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Highly robust and fatigue-resistant organic hydrogel composite elastomer

fibers with multi-sensing capabilities

Jiaxin Shen', Tao Fengl, Chen Li', Shisheng Hou', Kuibo Yin', Hengchang Bi*>*" and Litao Sun'"

ABSTRACT Converting hydrogels into one-dimensional
(1D) fiber structures and integrating them into textiles offers a
promising approach for the development of smart wearable
devices. However, under repeated deformations, the fracture
of low-energy amorphous crosslinking structure in the hy-
drogel leads to fatigue and hysteresis. This severely impairs the
mechanical properties of hydrogel fibers and limits their po-
tential applications. In this study, a novel strategy for fabri-
cating composite hydrogel smart fibers featuring exceptional
mechanical robustness and multisensory capabilities is pro-
posed. By integrating an Ecoflex elastomer backbone into the
organic hydrogel, the fatigue resistance is enhanced and hys-
teresis is eliminated, and no significant degradation of me-
chanical properties is observed after 10,000 cycles of 200%
strain loading and unloading. The strain sensor based on this
fiber has high sensitivity (gauge factor ~3.0), fast response
(140 ms)/recovery time (130 ms), and excellent repeatability
(10,000 cycles at 70% strain). Moreover, the organic hydrogel/
Ecoflex fiber (OHEF) exhibits remarkable resistance to dehy-
dration and freezing. Smart textiles based on OHEF can detect
diverse external stimuli, including deformation, temperature,
proximity, pressure, and can perform passive sensing. The
successful development of this fiber represents significant
progress in applying hydrogels to wearable devices. Its mul-
tisensory properties highlight the great potential of OHEF for
wearable electronics applications.

Keywords: smart fiber, hydrogel, flexible electronics, tribo-
electric nanogenerator

INTRODUCTION

Textiles function as the interface between the human body and
the external environment [1-4]. When compared with film-
based electronic skins [5-8], textile-based electronics endow
wearable electronics with superior flexibility, breathability, and
comfort [9-12]. As a result, they open up new avenues for
enhancing the performance of wearable devices. The integration
of sensory functions into textiles is expected to fundamentally
revolutionize the way humans interact with electronic devices.
By sensing the external environment and human physiological
signals, textiles can be endowed with intelligent feedback cap-
abilities. This promotes the further development of smart

wearable devices [13-16]. Fibers are the basic components of
textiles. For diverse application scenarios, based on material
properties and structural design, researchers have developed a
series of smart fibers with functions such as response, detection,
feedback, and regulation. This enables the sensing [17-20],
displaying [21-23], and powering smart textiles [24,25]. Con-
ductive smart fibers are usually fabricated by embedding rigid
substances or nanomaterials into elastomers [26-30]. However,
this approach gives rise to inevitable problems, such as insuffi-
cient robustness and biocompatibility. These problems severely
restrict the wide application of smart fibers [31,32].

Hydrogels are crucial materials for flexible ionic electronics
due to their intrinsic ionic conductivity [33-38]. Hydrogels, with
their conductive flexibility and biocompatibility, are applied in a
diverse array of modern technologies [39,40], including tissue
engineering [41], drug delivery [42], biomedical devices [43],
microfluidics [44], optics [45], stretchable and bio-integrated
electronics [46], and soft robotics [47]. Especially, cellulose-
based hydrogels [48,49] have great potential for application in
emerging intelligent sensors [50-52]. Therefore, hydrogel fibers
that are robust, biocompatible, mechanically strong, and highly
ionically conductive hold the potential to be woven into the
desired intelligent textiles [53]. However, during repeated
deformations, the fracture of the low-energy amorphous cross-
linking structure in the hydrogel leads to fatigue and hysteresis,
thereby weakening the mechanical properties. This significantly
restricts the application potential of hydrogel fibers [54].
Therefore, improving these two aspects is a key problem that
urgently requires exploration and solution. If these problems can
be resolved, hydrogel-based fibers might play a role in future
smart devices and equipment.

In this study, we present a bicontinuous-structured hydrogel
fiber featuring an elastomer backbone. This fiber demonstrates
remarkable fatigue resistance and robustness, allowing it to
promptly and precisely respond to a wide range of physiological
and external signals. The fiber was fabricated through embed-
ding an organic hydrogel into a porous Ecoflex matrix, which
was prepared via the sacrificial-template method. Due to the
support and protection provided by the elastic Ecoflex backbone,
the fibers display excellent mechanical robustness and con-
ductive stability. Additionally, they resist drying and freezing.
Moreover, due to the inherent ionic conductivity and unique
bicontinuous structure of the organic hydrogel, the fiber can
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precisely and promptly respond to diverse external stimuli, such
as deformation, temperature, pressure, proximity, and passive
sensing facilitated by nano-friction generators. The successful
fabrication of this strong and robust hydrogel-elastomer com-
posite fiber will propel substantial progress in the functionali-
zation and application of highly robust hydrogel fibers.
Additionally, the development of its related smart textiles will
revolutionize the human-machine interface, providing excellent
flexibility and comfort, and bringing great convenience to
humans’ smart life.

EXPERIMENTAL SECTION

Materials

Chitosan (CHI) with a viscosity of 50-800 mPa s was purchased
from Sinopharm Chemical Reagent Co., Ltd., China. Acrylamide
(AAM), glycerol, and AI(NO;);-9H,0 were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd., China. N,N
"-methylene bisacrylamide, benzophenone, and NaCl were sup-
plied by Shanghai Macklin Biochemical Co., Ltd., China. Ecoflex
00-30 (Smooth-on) was purchased from Smooth-On Co., Ltd.
Irgacure 2959 was obtained from BASF Co., Ltd. Deionized (DI)
water was used in all the experiments. All the reagents were used
without further purification.

Preparation of organic hydrogel/Ecoflex fiber (OHEF)

The organic hydrogel (o-hydrogel) was synthesized via the one-
pot method as shown in Fig. S1. Its rheological properties are
shown in Fig. S2.

The preparation of porous Ecoflex was carried out as follows:
Ecoflex is divided into liquid A and liquid B, where liquid A is a
siloxane chain polymer and liquid B is a crosslinking agent.
Benzophenone (0.4 wt%) was added to liquid A of Ecoflex, and
the mixture was stirred at 60 °C for 30 min and then cooled.
Next, 0.5 wt% retarder was added to liquid B of Ecoflex. Liquid
A and liquid B were mixed in a 1:1 mass ratio. Subsequently,
NaCl particles with twice the mass of Ecoflex were added to the
Ecoflex, and the resulting mixture was placed in a fine-tube
template. After curing at 60 °C for 120 min, the NaCl template
was washed away with water, and the mixture was dried to
obtain porous Ecoflex.

The preparation of OHEF was performed as follows: an o-
hydrogel precursor solution was adsorbed into the porous
Ecoflex via vacuum-assisted method, and then the sample was
exposed to UV light at 365 nm for 2h to polymerize the o-
hydrogel and form strong interfacial bonds. Subsequent to
demolding, an additional layer of Ecoflex was attached to the
exterior and cured to encapsulate the porous Ecoflex and the
inner o-hydrogel, thus obtaining the OHEF.

The difficulty of this process lies in the removal of the NaCl
template and the adsorption of the organic hydrogel solution.
The specific implementation plan is shown in Fig. S3.

Characterization

For cross-sectional observation, OHEF samples were observed
after 48 h of lyophilization. The samples were cryo-fractured in
liquid nitrogen to obtain clean cross-sections. The morphology
was observed by scanning electron microscopy (SEM, Helios 5
CX Dual Beam, Thermo Scientific) at an acceleration voltage of
10 kV. All samples were sputtered with gold of 3-5 nm thickness
before imaging. Thermal transition properties were measured by
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a differential scanning calorimeter (DSC, NETZSCH STA 2500)
at a heating/cooling rate of 10 °C/min from room temperature to
—100 °C. The mechanical properties were tested at room tem-
perature using a dynamometer (Mark-10) with a 10 N load cell.
The electromechanical behavior of the samples was measured
using a digital source meter (KEITHLEY 2450). The electric
outputs of the OHEF-TENG were measured by a Keithley 6514
electrometer.

Ethical statement

The authors confirmed that there was no need to obtain Insti-
tutional Review Board approval because the volunteer conducted
the study using wearable sensors and simple contact measure-
ment devices without any physical modifications or invasive
measurements on the human bodies. In addition, the volunteer
was one of the authors of the testing of the sensor devices. The
requirements and possible risks of these tests had been fully
informed before the tests. The volunteers gave written consent
before participating in the experiments.

RESULTS AND DISCUSSION

Design and preparation of OHEF

OHEF was fabricated via a process involving sacrificial tem-
plating, vacuum-assisted adsorption, UV cross-linking, and
Ecoflex encapsulation. Ecoflex, an elastomeric material char-
acterized by good flexibility and processability, plays crucial
roles in backbone support and encapsulation within this system.
Firstly, a porous Ecoflex backbone was prepared by the sacrificial
template method. Solid template particles (sodium chloride)
were homogeneously mixed with Ecoflex at a specific mass ratio
and then placed into a fine tube. Fig. S4 shows the effect of
different ratios of NaCl template to Ecoflex on OHEF. In this
work, the mass ratio of NaCl to Ecoflex was determined to be
2:1. After Ecoflex was cured, the template was removed with
water to yield a porous Ecoflex backbone. Subsequently, the
organic hydrogel pre-gel solution was adsorbed into the porous
Ecoflex fibers via vacuum-assisted method. After the o-hydrogel
was cross-linked by UV, the entire system was demolded from
the fine tube. Finally, a layer of Ecoflex was externally wrapped
to serve as an encapsulation layer, thereby obtaining OHEF. The
Ecoflex encapsulation layer not only safeguards the inner o-
hydrogel and porous Ecoflex against external environmental
factors but also enhances the mechanical properties and stability
of the entire OHEF structure. The entire fabrication process is
depicted in Fig. 1a.

The OHEF fabricated by this method displays remarkable
mechanical robustness, characterized by fatigue resistance and
the absence of hysteresis. This can be ascribed to the supporting
and encapsulating effects of the elastomeric skeleton. When the
fiber is stretched, the internal o-hydrogel deforms and recovers
in synchrony with the elastomeric skeleton, as shown in Fig. 1b.
The stable binding of the o-hydrogel to Ecoflex within the
porous Ecoflex skeleton is of crucial importance. Benzophenone,
functioning as an oxygen barrier and a UV-assisted grafting
agent, promotes the effective binding of the o-hydrogel to
Ecoflex (Fig. 1c, Figs S5 and S6). In terms of appearance, the
physical photograph of OHEF shown in Fig. 1d clearly reveals its
uniform texture. Owing to the template-based preparation
method, the fibers exhibit good diameter consistency, which
ensures their performance stability in practical applications.
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Figure 1 Preparation and demonstration of OHEF. (a) Schematic illustration of the preparation steps of OHEF. (b) Schematic representation of the
deformation of the internal bicontinuous structure during OHEF stretching. (c) Schematic of the interfacial bonding between o-hydrogel and Ecoflex.
(d) Photograph of OHEF. (e) SEM images (i, ii) and EDS mapping of OHEF (iii).

Subsequently, the cross-section of the fiber was observed using a
scanning electron microscope. As depicted in Fig. le(i), the o-
hydrogel and porous Ecoflex were inter-embedded. The o-
hydrogel was clearly visible, with a tight interfacial bond and no
visible voids, which serves as strong evidence of the good
compatibility and combination between the two materials. To
facilitate observation, the o-hydrogel and Ecoflex were colored
differently in Fig. le(ii). The green part corresponded to the
polymer network formed by freeze-drying the o-hydrogel, and
the blue part was Ecoflex. The energy dispersive spectroscopy
(EDS) elemental mapping image also revealed this structure
(Fig. le(iii)).

Anti-fatigue of OHEF

Most hydrogel fibers reported thus far inevitably experience
creep following repeated stretching due to the material’s inher-
ent fatigue, consequently affecting their performance and service
life (Fig. 2a). This has undoubtedly emerged as a bottleneck
restricting the application of hydrogel fibers in numerous fields
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where material durability and stability are crucial. In this study,
a porous Ecoflex elastomer was embedded in the o-hydrogel as a
backbone. The Ecoflex elastomer can effectively mitigate the
material fatigue problem, thereby enhancing the fiber’s
mechanical stability and conferring resistance to fatigue and
creep. The reinforcement of the o-hydrogel by the porous Eco-
flex is manifested in two aspects: the supporting effect and the
encapsulating effect. Regarding the support aspect, the porous
Ecoflex elastomer constructs a solid physical support framework
within the o-hydrogel owing to its stable and robust three-
dimensional network structure. When OHEF is subjected to an
external tensile force, in the axial direction, the skeleton exerts a
tensile force on the o-hydrogel, causing the o-hydrogel to
elongate and deform axially. Simultaneously, in the radial
direction, the skeleton exerts a compressive effect on the o-
hydrogel, leading to the o-hydrogel’s radial contraction. During
this process, the o-hydrogel closely adheres to the skeleton’s
deformation pattern. This synergistic deformation mechanism
remarkably improves the structural stability and consistency of
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Figure 2 Mechanical properties of OHEF. Stretching and recovery behaviors of (a) o-hydrogel and (b) OHEF. (c) Stress-strain curves of o-hydrogel, Ecoflex,
and OHEF. (d) Cyclic loading and unloading curves of OHEF. (e) Initial photograph of OHEF and photo after 10,000 cycles at 200% strain.

the overall mechanical response of OHEF under stress, effec-
tively preventing structural damage and performance degrada-
tion induced by stress concentration within the o-hydrogel.
Regarding encapsulation, the pore structure of the porous Eco-
flex can exert a certain wrapping and restraining effect on the o-
hydrogel, restricting the excessive slip and rearrangement of the
o-hydrogel’s molecular chains during stress application. This
further enhances the composite fiber’s fatigue and creep resis-
tance. These two effects do not exist independently but interact
synergistically, thereby jointly enhancing the comprehensive
mechanical properties of OHEF (Fig. 2b).

Subsequently, to thoroughly investigate the mechanical
behaviors of the constituent materials and composite fibers, the
stress-strain properties of Ecoflex, the o-hydrogel, and OHEF
were measured separately (Fig. 2c). Ecoflex elastomer displays a
tensile strength of 0.62 MPa, the highest among the three. Such
excellent mechanical properties endow it with an inherent
advantage as a backbone material in the OHEF system. In
contrast, due to their high water content, o-hydrogels contain a
large number of freely movable water molecules, endowing them
with strong deformability. Under low stress, the o-hydrogel can
deform significantly. However, when the external force is
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removed, due to the mobility of water molecules and the weak
interactions between o-hydrogel molecular chains, its recovery
to the initial state is poor, with obvious residual deformation.
However, the situation changed significantly when Ecoflex was
ingeniously introduced into the o-hydrogel system as a sup-
porting skeleton. The o-hydrogel is tightly bonded to the Ecoflex
skeleton via physical entanglement, hydrogen bonding, and
other interactions. This enables the o-hydrogel to be supported
and restrained by the Ecoflex skeleton when subjected to force,
effectively enhancing its mechanical properties and significantly
improving its resistance to deformation and recovery to the
original state. To further assess the performance of OHEF under
cyclic loading in practical applications, continuous loading-
unloading experiments were designed in this study. The
experiment was conducted at a high strain of 200% and a strain
rate of 50% per second. After 10,000 loading cycles, the stress-
strain curves of OHEF were analyzed in detail, and the results
were promising. As depicted in Fig. 2d, the stress-strain curve of
OHEF exhibits negligible hysteresis throughout the cycle, indi-
cating minimal energy loss during repeated loading and
unloading. Simultaneously, the tensile-strength monitoring data
indicate that the tensile strength has scarcely decreased and
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remains above 98% of the initial value, fully demonstrating the
excellent fatigue resistance of OHEF. This excellent performance
indicates that the incorporation of the Ecoflex backbone effec-
tively enhances the mechanical properties of OHEF, effectively
suppressing the hysteresis and fatigue issues typical of traditional
hydrogel fibers (Table S1). In Fig. 2e, by comparing the initial
state of OHEF under 200% strain with the photo after 10,000
cycles, it can be clearly seen that the fiber’s appearance has not
changed significantly. This further validates the structural sta-
bility and mechanical-property reliability of OHEF during cyclic
loading and provides a solid experimental foundation for its
extensive application in practical engineering.

Anti-dehydration and anti-freezing of OHEF
Long-term stability represents a significant challenge in the
practical applications of hydrogels and hydrogel fibers, especially
when wearable devices are incorporated into textiles. Conven-
tional hydrogels are essentially composed of polymer network
interwoven with a large number of water molecules and possess
a very high water content, typically up to 90% or even higher.
The water in hydrogels evaporates at room temperature and
pressure. As water evaporates, surface tension causes the poly-
mer network to gradually collapse. This degradation of the
microstructure significantly impacts the macroscopic perfor-
mance. The hydrogel undergoes significant shape changes such
as shrinkage and distortion. Its flexibility declines substantially,
becoming stiff and fragile, with nearly complete loss of elastic
recovery capability. Meanwhile, its electrical conductivity also
drops sharply. For hydrogel fibers in wearable devices to per-
form functions such as sensing and signal transmission, this
situation is undoubtedly detrimental. It severely restricts the
application of hydrogel fibers in fields such as wearable elec-
tronics, smart textiles, and other related areas. In contrast, the
introduction of a glycerol/water binary solvent into the o-
hydrogel system, facilitated by the presence of glycerol mole-
cules, alters the physicochemical properties of the solvent sys-
tem. Glycerol, with its relatively high molecular weight and
strong intermolecular forces, can form an extensive hydrogen-
bonding network with water molecules. This leads to a sig-
nificant decrease in the vapor pressure of the glycerol/water
binary solvent relative to traditional single-water solvents,
effectively suppressing the rate of water evaporation. Further-
more, the o-hydrogel is encapsulated in the microcavities of the
porous Ecoflex, and this encapsulation synergistically con-
tributes to the outstanding long-term stability of OHEF. The
freshly prepared OHEF exhibited conductivity and high
stretchability at room temperature. It could conduct electricity
in a circuit, causing an LED to emit light. When stretched, the
resistance of OHEF increased, leading to a reduction in the
LED’s brightness as the partial voltage increased (Fig. 3a).
Although OHEF remained highly stretchable at —20 °C (Fig. 3b),
its conductivity decreased slightly, which could be ascribed to
the reduced mobility of the ions responsible for conductivity.
After storing the OHEF samples under natural environmental
conditions for two months and re-assessing their performance,
the LEDs could emit light normally with the same brightness as
in the initial state (Fig. 3c). This phenomenon intuitively indi-
cates that the electrical performance of OHEF remains stable
after extended environmental storage.

Hydrogel, o-hydrogel, and OHEF were placed in the same
environment (50% humidity, 20 °C) to compare their solvent-
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retention capacities. Solvent retention was evaluated based on
the ratio of the real-time mass to the original mass (Fig. 3d).
Hydrogel lost nearly all of its water within 10 days. O-hydrogel
gradually lost water during the first 30 days and retained over
90% of its initial weight after 80 days. In contrast, OHEF showed
no significant mass change within 80 days. The introduction of
the organic solvent glycerol and the encapsulation by Ecoflex
enabled water retention, thereby stabilizing the ionic con-
ductivity in OHEF (Fig. 3e). Consequently, OHEF sustained
good electrical conductivity over an extended period. Collec-
tively, the above experimental results clearly indicate that OHEF
has the potential for long-term applications, providing a solid
experimental foundation for its practical implementation in
fields such as wearable devices. Moreover, the application of
hydrogels at low temperatures poses a significant challenge. At
low temperatures, the formation of ice crystals disrupts the
polymer-network structure within the hydrogel, leading to the
loss of the hydrogel’s flexibility, elasticity, and functionality, and
ultimately causing its failure. In contrast, the thermodynamic
properties of the o-hydrogel system are significantly altered
because of the hydrogen-bonding formation among glycerol,
water, and the polymer network, leading to a substantial
decrease in its freezing point. Therefore, the freezing resistance
of hydrogel and o-hydrogel was tested using DSC. As depicted in
Fig. S7, no crystallization peaks were detected in the DSC
thermograms of the o-hydrogel within the temperature range of
—100 to 20 °C. The o-hydrogel exhibited freezing resistance, and
OHEF maintained electrical conductivity at low temperatures
(Fig. 3f). These results imply that o-hydrogels have excellent
low-temperature tolerance, which is vital for electronics oper-
ating in low-temperature environments. Subsequently, we
investigated the dynamic stability of OHEF after extended pla-
cement and exposure to low temperatures. Initially, the freshly
prepared OHEFs were subjected to continuous-strain tests. A
dynamic mechanical analyzer was used to apply periodic tensile
strains to the fibers at a set strain amplitude and frequency while
simultaneously monitoring their electrical-resistance response in
real-time. The experimental results indicate that the initial fibers
displayed a stable conductive response during continuous strain
(Fig. 3g). After storing the OHEF at 25°C for 60 days and
conducting the same strain-loading and unloading experiments,
the resistive response was consistent with that of the initial
OHEF (Fig. 3h). Moreover, after storing the initial OHEF at
—20 °C for 24 h and testing the resistance response in the same
way, it was identical to that of the initial fibers (Fig. 3i). In
addition, OHEF also has a certain degree of high temperature
tolerance (Fig. S8). Collectively, the results of the above-men-
tioned series of experiments fully demonstrate that OHEF can
exhibit excellent static and dynamic stability after both long-
term storage at room temperature and short-term exposure to
low temperatures. This provides a strong performance guarantee
for its extensive applications in complex environmental condi-
tions.

Response and applications of OHEF strain sensor

Most hydrogels reported hitherto exhibit significant hysteresis in
their resistive responses. This characteristic makes hydrogel-
based strain sensors unsuitable for real-time and accurate sen-
sing. OHEF exhibits excellent dynamic mechanical properties,
making it a promising candidate for strain sensors. Fig. 4a shows
the sensitivity of OHEF-based strain sensors in different strain
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Figure 3 Anti-dehydration and anti-freezing properties of OHEF. Different OHEFs were incorporated into conductive circuits: (a) fresh OHEF, (b) OHEF at
—20°C, and (c) OHEF after 60-day placement. (d) Weight retention of hydrogel, o-hydrogel and OHEF. (e) Schematic diagram of water loss in hydrogel.
(f) Electrical conductivity of OHEF at different temperatures. Cyclic tensile resistance responses of OHEF (g) in the initial state, (h) after 60 days at 25 °C, and

(i) after 24 h at —20 °C.

intervals. The gauge factor (GF) values are 1.2 in the strain range
of 0-200%, 2.1 in the range of 200%-400%, and 3.0 for strains
exceeding 400%. OHEF shows a fast response, with response and
recovery times of 114 and 113 ms, respectively (Fig. 4b). Com-
pared with previous studies, OHEF has performance advantages
due to the introduction of Ecoflex (Fig. S9). This fast-response
feature is of great significance in practical applications. For
instance, in human movement-monitoring scenarios, OHEF can
capture the instantaneous strain changes caused by the rapid
movement of human joints in real time. This ensures the
timeliness and accuracy of data collection and provides a reliable
basis for subsequent movement analysis and health assessment.
Fig. 4c shows the current-voltage (I-V) linearity curve under a
specific strain load, revealing the distinct ohmic behavior and
static-signal stability of OHEF. Strain sensors are often used in
complex scenarios, such as those with continuously changing
strain and frequency. We designed two different tensile-release
experiments. During the continuous-tensile-release process, the
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strain was gradually increased from 30% to 120%, and the
resistance response of OHEF changed regularly and smoothly
with the strain (Fig. 4d). Furthermore, as shown in Fig. 4e, the
resistance response of the OHEF strain sensor remained rela-
tively stable within the frequency range of 0.25-2 Hz, indicating
a stable signal response over a wide frequency spectrum. The
cyclic stretching of OHEF was achieved using the device shown
in Fig. 4f. The circular motion of the micromotor induced the
reciprocating motion of the connecting rod. The fiber was
clamped between the moving rod and the fixed plate, and its
resistance response was measured with a source meter. As
shown in Fig. 4g, when a 70% strain was applied to the OHEF
for over 10,000 tensile cycles, the resistance response remained
stable and highly repeatable. This result strongly indicates that
the internal structure of OHEF can remain stable and its con-
ductivity is reliable under long-term cyclic strain, fully demon-
strating the good stability and reliability of this strain sensor in
practical applications. Consequently, OHEF can detect human

4539



ARTICLES

SCIENCE CHINA Materials

a 20 b c
1001 114 ms 113 ms 3
< i’i ;E;
E 101 Z 50+ x J § 0
5 |GF12 k=2 S
R,=0.99 11
| _~"[R,=0.99 0+
0 T T T T r -
0 200 400 600 800 0 1 2 3 -2 0 2
Strain (%) Time (s) Voltage (V)
d 200 €120
120%
g 90% 0.25 Hz 0.5 Hz 0.75 Hz 1Hz 2Hz
% 100+ 60% g 60+
< <
30% [
O o J 0 p
0 20 40 0 20 40 60 80
Time (s) Time (s)
f 9 200
Stretch —» e M m
Transfer motion 2 100 MMW W
I St s 0 30 4985 5015 9970 9999
OHEF <
4
<
0.
—_—
Release €— -—
-100 T T T T
0 2000 4000 6000 8000 10000
Number of cycles
h 20 i 20 j 20
Breathe
9 90° 9 9
! N <
o 10 o« Cough o« 10
4 60° 60° . @ Swallow ®
< < n H ﬁ ” <
30° 30°
0-4
0 o
0 10 20 30 0 10 20 30 40 0 10 20 30 40
Time (s) Time (s) Time (s)

Figure 4 Response and applications of the OHEF strain sensor. (a) Strain and resistance change curves of OHEF. (b) Response time and recovery time of
resistance to strain. (c) I-V curves of OHEF at different strains. (d) Resistance response to the same strain at different frequencies. (e) Resistance response to the
same frequency at different strains. (f) Strain cycling equipment. (g) Resistance response of OHEF during 10,000 cycles at 70% strain loading and unloading.
(h) Resistance response to different finger bending angles. Monitoring of (i) swallowing, coughing and (j) breathing signals.

motion and physiological signals rapidly, accurately, and sensi-
tively. We demonstrate the integration of the OHEF strain
sensor into a joint (Fig. 4h), which can sensitively detect joint
movements at different angles. Furthermore, due to the high
sensitivity of OHEF, it can accurately and quickly capture
human physiological signals such as swallowing, coughing
(Fig. 4i), and breathing (Fig. 4j). Given its extremely short
response time, OHEF can detect these signals with almost no
delay. This is of great significance in fields such as health
monitoring, early disease diagnosis, and sports rehabilitation
management. It can provide accurate data support for real-time
monitoring and feedback, thus helping to improve the quality
and efficiency of medical and health services.
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Response of OHEF to external stimuli

The potential applications of OHEF in smart textiles were fur-
ther explored. OHEF possesses a wide range of sensory cap-
abilities and can acutely detect diverse external stimuli, such as
high and low temperatures, bending, twisting, contact with
sharp objects, pressure, and proximity to sharp objects. This
endows smart textiles with a powerful environmental-sensing
function. Therefore, these fibers can be used to fabricate smart
textiles for protecting humans or robots and for promptly sen-
sing the external environment (Fig. 5a). To demonstrate this
concept, we exposed OHEF to multiple external stimuli. As
shown in Fig. 5b, when OHEF was damaged, the current
dropped to zero, indicating a break in the conductive path. This

December 2025 | Vol.68 No.12



SCIENCE CHINA Materials

ARTICLES

. 0 . .
High temperature 0 50 100 150
Time (s)

mn,

e f
e P Wo Wl oW o Vo W W e W'y
0 0
0 20 40 60 80 0 20 40

Bending Time (s)

h
0 5 10
Time (s)

Pressing

0
Breaking 0 4 Time (5)8 12
1.05
0.95
Low temperature 0 40 80 120
Time (s)

Twisting Time (s)
=7 4
‘ o
zimi O 2
[ J o=z d
<
p SRy
Closing 0 5 Time (S; 0 20

Figure 5 Responses of OHEF to external stimuli. (a) Schematic of OHEF-based smart textile. (b) Resistance response upon OHEF breakage. Resistance
response signal of OHEF when exposed to (c) high and (d) low-temperature objects. Resistance response signal of OHEF when subjected to (e) bending and
(f) twisting. Capacitance change when (g) pressing the OHEF and (h) approaching the OHEF.

allows for the timely detection of cuts in the smart textile. As
shown in Fig. 5c, when OHEF contacted a high-temperature
object (100 °C), its current increased abruptly and then returned
to its initial state after about 2 min. This is because the o-
hydrogel conducts electricity mainly via internal ionic transport,
which is enhanced at elevated temperatures. After detaching
from the high-temperature object, the electrical conductivity
returns to its original level owing to the heat-resistance of
Ecoflex. Conversely, as shown in Fig. 5d, when OHEF is in a
low-temperature environment (—10 °C), the activity of ions is
inhibited by the low temperature, and ion migration is impeded,
leading to a substantial increase in its resistance. This sensitive
and reversible response to high and low-temperature stimuli
offers a reliable temperature-monitoring and early-warning
mechanism for the application of smart textiles in extreme-
temperature environments.

Regarding mechanical-deformation perception, OHEF exhi-
bits high sensitivity to subtle deformation stimuli such as

bending and twisting, as shown in Fig. 5e, f. When the fibers are
twisted or bent, their internal structure changes, generating
strain. Microscopically, the conductive network within the fiber
is stretched or twisted, and the ion-migration paths become
longer and more complex, leading to a significant increase in
resistance. As shown in Fig. 5g, OHEF arranged in warp-and-
weft patterns responds to pressure. Due to the low modulus of
the fiber itself, when external pressure is applied, the fiber
deforms, and the relative position and spacing between the warp
and weft threads change, which in turn causes changes in the
capacitance between the warp and weft threads. Under con-
tinuous pressure, the capacitance between the warp and weft
threads drifts because of the low compression modulus of Eco-
flex and the o-hydrogel and their poor post-compression resi-
lience. It is worth noting that OHEF also has the ability for non-
contact proximity sensing. A human hand repeatedly approa-
ched the fiber sensor at a vertical distance of about 20 cm
(Fig. 5h), and the corresponding capacitance change was
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recorded. The capacitance of the fiber sensor showed a rapid and
stable change. Fig. S10 shows the non-contact position recog-
nition of OHEF textiles achieved through this effect. In sum-
mary, OHEF can rapidly and accurately detect various external
environmental stimuli through its diverse sensing-response
mechanisms and precise feedback from external circuits. When
OHEF is applied to e-skin or smart textiles, these excellent
sensing characteristics can assist humans or robots in promptly
sensing external dangers or complex stimuli and responding
quickly and appropriately. From enhancing the safety and con-
venience of human life to promoting the autonomous operation
and intelligent decision-making of robots in complex environ-
ments, OHEF has broad application prospects in the field of
smart textiles. It is expected to drive a new round of innovative
development in the fields of smart materials and smart appli-
cations.

OHEF-based triboelectric nanogenerator (TENG)

OHEF exhibits an electronegative surface, which enables it to
function as an ideal, highly stretchable self-powered sensor
based on a single-electrode-mode friction-electric mechanism
(Fig. 6a) [55]. Fig. 6b illustrates the working principle of the

OHEF self-powered sensor, which is based on the triboelectric
effect. This study primarily demonstrates the single-electrode
mode of the OHEF self-powered sensor, where the OHEF is
grounded via an external load. When a moving object approa-
ches and contacts the OHEF, due to differences in electro-
negativity between the two materials, their ability to restrain
electrons also differs, leading to charge transfer at the interface.
This results in opposite charges forming on the surface of the
external material and the OHEF (Fig. 6b(i)), thereby generating
a current in the load. Subsequently, when the two materials
separate, the static charges on the surfaces induce charge
movement within the o-hydrogel in the OHEF to balance them,
bringing the OHEEF to electrical neutrality (Fig. 6b(ii) and (iii)),
thereby generating a current in the opposite direction within the
load. When the moving object approaches the OHEF again, the
entire process repeats (Fig. 6b(iv)). Therefore, continuous fric-
tion or contact will generate current in the load, which in turn
can be used to detect the movement of the target material by
measuring the open-circuit voltage or current. Furthermore, the
ultra-high tensile properties of OHEF make it highly suitable for
wearable sensing. Hence, we monitored the induced voltage of
OHEF by repeatedly contacting it with five different materials:
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Figure 6 OHEF-based TENG. (a) Schematic of OHEF-based TENG. (b) Principles of OHEF-based TENG. (c) Voltage signals generated by OHEF-TENG
when in contact with five different triboelectric materials at a motion frequency of 1 Hz. (d) Electrical signals generated at different contact frequencies.
(e) Voltage signals under different OHEF strain levels. (f) OHEF-TENG self-powered sensors placed in the armpits for the stride frequency detection.
(g) OHEF-TENG self-powered sensor located at the fingertips for touch signal detection. (h) OHEF-TENG self-powered sensor at the finger joints for finger

flexion signal detection.
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polytetrafluoroethylene (PTFE), polyethylene terephthalate
(PET), polyurethane, paper, and nylon. As shown in Fig. 6c,
highly reproducible voltage signals can be detected for materials
with different friction-electrode properties. This indicates that
OHEF-based self-powered sensors show potential for identifying
material types based on differences in electron affinity. When
the contact-separation frequency increased from 0.5 to 4 Hz, the
induced voltage exhibited no significant change (Fig. 6d). When
the fiber was stretched to higher strains, the fiber-based sensor
remained operational, and an increase in voltage was observed
with the increase in strain. The voltage fully recovered when the
fiber was relaxed (Fig. 6e). This increase in voltage can be
ascribed to the increase in contact area and the decrease in
sheath thickness during stretching, which facilitate the energi-
zation process. We further assessed the self-powered sensing
ability of OHEF for monitoring actual human activities. As
shown in Fig. 6f, a fiber-embedded textile was placed under the
armpit. The swinging-arm movement during walking caused
friction between the OHEEF in the textile and the garment textile,
generating an induced-voltage signal that could indicate the
stride frequency. Moreover, when OHEF was placed on the
fingertips, its contact with external objects produced a sig-
nificant voltage response (Fig. 6g). The fiber-embedded textile
was placed over the knuckle. When the finger was bent, OHEF
rubbed against the skin, generating a similar voltage signal. As
the finger was bent to larger angles, a repeatable but increasing
voltage signal was observed (Fig. 6h). This series of experimental
results fully indicate the powerful sensing ability of OHEF as a
self-powered wearable sensor in real-time monitoring of human
movement status and capturing subtle movement changes. This
lays a solid experimental foundation for its wide application in
fields such as wearable medical devices, human movement
analysis, and human-computer interaction, and is expected to
drive technological innovation and application expansion in
related fields.

CONCLUSIONS

In conclusion, in the booming era of smart wearables, this study
presents an unprecedented hydrogel/elastomer composite fiber.
The fiber is fabricated through the embedding of an o-hydrogel
into porous Ecoflex. Due to its bicontinuous structure and the
stable support and encapsulation offered by the Ecoflex skeleton,
the fiber demonstrates excellent mechanical fatigue resistance. It
still retains its initial mechanical stability after 10,000 tensile
cycles. The embedded o-hydrogel imparts stable ionic con-
ductivity, long-term stability, and frost resistance to the fiber.
Given the excellent fatigue resistance, robustness, and con-
ductivity of OHEF, the fiber can function as a wearable sensing
textile. As a strain sensor, OHEF demonstrates a highly stable
strain response. Its conductivity shows no substantial decrease
after 10,000 cycles. Furthermore, the fiber simultaneously pos-
sesses multiple sensing capabilities. These capabilities allow
humans or robots to respond electrically to external stimuli,
such as high and low temperatures, deformation, pressure, and
proximity. The OHEF developed in this study and its associated
sensory textiles constitute a novel and comfortable human-
machine interface. Considering its remarkable mechanical and
conductive stability, it is anticipated that OHEF will be an
outstanding candidate for the fabrication of smart wearable
systems.
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