductivities of
approximately 0.8 S m�1, indicating that the freeze–thaw pro-
cess and borax crosslinking did not significantly disrupt elec-
trical pathways. The moderate conductivity is likely due to the
high fraction of insulating PVA and the dense xerogel network
formed after drying, which favors mechanical robustness and
structural stability over maximization of electrical transport. As
summarized in Table 1, most reported PVA-based strain sen-
sors exhibit conductivities in the range of B0.1 to a few S m�1.
The conductivity of the present xerogel fibers falls within this
range, reflecting a balance between electrical performance and
mechanical robustness. This reflects a trade-off between
mechanical robustness and electrical transport, as increased
crosslinking and PVA content reduce the connectivity of PED-
OT:PSS pathways. The electrical stability of the PPG-0.1 M borax
fibers under deformation was qualitatively demonstrated using
a simple LED circuit (Fig. 5a). The LED remained illuminated
when the fiber was stretched up to 200% strain, confirming the
preservation of conductivity during large deformation,
although its brightness gradually decreased due to the strain-
induced increase in resistance.

To quantitatively characterize this behavior, the relative
resistance change (DR/R0) was measured as a function of tensile
strain (Fig. 5b). The relative resistance increased progressively
with increasing strain, confirming that the xerogel fibers are
suitable for use as strain sensors. The gauge factor (GF),
calculated from the slope of the relative resistance–strain curve,
remained modest at 0.86 and 2.06 in the 0–50% and 50–100%

Table 1 Comparison of properties of recent PVA-based strain sensors

Material Fabrication method
Conductivity
(S m�1)

Strength
(MPa) Strain (%) Ref.

PVA–HPC Salt solution soaking 3.4 1.3 975 68
PVA–TA@talc Molecular-level ion conductive channels + F–T 1.7 B0.7 B750 69
PVA–PEDOT:PSS–Gly F–T 0.163 13.76 519.9 37
PVA–PA Hot-pressing + F–T — B0.7 41000 70
PVA Crosslinking with alkaline metal hydroxide — B13 B350 71
PVA–Mxene–PEDOT:PSS–PDA Dynamic supramolecular cross-linking — B1 N B700 72
PVA–HGNs Doping nanofillers + directional freezing

+ salting out
2.8 9.5 2058 36

PVA–SL Cross-linking with sodium lignosulfonate — B6 571 73
PVA–PEDOT:PSS–DMSO–borax Physical crosslinking + borax crosslinking — B0.23 B300 74
PVA–SA–PESOT:PSS–ZnSO4 F–T + salting-out 3.75 34.22 402 75
PVA–IL–borax Borax crosslinking + F–T 3.25 3.1 B500 76
PVA–CS–glycerol One-pot synthesis + F–T 0.95 6.29 497 77
PVA/Gly-LNM/CNCs/PEDOT:PSS Solution blending + F–T — B65 320 78
PVA–PEDOT:PSS–glycerol–borax F–T + borax crosslinking 0.8 15.85 � 1.12 1173.02 � 33.21 This work

Fig. 5 (a) Digital images of the strain sensor at 0%, 50%, 100%, and 200%
tensile strain, demonstrating stable electrical response during deformation.
(b) Relative resistance change (DR/R0) as a function of strain, with calcu-
lated gauge factors in different strain regions. Variation in relative resis-
tance of the xerogel fibers in response to (c) small strains (5–40%) and
(d) large strains (50–100%). (e) Response time and recovery time of the
PPG-0.1 M fiber under 40% strain. (f) Cyclic electromechanical response of
the PPG-0.1 M borax xerogel fiber during 300 stretching cycles at 30%
strain, demonstrating signal stability.
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strain ranges, respectively, before increasing sharply to B9 and
B19 at higher strains (100–150% and 150–200%). At low strain,
the conductive PEDOT:PSS network deforms elastically together
with the PVA matrix, and the resistance change is mainly
governed by geometric effects, including elongation of the
conductive pathway and reduction of the cross-sectional area.
As the strain increases, the distance between PEDOT-rich
conductive regions within the polymer network gradually
increases, which reduces interchain contact and increases
charge transport resistance through hopping or tunneling
mechanisms. At larger strains, continued stretching of the
polymer network further increases the transport distance
between conductive pathways, leading to a more pronounced
resistance increase and the sharp rise in gauge factor observed
at higher strain.83,84 At low strain (o100%), these gauge factor
values are consistent with those reported for similar strain
sensors, which typically remain below B3. At higher strains
(100–200%), the xerogel fibers exhibit significantly enhanced
sensitivity, surpassing commonly reported values in the litera-
ture (typically B3–5).37,81,85,86

The electrical response of the xerogel fibers under cyclic
deformation was evaluated at different strain levels (Fig. 5c
and d). The fibers exhibited stable and repeatable resistance
changes over multiple loading–unloading cycles, with the sig-
nal amplitude increasing systematically with increasing strain.
Distinct and well-defined responses were observed even at low
strains, while larger strains produced proportionally greater
resistance variations. The consistent signal profiles and clear
differentiation between strain levels demonstrate the reliability
and sensitivity of the xerogel fibers for repeated strain sensing.
Furthermore, the response time of the PPG-0.1 M borax xerogel
fiber was evaluated under dynamic deformation at 40% strain.
The sensor exhibits a rapid electrical response, with a response
and recovery time in the range of 100–200 ms, indicating fast
and reliable signal response. This response time is comparable
to typical polymer-based strain sensors, indicating fast and
reliable signal response.

The electromechanical stability of the xerogel fibers was
further evaluated during 300 consecutive loading–unloading
cycles at 30% strain, where the resistance signal remained
stable and reproducible with no noticeable drift or degradation
(Fig. 5f). The consistent peak amplitudes and waveform profiles
indicate that the conductive network remains intact during
repeated deformation. This stable electrical performance high-
lights the robustness of the xerogel fibers and their suitability
for reliable strain sensing under repeated mechanical loading.
Compared with previously reported hydrogel/xerogel strain
sensors, which are often assessed over 100–600 cycles and
sometimes higher, our xerogel fibers show comparable cyclic
stability.37,86

The effect of environmental humidity on the electrical
conductivity of the xerogel fibers was investigated over a relative
humidity range of approximately 25% to 95% (Fig. S4). As the
relative humidity increased, the conductivity exhibited a gra-
dual rise from B0.8 S m�1 to B1.6 S m�1, corresponding to an
approximately twofold increase. This behavior is likely

attributed to moisture uptake within the PVA-based matrix,
which enhances polymer chain mobility and can facilitates
charge transport through the PEDOT:PSS network. In addition,
the presence of absorbed water may contribute to ionic con-
duction, further increasing the overall conductivity.87,88 Despite
this increase, the conductivity remains within the same order of
magnitude across the full humidity range, indicating relatively
stable electrical performance under varying environmental
conditions.

Application of xerogel fibers in motion monitoring

To evaluate the ability of the xerogel fibers to monitor human
motion, the sensors were attached to different body locations
for dynamic testing (Fig. S5 and Fig. 6). When mounted on the
finger, the sensor produced distinct and repeatable resistance
peaks corresponding to bending and releasing motions
(Fig. 6a). Similarly, clear and stable electrical responses were
observed during hand opening and closing, with consistent
signal amplitudes and good reproducibility over multiple cycles
(Fig. 6b). When positioned on larger joints such as the wrist
and elbow, the fibers generate significantly higher resistance
changes due to the greater deformation associated with these
movements (Fig. 6c and d). Upon release of each movement,
the signal rapidly returned to its baseline value, indicating fast
recovery, good repeatability, and stable electrical performance.
These results demonstrate the capability of the xerogel fibers to
reliably monitor both subtle and large-scale human motion,
highlighting their potential for wearable strain sensing
applications.

Conclusions

In summary, we developed highly stretchable and conductive
double-network PEDOT:PSS xerogel fibers through freeze–thaw
processing followed by borax-mediated crosslinking. By varying
the borax concentration, the mechanical properties of the

Fig. 6 Real-time relative resistance changes of the xerogel fibers during
human motion monitoring: (a) finger bending, (b) fist clenching, (c) wrist
bending, and (d) elbow bending.
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fibers could be systematically tuned. The combined physical
and chemical crosslinking strategy produced mechanically
robust fibers with elastic moduli ranging from B0.2 to
B1 MPa and tensile strengths of B12 to B23 MPa, while
maintaining elongation at break exceeding 1100%, demonstrat-
ing an effective balance between strength and extensibility. The
xerogel fibers exhibited stable electrical conductivity and repro-
ducible strain-dependent resistance changes with gauge factors
ranging from 0.86 to B19, along with excellent durability under
repeated deformation. When integrated as wearable sensors,
the fibers enabled reliable real-time monitoring of human
motion. These results demonstrate that double-network con-
ductive xerogel fibers provide a promising platform for
mechanically robust and reliable wearable strain sensors.
While the present study demonstrates promising performance,
future work should include controlled mechanical testing
under varying humidity conditions, particularly to investigate
the coupled mechanical and electromechanical behavior under
controlled humidity environments. In addition, systematic
optimization of fiber geometry may further enhance the elec-
tromechanical performance of these xerogel fibers.
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