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Abstract The rapid advancement of wearable sensors necessitates ionically conductive hydrogels that simultaneously exhibit high stretchabili-
ty, damage tolerance, and reliable adhesion. However, achieving these properties in a single material remains a significant challenge. Herein, we
report an ionically conductive polyoxometalate (POM)-based hydrogel (PAA/L-arg@SIW) fabricated by incorporating L-arginine (L-arg)-modified
silicotungstic acid nanocomplexes (L-arg@SIW) into a poly(acrylic acid) (PAA) network as a multifunctional dynamic crosslinker. Strong electro-
static interactions and hydrogen bonding between rigid L-arg@SIW nanoclusters and flexible PAA chains generate a three-dimensional hard-soft
synergistic network, in which dynamic crosslinks preferentially rupture and re-form under mechanical loading, thereby dissipating energy and
suppressing crack propagation. Consequently, the hydrogel exhibits exceptional stretchability (fracture strain >1500%), high toughness (1483
kJ/m?3), outstanding crack resistance (fracture energy up to 6.82 kJ/m?), and high ionic conductivity (0.15 S/m), along with robust adhesion to di-
verse substrates. Hydrogel-based sensors demonstrate high strain sensitivity (gauge factor (GF)=8.06), fast response, and excellent cyclic stability,
enabling reliable monitoring of human motion and high-fidelity acquisition of electrocardiogram (ECG) and electromyogram (EMG) signals. This
study presents an effective strategy for constructing high-performance ionically conductive hydrogels for wearable sensing applications.
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INTRODUCTION

Flexible wearable bioelectronic devices that can conformally in-
terface with soft biological tissues and continuously acquire me-
chanical or electrophysiological signals have attracted increas-
ing attention for applications in health monitoring,!"? human-
machine interfaces,>¥ and intelligent rehabilitation.>® As core
functional components, flexible wearable sensors are highly val-
ued for their excellent deformability and signal transduction ca-
pability, enabling real-time transduction of joint motions, mus-
cle contractions, and bioelectrical activities into readable electri-
cal outputs.”) However, during practical operation, such sen-
sors are inevitably subjected to large tensile strains, repeated
bending, and complex multiaxial loading. Under these condi-
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tions, pre-existing or load-induced defects within the bulk ma-
terial or at the surface can readily initiate and accelerate crack
propagation, ultimately leading to the mechanical failure and
distortion of the acquired signals.'®! Therefore, the development
of soft functional materials that simultaneously exhibit high
stretchability, toughness, and resistance to crack propagation is
essential for achieving reliable, long-term wearable sensing.
Recently, ionically conductive hydrogels have been widely
regarded as promising soft functional materials for strain sen-
sors, owing to their high water content, tissue-like mechani-
cal compliance, and tunable ionic conductivity.>% Neverthe-
less, conventional single-network conductive hydrogels gen-
erally have two intrinsic limitations. First, the relatively low
polymer chain density and lack of effective energy-dissipa-
tion mechanisms result in intrinsic brittleness, limited extensi-
bility, and insufficient toughness.[''l Second, once microc-
racks or notches are present, severe stress concentration at
the crack tips under external loading can readily induce rapid
through-thickness fracture, dramatically shortening the fa-
tigue lifetime and severely undermining operational reliabili-
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ty.['2l Considerable efforts have been devoted to addressing
these challenges through structural design (e.g., double-net-
work architectures!'3 and slide-ring crosslinking!'4), composi-
tional engineering (e.g., incorporation of nanofillerst'>1l), and
modulation of crosslinked mechanisms (e.g., introduction of
diverse reversible sacrificial bonds!'”]). Although these strate-
gies enhance the strength and toughness to varying degrees,
many systems remain highly defect-sensitive, exhibiting pro-
nounced reductions in the fracture strain and fracture energy
in the presence of notches or scratches.8! Additionally, some
toughening strategies based on rigid fibers('8! or highly dense
crosslinked networks!'3! often compromise softness and large
deformability, which conflicts with the requirements of wear-
able devices. More critically, although mechanical reinforce-
ment has been extensively explored, maintaining or enhanc-
ing stable and efficient ionic conductivity—crucial for high-fi-
delity strain sensing and low-impedance bioelectronic inter-
faces—remains largely underexplored.l'l Consequently, de-
veloping hydrogels that concurrently exhibit high stretchabil-
ity, high toughness, robust crack-propagation resistance, and
good ionic conductivity remains a major challenge in flexible
wearable bioelectronics.

Among the emerging strategies to improve the compre-
hensive performance of conductive hydrogels, incorporating
inorganic nanoscale building blocks with strong interfacial
coupling and multifunctional crosslinking capabilities has
proven particularly promising.l2% In this context, polyoxomet-
alates (POMs) have attracted considerable interest owing to
their well-defined molecular structures, high charge density,
and designable metal-oxygen cluster architectures.l2'-231 On
one hand, the oxygen-rich surfaces of POMs can form dynam-
ic crosslinking networks with positively charged or polar
group-containing polymers and small molecules via electro-
static interactions and hydrogen bonding.l2#2%1 On the other
hand, their low proton dissociation energy and continuous
proton-hopping sites impart excellent proton or ionic con-
ductivity, allowing simultaneous mechanical reinforcement
and ionic conduction.? Despite these advantages, most re-
ported POM-based composite hydrogels treat POMs merely
as rigid fillers, with interfacial interactions limited to weak
physical adsorption and loose cross-linked structures.27:28]
This often results in poor dispersion, discontinuous energy-
dissipation pathways, and insufficient resistance to crack
propagation, particularly under notched or large deforma-
tion conditions. Therefore, designing POM-based functional
units capable of forming strong yet dynamic interfacial
crosslinks with polymer networks through molecular- and
nanoscale interface engineering, thereby constructing ioni-
cally conductive hydrogels with high toughness and robust
crack-propagation resistance, has emerged as a critical and
unresolved challenge.

Herein, we report a POM-based ionically conductive hydro-
gel that employs L-arginine (L-arg)-modified silicotungstic
acid nanocomplexes (L-arg@SIW) as dynamic multifunctional
crosslinking centers. In this system, poly(acrylic acid) (PAA)
serves as a flexible primary network, whereas L-arginine (L-
arg), bearing protonated amino and guanidinium groups, and
Keggin-type silicotungstic acid (SIW) are introduced into the
aqueous phase, where they self-assemble into L-arg@SIW

nanocomplexes via multiple electrostatic interactions and hy-
drogen bonding and are subsequently uniformly embedded
within the PAA network. The rigid L-arg@SIW nanoclusters,
interconnected with flexible PAA chains through abundant
dynamic ionic and hydrogen bonds, construct a robust hard-
soft synergistic network that preferentially fractures under
mechanical stress to dissipate energy efficiently, thereby sig-
nificantly suppressing crack propagation. Owing to this “mul-
tisite anchoring and dynamic reconstruction” interfacial cou-
pling mechanism, the resulting PAA/L-arg@SIW hydrogel ex-
hibits a combination of outstanding properties, including
high stretchability (fracture strain of 1572%), high toughness
(1483 kJ/m3), and pronounced resistance to crack propaga-
tion (fracture energy up to 6.82 kJ/m2), together with high
ionic conductivity (0.15 S/m) arising from continuous proton-
conduction pathways provided by SIW. Furthermore, the hy-
drogel exhibited a strong adhesion to various substrates.
Leveraging these properties, the PAA/L-arg@SIW hydrogel
functions not only as a flexible strain sensor capable of accu-
rately capturing multi-scale human motions, from subtle fa-
cial and throat movements to large joint bending, but also as
a flexible bioelectrode for stable monitoring of electrophysio-
logical signals, such as electrocardiograms (ECG) and elec-
tromyograms (EMG). Overall, this study demonstrates that ra-
tional molecular design that enables synergistic coupling be-
tween POMs and polymer networks offers a generalizable
strategy for developing highly ionically conductive hydrogels
with exceptional softness, toughness, and crack resistance,
providing a robust material platform for flexible electronics,
health monitoring, and human-machine interaction applica-
tions.

MATERIALS AND METHODS

Materials

Acrylic acid (AA, 99%), silicotungstic acid (H,SiW;,0,4, 299.9%),
L-arginine (98%), and ammonium persulfate (APS, 98%) were
supplied by Aladdin Co., Ltd. (Shanghai, China). All the chemi-
cals were used as received without further purification.

Fabrication of PAA/L-arg@SIW Hydrogels

The PAA/L-arg@SIW hydrogel was synthesized using a one-pot
polymerization strategy. The synthesis procedure is as follows.
First, 0.059 g of L-arginine was dissolved in 3 mL of ultrapure
water under magnetic stirring for 10 min until a clear solution
was obtained. Subsequently, 0.246 g of silicotungstic acid (SIW)
was added and the mixture was stirred vigorously for an addi-
tional 10 min to form a homogeneous solution. Next, 1.779 g of
acrylic acid (AA) monomer was introduced and stirred for 10
min to ensure thorough mixing. Subsequently, 0.0089 g of am-
monium persulfate (APS, 0.5 wt% relative to the mass of AA)
was added as the thermal initiator, followed by continuous stir-
ring for 5 min. The resulting solution was then ultrasonicated for
30 s to remove entrapped air bubbles. Finally, the precursor so-
lution was poured into a mold and thermally polymerized at 60
°C for 6 h to obtain a PAA/L-arg@SIW hydrogel. A series of hy-
drogel samples was prepared by systematically varying the to-
tal mass fraction of L-arginine and SIW, their molar ratio, and the
mass fraction of AA to evaluate structure-property relationships.
The detailed compositions of the prepared hydrogels are sum-
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marized in Table S1 (in the electronic supplementary informa-
tion, ESI). Unless otherwise stated, the PAA/L-arg@SIW hydrogel
prepared with a total mass fraction of L-arginine and SIW of 6
wt%, a molar ratio of 4:1, and an AA content of 35 wt% was used
for subsequent performance evaluation.

CHARACTERIZATION

General Characterizations

Fourier transform infrared (FTIR) spectroscopy (Nicolet IS10) was
used to characterize the chemical structures of the individual
components and hydrogels over the wavenumber range of
400-4000 cm™. The microstructures of the freeze-dried hydro-
gels were examined by scanning electron microscopy (SEM, S-
4800I1). The molecular structures of the hydrogels were further
analyzed by Raman spectroscopy (Horiba Jobin Yvon XploRA
PLUS). The optical absorbance and transmittance of the hydro-
gels were measured using a UV-Vis spectrophotometer (UV-
2550).

Mechanical Tests

Mechanical tests were conducted at room temperature using a
universal testing machine equipped with a 100 N load cell. For
uniaxial tensile and cyclic loading-unloading tests, the PAA/L-
arg@SIW hydrogels were cut into standard dumbbell-shaped
specimens (35 mm x 2 mm X 1 mm). A constant tensile rate of
50 mm/min was applied, and each test was repeated at least
thrice to ensure data reproducibility. The elastic modulus was
determined from the slope of the linear region of the stress-
strain curve within a strain range of 0%-50%, whereas the
toughness was calculated by integrating the area under the en-
tire tensile stress-strain curve. Energy dissipation was quantified
from the area enclosed by the loading-unloading hysteresis
loops. For the compression tests, cylindrical PAA/L-arg@SIW hy-
drogel samples with a diameter of 8 mm and a height of 10 mm
were prepared, and both single and cyclic compression tests
were conducted at a constant crosshead speed of 5 mm/min.

Fatigue Tests
The fracture energies of the hydrogel samples were measured
using the single-edge notched tensile (SENT) method. Rectan-
gular SENT specimens (10 mm x 1 mm, initial crack length 2
mm) were subjected to uniaxial tensile testing on a universal
testing machine (AGS-X, Shimadzu, Japan) at a crosshead speed
of 5 mm/min, while the corresponding stress-strain curves were
recorded. All tests were conducted at room temperature and
were repeated three times to ensure reproducibility. In addition,
specimens featuring circular, linear, and triangular notches were
prepared and tested at various tensile rates. The fracture energy
(M) was calculated using the following equation:
_ oWwe

VA
where c is the notch length, W is the area under the stress-strain
curve from the initial state to the fracture strain of the intact
specimen, and A is the elongation at fracture of the notched
specimen.

Adhesion Tests

The interfacial adhesion of the PAA/L-arg@SIW hydrogel was
evaluated using a lap shear test. Hydrogel strips with identical
dimensions were prepared and sandwiched between two sub-

r M

strate pieces, including paper, glass, pig skin, PET, silicone rub-
ber, PMMA, stainless steel, and copper. Gentle pressure was ap-
plied for approximately 5 min to ensure intimate contact and
sufficient bonding. The adhered assemblies were subsequently
stretched on a universal testing machine at a crosshead speed
of 50 mm/min until complete separation of the substrates. Ad-
hesive strength was calculated by dividing the maximum load
at failure by the initial bonded area.

Electrical and Sensing Tests

The electrical conductivity of the PAA/L-arg@SIW hydrogels was
characterized by electrochemical impedance spectroscopy (EIS)
using an electrochemical workstation (CHI760E, CH Instruments,
China). Rectangular hydrogel samples were sandwiched be-
tween two copper electrodes and connected to a workstation
to obtain the AC impedance spectra. Conductivity (o, S/m) was
calculated using the following equation:

L
o= R_XS (2)
where L (m) denotes the length of the ionogel sample, S (m?)
and R (Q) indicate the cross-sectional area and resistance of the
ionogel, respectively.

The sensing behavior of the PAA/L-arg@SIW hydrogel was
evaluated by coupling a universal testing machine with an
LCR meter. The relative change (AR/R,) was calculated as fol-
lows:

AR _R—Ry

R0~ Ro
where R and R, denote the instantaneous resistance under de-
formation and initial resistance in the undeformed state, respec-

3)

tively.
The gauge factor (GF) was defined as:
AR/R
GF = E/ ‘ (4)

where ¢ denotes the applied strain. Response and recovery
times were obtained by stretching the hydrogel to 50% strain at
a stretching rate of 240 mm/min. All the tests were conducted
under ambient laboratory conditions of approximately (25+5)
°C and 40%-60% relative humidity. During conductivity mea-
surements, the samples were enclosed in self-sealing bags to re-
duce water loss. For sensing performance tests, a thin layer of
vacuum silicone grease was applied to the hydrogel surface to
effectively suppress dehydration and the associated degrada-
tion of the sensing performance.

For human motion monitoring, the assembled hydrogel-
based wearable sensors were conformally attached to vari-
ous body sites such as the face, throat, wrist, and knee. The
corresponding sensing signals were recorded using an LCR
meter (E4980AL; Keysight).

Skin impedance was determined by placing the hydrogel
working electrode and reference electrodes on the flexor side
of the forearm with an interelectrode distance of 40 mm. Each
electrode had an effective contact area of approximately 78
mm?2, For electrocardiogram (ECG) measurements, two hydro-
gel patches were placed on the left and right forearms as the
working and reference electrodes, respectively, and an addi-
tional hydrogel electrode was fixed on the right lower leg and
used as the ground. A similar configuration was employed to
assess the electromyography (EMG) monitoring capability of
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the hydrogel electrodes. The working and reference elec-
trodes were attached to the right arm to capture EMG signals
between the two sites, whereas the ground electrode was
placed on the left arm to minimize motion artifacts during
muscle contraction. ECG and EMG signals were synchronous-
ly acquired using a multichannel physiological signal acquisi-
tion system (RM6240XC). For all strain-sensing tests and phys-
iological signal measurements, the PAA/L-arg@SIW hydrogel
was directly adhered to the skin owing to its intrinsic adhe-
siveness, and no additional tape was applied over the active
sensing region. Before attachment, the skin was gently wiped
with an alcohol pad and allowed to dry to remove sweat and
skin oils. Outside the sensing area, lead wires were connect-
ed to the hydrogel electrodes using conductive tape and
then secured to the skin with insulating tape. No additional
conductive paste was used in the tests. Each measurement
was completed within several minutes under ambient labora-
tory conditions to minimize the influence of sweat and se-
bum.

RESULTS AND DISCUSSION

Fabrication and Structural Analysis of L-arg@SIW
Nanocomplex-crosslinked PAA Hydrogel

The fabrication and network structure of the PAA/L-arg@SIW
hydrogel are shown in Fig. 1(a). First, L-arginine and SIW were
pre-assembled in water via electrostatic interactions and hydro-
gen bonding to form L-arg@SIW nanocomplexes. Acrylic acid
(AA) and the thermal initiator ammonium persulfate (APS) were
subsequently added, and the mixture was polymerized at 60 °C
for 6 h to yield the PAA/L-arg@SIW hydrogel. Acting as rigid
nano-crosslinkers, L-arg@SIW interacted extensively with the
flexible PAA chains through electrostatic and hydrogen bonds,
significantly enhancing the mechanical performance of the hy-
drogel. Meanwhile, the intrinsic high proton mobility of the SIW
endowed the hydrogel with excellent ionic conductivity, mak-
ing it suitable for wearable sensors capable of detecting human
motion and physiological signals (Fig. 1b).

FTIR spectroscopy confirmed the formation of the L-
arg@SIW nanocomplexes and their tight integration into the
PAA network (Fig. ST in ESI and Fig. 1c). As shown in Fig. S1
(ESI), the characteristic Si—O, W=0, and W—0O—W vibra-
tions of SIW at 1015, 977, 906, and 741 cm~" were retained in
L-arg@SIW, but shifted to 974, 927, and 796 cm~.12629 Simul-
taneously, the N—H stretching of L-arginine shifted from
3048 cm~! to 3280 cm~', while the carboxylic C=0 absorp-
tion weakened, and a new band appeared at 1636 cm~".13031]
These results indicated that L-arginine cations and SIW anion-
ic clusters formed a strongly coupled L-arg@SIW nanocom-
plex through cooperative electrostatic interactions and hy-
drogen bonding.22 In the PAA/L-arg@SIW hydrogel, the C=C
stretching of AA at 1635 cm™ disappeared (Fig. 1c), confirm-
ing the successful PAA backbone formation.3l Meanwhile,
the C=0 stretching band of the carboxyl group in AA at 1698
c¢m-~' and the bending vibration of —NH;*/guanidinium N—H
and partial —COO- at 1636 cm~" merged into a sharper C=0
absorption at 1704 cm~', and the O—H stretching of PAA red-
shifted from 3088 cm~' to 3056 cm~', indicating dense hydro-
gen-bonding and electrostatic interactions between PAA
chains and L-arg@SIW. 12634 Notably, the Keggin-type SIW

bands at 974 and 927 cm~! shifted to 966 and 922 cm-', sug-
gesting reconfiguration of the electronic environment and
ionic coordination around the SIW clusters.[?6] Raman spec-
troscopy further corroborated the crosslinked interactions in
the PAA/L-arg@SIW hydrogel (Fig. S2 in ESI). The W=0 vibra-
tion of SIW at 984 cm~' and the guanidinium band of L-argi-
nine at 1321 cm~' were clearly observed, verifying the incor-
poration of both components. The PAA C—C/C—O back-
bone vibration shifted from 1079 cm~' to 1092 cm-, reflect-
ing local chemical environment changes induced by cou-
pling with L-arg@SIW nanocomplexes.l?5-371 Together, these
results demonstrate that L-arg@SIW nanocomplexes were
successfully integrated into the PAA network through multi-
ple noncovalent interactions, forming a dynamic, mechanical-
ly robust supramolecular network.

SEM was used to investigate the internal crosslinking struc-
ture and assess the influence of L-arg@SIW on the microstruc-
ture of the PAA/L-arg@SIW hydrogel. The pure PAA hydrogel
exhibited a porous structure with relatively large pores and
loose network (Fig. S3 in ESI). In contrast, the PAA/L-arg@SIW
hydrogel displayed significantly smaller, more uniformly dis-
tributed pores and a denser, continuous network, indicating
that L-arg and SIW cooperatively formed L-arg@SIW nano-
crosslinking points, reinforcing interchain connections and in-
creasing the effective crosslinking density (Fig. 1d). Simulta-
neously, the EDS elemental maps of C, O, and W exhibited a
homogeneous spatial distribution across the hydrogel matrix,
confirming that the L-arg@SIW nanocomplexes were uni-
formly embedded in the PAA network. This rigid nanocluster-
flexible polymer chain synergy efficiently distributes and dis-
sipates stress over a larger volume. Despite its compact struc-
ture, the PAA/L-arg@SIW hydrogel maintained a high visible-
light transmittance (about 92%, Fig. 1e), comparable to that
of pure PAA, indicating uniform nanoscale dispersion with-
out macroscopic phase separation and excellent optical com-
patibility.

Mechanical Toughness and Crack-propagation
Resistance of the PAA/L-arg@SIW Hydrogel

The mechanical properties of the pure PAA, PAA/L-arg,
PAA/SIW, and PAA/L-arg@SIW hydrogels were comparatively in-
vestigated by uniaxial tensile testing (Figs. 2a and 2b). The pure
PAA hydrogel exhibited a relatively poor tensile performance,
with a fracture stress of 70.6 kPa and a fracture strain of 648%
(Fig. 2a). Upon incorporation of SIW, the PAA/SIW hydrogel dis-
played a markedly enhanced fracture strain of 1236%, accom-
panied by a slight decrease in the fracture stress. This behavior
can be attributed to the introduction of SIW, which partially
weakened the direct interchain interactions between PAA
chains and increased network flexibility, thereby improving the
ductility. However, the relatively weak interfacial interactions
between the SIW and PAA chains resulted in a slight reduction
in tensile strength.®® Owing to the strong hydrogen bonds and
electrostatic interactions between the protonated amino
groups (—NH;*) and guanidinium cations of L-arginine and the
carboxylate group (—COO") of the PAA chains, the PAA/L-arg
hydrogel exhibited both increased fracture stress (130.3 kPa)
and fracture strain (763%). Furthermore, when L-arg@SIW
nanocomplexes were introduced as robust and multifunctional
dynamic physical crosslinking nodes uniformly embedded with-
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Fig. 1  Fabrication and characterization of the PAA/L-arg@SIW hydrogel. (a) Schematic illustration of the preparation of PAA/L-arg@SIW

hydrogels; (b) Schematic of PAA/L-arg@SIW hydrogels used as flexible wearable sensors for monitoring various human activities; (c) FTIR spectra

of AA, L-arg@SIW nanocomplex, PAA, and PAA/L-arg@SIW hydrogels; (d) SEM image of the PAA/L-arg@SIW hydrogel and EDS elemental

mappings showing uniform distribution of C, O, and W (scale bar: 5 ym); (e) Transmittance spectra of PAA and the PAA/L-arg@SIW hydrogel in

the visible region (scale bar: 1 cm).

in the PAA network, the PAA/L-arg@SIW hydrogel achieved the
highest fracture stress (164.7 kPa) and strain (1572%), both of
which were significantly higher than those of the PAA/SIW and
PAA/L-arg hydrogels. In addition, the incorporation of L-
arg@SIW significantly improved the toughness and elastic mod-
ulus of the hydrogel (Fig. 2b). The PAA/L-arg@SIW hydrogel ex-
hibited a skin-like elastic modulus of 68.7 kPa together with a
high toughness of 1483 kJ/m3, exceeding those of pure PAA,
PAA/SIW, and PAA/L-arg hydrogels. The outstanding mechani-
cal performance may be attributed to the nano-reinforcement
effect of SIW and the abundant interfacial bonding between
SIW and PAA chains bridged by L-arg, which can effectively dis-
sipate mechanical energy by the rupture of dynamic interfacial

interactions and stress transfer between polymer chains via
nanoscale stress-transferring centers.>!

The L-arg/SIW molar ratio, total content, and AA content al-
so play crucial roles in determining the mechanical proper-
ties of the hydrogels. As shown in Figs. S4 and S5 (in ESI), the
elastic modulus remained relatively stable with increasing L-
arg/SIW molar ratio and total content, whereas the tensile
strength, fracture strain, and toughness reached their maxi-
mum values at an L-arg/SIW molar ratio of 4:1 and total con-
tent of 6 wt%. Meanwhile, the effect of AA content on the me-
chanical performance exhibited an initial increase followed
by a decline. With the increase in AA content, the increased
crosslinking density led to a pronounced enhancement in the
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400%, 600%, 800% and 1000%); (d) Ten successive cyclic tensile loading-unloading curves and (e) the corresponding dissipated energies
and tensile stress of the PAA/L-arg@SIW hydrogel under 500% strain; (f) Cyclic loading-unloading compression curves of PAA/L-arg@SIW
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mechanical properties (Fig. S6 in ESI). However, at AA con-
tents above 35 wt%, the fracture strain decreased slightly ow-
ing to the stress concentration caused by network densifica-
tion.[*0] Based on these results, a composition with an L-
arg/SIW molar ratio of 4:1, total L-arg/SIW content of 6 wt%,
and AA content of 35 wt% was selected as the optimal formu-
lation for subsequent studies.

The energy dissipation capability and fatigue resistance of
the PAA/L-arg@SIW hydrogel were systematically investigat-
ed through tensile loading-unloading tests. As shown in Fig.
2(c) and Fig. S7 (in ESI), both the hysteresis loop area and dis-
sipated energy increased progressively as the applied strain
increased from 200% to 1000%, indicating that an increasing
number of dynamic crosslinking sites undergo reversible rup-
ture under higher deformation to effectively dissipate me-
chanical energy. During ten consecutive loading-unloading
cycles without rest intervals, the PAA/L-arg@SIW hydrogel ex-
hibited excellent cyclic mechanical stability (Figs. 2d and 2e).

The stress softening and residual deformation observed after
the first loading-unloading cycle are mainly attributed to the
rupture and rearrangement of relatively weak physical
crosslinks within the initial network. Thereafter, the mechani-
cal response rapidly reached a steady state, with both the
tensile strength and dissipated energy remaining nearly con-
stant throughout the subsequent cycles. The outstanding fa-
tigue resistance and self-recovery behavior of the PAA/L-
arg@SIW hydrogel originate from the reversible rupture and
reformation of multiple dynamic physical crosslinks, includ-
ing ionic interactions and hydrogen bonds, within the net-
work. Upon loading, these dynamic noncovalent interactions
preferentially dissociated to dissipate energy, thereby pro-
tecting the crosslinked PAA backbone from irreversible dam-
age. Upon unloading, the dissociated ionic and hydrogen
bonds rapidly reformed, driven by polymer chain relaxation,
enabling efficient recovery of the network topology.'! No-
tably, the L-arg@SIW nanocomplex crosslinking sites acted as
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robust multifunctional nodes that preserved structural in-
tegrity under cyclic deformation and provided stable, well-
defined topological anchoring points for dynamic bond refor-
mation, ensuring the repeatability of the recovery process.
The PAA/L-arg@SIW hydrogel exhibited remarkable compres-
sive properties. As illustrated in Fig. S8(a) (in ESI), as the total
content of L-arg and SIW increased from 0 wt% to 8 wt%, the
compressive strength at 80% strain gradually increased from
119.8 kPa to 315.4 kPa, confirming the beneficial role of L-
arg@SIW dynamic crosslinking points in enhancing the com-
pressive load-bearing capacity. At various maximum strains,
the compressive stress-strain curve displayed pronounced
hysteresis loops, and the specimens nearly fully recovered
their original shape after unloading (Fig. 2f), indicating that
the PAA/L-arg@SIW hydrogel also possessed an efficient en-
ergy dissipation mechanism under compression. Further-
more, five consecutive compression cycles (Fig. S8b in ESI) re-
vealed a relatively large hysteresis observed in the first cycle,
whereas the subsequent hysteresis loops remained stable
with minimal variation in dissipated energy, further confirm-
ing the durability and reliability of the PAA/L-arg@SIW hydro-
gel under cyclic compressive loading.

In soft materials, macroscopic fatigue damage and fracture
failure are fundamentally governed by the initiation and pro-
gressive propagation of cracks under external loading driven
by the severe stress concentration at the crack tip. Therefore,
enhancing resistance to crack initiation and propagation is
crucial for extending the service lifetime of soft functional
materials.*?l Benefiting from the reinforcing effect of L-
arg@SIW nanocomplexes, the PAA/L-arg@SIW hydrogel ex-
hibited exceptional resistance to crack propagation. As
shown in Fig. 2(g) and Fig. S9 (in ESI), when a pre-notched hy-
drogel specimen was subjected to uniaxial tension perpen-
dicular to the crack direction, it could be stretched to strains
exceeding 1000% without any observable advancement of
the crack tip, directly demonstrating its excellent crack-prop-
agation stability. As shown in Figs. 2(h), 2(i) and Movies S1-S3
(in ESI), hydrogels containing circular, triangular, and linear
notches sustained ultimate strains of 1169%, 1206%, and
1107%, respectively, prior to failure, corresponding to frac-
ture energies of 5.18, 6.82, and 3.96 kJ/m2. In addition, the
PAA/L-arg@SIW hydrogels with different notch shapes exhib-
ited negligible strain-rate dependence, as evidenced by the
nearly identical mechanical responses under various stretch-
ing rates (Fig. S10 in ESI), further confirming its robust resis-
tance to crack propagation. The outstanding anti-crack prop-
agation performance of the PAA/L-arg@SIW hydrogel origi-
nates from the function of the L-arg@SIW nanocomplexes as
efficient stress transfer and energy dissipation centers within
the polymer network. Through multiple dynamic ionic and
hydrogen bonds formed between protonated amino/guani-
dinium groups and polyoxometalate clusters, the L-arg@SIW
nanodomains tightly anchor multiple flexible PAA chains in
the vicinity of rigid nanoclusters, forming local hard-soft syn-
ergistic microdomains. When stress is concentrated at the
crack tip, these dynamic noncovalent interactions preferen-
tially undergo reversible dissociation and reformation, en-
abling effective load transfer between the flexible polymer
chains, while continuously dissipating mechanical energy

through repeated bond-breaking processes. Consequently,
the stress concentration at the crack tip was significantly alle-
viated, rapid crack penetration was strongly suppressed, and
catastrophic fracture and structural failure of the hydrogel
were effectively delayed.*3!

Adhesion Properties of the PAA/L-arg@SIW Hydrogel
In addition to its outstanding mechanical properties, the PAA/L-
arg@SIW hydrogel exhibited an exceptional universal adhesive
capability. As shown in Fig. 3(a), the hydrogel firmly adhered to
a wide range of substrates under a 20 g load, including metals
(copper and steel), inorganic materials (glass), cellulosic materi-
als (paper and wood), and polymers (PET, PMMA, and silicone),
highlighting its broad adaptability and applicability in complex
interfacial environments. To evaluate the interfacial adhesion
strength quantitatively, the adhesive performance of the PAA/L-
arg@SIW hydrogel on different substrates was systematically
characterized using lap shear tests (Fig. 3b). The adhesion
strengths toward paper, pigskin, copper, glass, PET, steel, PM-
MA, and silicone were measured to be 56.42, 38.66, 39.59, 33.73,
28.12, 28.48, 20.01, and 9.04 kPa, respectively (Fig. 3c), demon-
strating broad and substrate-independent adhesion compati-
bility across surfaces with diverse physicochemical characteris-
tics, including hydrophilic/hydrophobic, rigid/flexible, and or-
ganic/inorganic interfaces.

Stable and reliable interfacial adhesion is essential for
maintaining the long-term functional integrity of hydrogels
under dynamic service conditions, particularly for sensing ap-
plications that require continuous signal output, where inter-
facial stability directly affects the signal fidelity and signal-to-
noise ratio. Therefore, the adhesion durability of the PAA/L-
arg@SIW hydrogel was evaluated using cyclic lap shear tests.
As illustrated in Fig. 3(d), no noticeable degradation in adhe-
sion strength was observed after eight successive loading-un-
loading cycles on the metal, skin, glass, and polymer sub-
strates, indicating excellent antifatigue characteristics and in-
terfacial recoverability. Furthermore, paper (hydrophilic and
rough) and PET (hydrophobic and smooth) were selected as
representative substrates with contrasting surface properties
to investigate the time-dependent evolution of the adhesion
strength. As shown in Fig. S11 (in ESI), the adhesion strength
on paper exhibited only marginal variation, increasing by
merely 6.56 kPa after 1 h of contact, suggesting rapid interfa-
cial bonding and high interfacial stability. By contrast, the ad-
hesion strength on PET increased significantly to 50.44 kPa
over the same period. This contrast primarily originates from
the distinct interfacial interaction mechanisms. The surface
structure of the paper facilitates the rapid formation of a ro-
bust bond with the hydrogel via hydrogen bonding and me-
chanical interlocking. Conversely, the inert and smooth PET
surface requires a longer time for the hydrogel to gradually
establish tighter interfacial coupling through segment diffu-
sion, rearrangement, and enhanced ion-dipole interactions,
thereby resulting in a pronounced time-dependent strength-
ening effect.[*] This universal and resilient adhesion behavior
can be ascribed to the synergistic design of the PAA/L-
arg@SIW hydrogel in terms of modulus matching and chemi-
cal coupling (Fig. 3e). Specifically, the hydrogel possesses a
soft tissue-like elastic modulus, allowing conformal contact
with rough or irregular surfaces under low contact pressure.
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Fig. 3 Adhesion performance of the PAA/L-arg@SIW hydrogel. (a) Optical photographs of PAA/L-arg@SIW hydrogels adhering to various
substrates (copper, steel, glass, paper, wood, PET, PMMA, and silicone) under load; (b) Representative lap-shear strength-displacement
curves and (c) corresponding adhesion strength of the PAA/L-arg@SIW hydrogel on different substrates; (d) Adhesion strength over eight
consecutive lap-shear cycles on skin, glass, metals, and polymers; (e) Schematic illustration of adhesion mechanisms between PAA/L-

arg@SIW hydrogel and diverse substrates.

The network is enriched with multifunctional moieties, in-
cluding carboxyl groups from PAA chains, protonated amino
and guanidinium groups from L-arginine, and oxygen-rich co-
ordination sites from SIW polyoxometalate clusters, which
collectively enable strong yet dynamically reversible interfa-
cial crosslinking with diverse substrates through multiple
noncovalent interactions, such as hydrogen bonding, electro-
static attraction, coordination bonding, ion-dipole, and
dipole-dipole interactions.[*>46] This multi-interaction adhe-
sion strategy not only endows the hydrogel with broad adhe-
sion applicability, but also establishes a robust material foun-
dation for its practical implementation in bioelectronic inter-
faces, flexible sensing systems, and wearable devices.

Electrical and Sensing Properties of the PAA/L-
Arg@SIW Hydrogel

Benefiting from the dynamic ion pairs formed between the pro-
tonated amino/guanidinium cations and polyoxometalate an-
ions, a continuous and efficient ionic transport network was
formed within the PAA/L-arg@SIW hydrogel. In this network, the
electrostatic interactions between these ion pairs undergo con-
tinuous rearrangement and restructuring, offering abundant
and stable pathways for directional ion migration through the
polymer matrix. As a result, the PAA/L-arg@SIW hydrogel exhib-
ited outstanding ionic conductivity, reaching 0.15 S/m (Fig. 4a),
which is significantly higher than that of the control PAA, PAA/L-
arg, and PAA/SIW hydrogels (0.02, 0.07, and 0.08 S/m, respec-
tively). This substantial enhancement clearly illustrates the syn-
ergistic contribution of multiple components to the improve-
ment in the ionic conduction.*] When the PAA/L-arg@SIW hy-
drogel was integrated into a simple circuit containing an LED,

the LED illuminated successfully, and its brightness changed
synchronously and reversibly in response to the deformation of
the hydrogel during cyclic stretching and release (Fig. S12 and
Movie S4 in ESI), visually confirming the pronounced strain-de-
pendent conductivity of the hydrogel and its real-time visual re-
sponse to deformation.

To quantitatively assess the strain-sensing performance of
the PAA/L-arg@SIW hydrogel, the real-time relative resis-
tance variation (AR/R,) was monitored under uniaxial tensile
loading, and the corresponding gauge factor GF (defined as
the ratio of relative resistance change to applied strain) was
subsequently determined.*”! As shown in Fig. 4(b), the AR/R,-
strain curve is divided into three quasi-linear regimes with
distinct slopes: GF of 1.58 in the low-strain region (0%-350%),
GF of 4.33 in the medium-strain region (350%-1000%), and
GF of 8.06 in the high-strain region (1000%-1572%). This seg-
mented linear response suggests that the reconstruction of
conductive pathways within the hydrogel network varies
across deformation stages, from homogeneous stretching of
the initially continuous network at low strain, to partial rear-
rangement of conductive paths at intermediate strain, and ul-
timately to pronounced elongation and restructuring of con-
ductive channels at high strain. Such a multistage conduc-
tion evolution facilitates a wide range of highly sensitive de-
tections, from small to ultra-large strains.*®! The response
speed and signal stability of the PAA/L-arg@SIW hydrogel
sensor were further evaluated through dynamic loading-un-
loading tests. At a strain of 50% and tensile rate of 240
mm/min, the sensor exhibited a rapid electrical response,
with a response time of 149 ms and a recovery time of 380 ms
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hydrogels; (b) Relative resistance change (AR/R,) versus tensile strain of the hydrogel sensor and the corresponding GF; (c) Response and
recovery time of the hydrogel sensor under instantaneous stretching-relaxation; (d) AR/R, of the hydrogel during the stepwise increased
strain from 0% to 100% and subsequent recovery. AR/R, under stepwise cyclic stretching of (e) small strains (20%—80%) and (f) large strains
(100%—-400%); (g) Stability test of the hydrogel sensor under continuous stretching at 50% strain for 300 s.

(Fig. 4c). These results show that the hydrogel can rapidly es-
tablish a stable resistance change upon loading and revert to
its initial electrical state upon unloading, reflecting its excel-
lent capability for tracking dynamic deformation.

In addition, when the sensor was subjected to stepwise
loading-unloading cycles between 0% and a maximum strain
of 100%, the AR/R, curves for each cycle segment nearly over-
lapped, confirming the high signal consistency and reliable
cyclic performance (Fig. 4d). Moreover, the sensor exhibited
robust dynamic recognition capability and stable output over
a broad strain range. For small strain cycles (20%-80%, Fig.
4e), the AR/R, signal smoothly followed the deformation con-
tinuously, with negligible hysteresis and noise. Under large
strain cycles (150%-400%, Fig. 4f), despite the significantly in-
creased deformation amplitude, AR/R, still exhibited regular
and periodic variations with well-defined strain dependence,
indicating that the sensor remained stable and could effec-

tively distinguish between different strain levels under se-
vere deformation conditions. Notably, during a continuous
stretching-releasing test at 50% strain for 300 s (Fig. 4g), the
output of the sensor remained highly stable throughout the
process, demonstrating excellent sensing durability and relia-
bility. Taken together, these comprehensive performances,
including high sensitivity, wide working range, fast response,
good signal reproducibility, and long-term operational stabili-
ty, satisfy the key requirements for strain-sensing materials in
flexible and wearable electronics, positioning the PAA/L-
arg@SIW hydrogel as a promising candidate for next-genera-
tion intelligent flexible devices and human-machine interac-
tion systems.

Application as Wearable Sensors and Bioelectrodes

Owing to its excellent stretchability, high sensitivity, rapid re-
sponse, and strong conformal adhesion, the PAA/L-arg@SIW hy-
drogel can be assembled into a flexible wearable sensor for the
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real-time monitoring of diverse human motions and physiologi-
cal activities. As shown in Fig. 5(a), the sensor exhibited distinct
response signals to varying finger-bending angles, with AR/R,
showing a stepwise increase at each bending angle (0°, 30°, 60°,
and 90°), enabling the quantitative grading of joint flexion. Dur-
ing continuous finger bending (Fig. 5b), AR/R, remained highly
reproducible without response delay, confirming excellent
cyclic stability and fast response. When attached to the wrist,
each upward and downward motion produced distinct resis-
tance peaks with varying amplitudes, enabling motion direc-
tion discrimination and reflecting the consistency of the bend-
ing cycles (Fig. 5¢). Additionally, during elbow joint flexion-ex-
tension, the sensor outputs stable periodic signals synchro-
nized with the joint angle changes (Fig. S13a in ESI), and similar
results were observed during continuous knee bending (Fig.
S13b in ESI), indicating reliable tracking of large-amplitude joint
deformations and limb movements. For subtle motions, the
sensor tracked facial and throat movements. As shown in Figs.

5(d) and 5(e), slight actions, such as cheek puffing and swallow-
ing, induced distinct fluctuations in AR/R,. During cheek puffing
(Fig. 5d), each inflation-deflation cycle caused a sharp increase
and rapid recovery in the signal, demonstrating sensitivity to
small skin deformations. For swallowing (Fig. 5e), the sensor
produced regular, well-defined periodic waveforms that effec-
tively detected subtle physiological activities. Finally, Fig. 5(f)
shows the AR/R, response to the slight pressing of the hydrogel,
highlighting its fast response, stable cyclic waveforms, and suit-
ability for tactile and pressure sensing.

The PAA/L-arg@SIW hydrogel exhibited excellent perfor-
mance as a skin-interfacing bioelectrode for electrophysio-
logical signal monitoring. The impedance spectra of the hy-
drogel and commercial Ag/AgCl electrodes were measured
over a wide frequency range (0.1-10° Hz, Fig. 5g). The hydro-
gel electrodes exhibited significantly lower interfacial
impedance, which was attributed to efficient ion-conducting
pathways within the PAA/L-arg@SIW network and its excel-
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Fig. 5 Strain sensing and bioelectrodes applications of the PAA/L-arg@SIW hydrogel. Real-time response of the hydrogel sensor to
multi-scale human motions: (a) stepwise finger bending at different angles (0° to 90°), (b) continuous finger bending-releasing cycles
without interruption, (c) repetitive upward and downward wrist flexion, (d) cheek inflation, (e) swallowing, and (f) pressing. (g)
Interfacial impedance spectra of PAA/L-arg@SIW hydrogel electrodes and Ag/AgCl electrodes on human skin; (h) ECG signals
simultaneously captured by the hydrogel electrode and the commercial Ag/AgCl electrode; (i) Electromyogram (EMG) signals recorded
by the hydrogel electrode and the Ag/AgCl electrode during periodic gripping-relaxation under different grip forces (5, 10, and 20 kg).
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lent conformal contact with the skin. On this basis, PAA/L-
arg@SIW hydrogels were further employed as electrodes for
recording electrocardiogram (ECG) and electromyogram
(EMG) signals and were compared with commercial Ag/AgCl
electrodes. Both electrodes clearly resolved the characteristic
PQRST waveforms (Fig. 5h). However, the ECG signals collect-
ed by the hydrogel electrodes exhibited a flatter baseline and
lower noise, and the corresponding signal-to-noise ratio
(SNR=21.70) was notably higher than that of the Ag/AgCl
electrodes (SNR=17.27), indicating a superior ECG acquisition
quality under realistic skin conditions. Fig. 5(i) presents the
EMG signals recorded at grip forces of 5, 10, and 20 kg. With
increasing grip force, the amplitude of the EMG signals cap-
tured by the PAA/L-arg@SIW hydrogel electrodes increased
accordingly, with well-defined contours and good inter-cycle
reproducibility, enabling effective discrimination of different
force levels, which was comparable to that of Ag/AgCl elec-
trodes. Furthermore, when the hydrogel electrodes were at-
tached to the forearm and upper arm muscles, EMG signals
were recorded during the sustained lifting of dumbbells with
different weights (1, 2.5, and 5 kg) (Fig. S14 in ESI). The results
indicated that the peak amplitudes and waveform character-
istics of the EMG signals under different loads were essential-
ly consistent with those obtained using commercial elec-
trodes, further confirming the practicality of the hydrogel
electrodes for monitoring dynamic muscle activities. In sum-
mary, the PAA/L-arg@SIW hydrogel sensor can accurately and
stably monitor multi-scale human motions and, as a hydrogel
electrode, demonstrates outstanding performance in electro-
physiological signal acquisition. These results highlight the
PAA/L-arg@SIW hydrogel as a robust platform for multi-
modal flexible sensing systems in wearable health monitor-
ing, human-machine interaction, and intelligent rehabilita-
tion.

CONCLUSIONS

In summary, we developed a PAA/L-arg@SIW composite hydro-
gel that simultaneously achieved high toughness, outstanding
resistance to crack propagation, and excellent ionic conductivi-
ty by employing L-arg@SIW nanocomplexes as dynamic
crosslinkers. Strong electrostatic and hydrogen-bonding inter-
actions between L-arginine and SIW enabled the construction of
dynamically reconfigurable hard-soft synergistic crosslinking
points within the flexible PAA network, giving rise to a multi-
level energy dissipation mechanism dominated by reversible
ionic bonds and hydrogen bonds. Benefiting from this struc-
tural design, the hydrogel exhibited a high fracture strain of
1572% and toughness of 1483 kJ/m3, while maintaining re-
markable defect tolerance and fatigue-resistant fracture behav-
ior under different notch geometries and loading rates, with a
fracture energy of 6.82 kJ/m?2 Meanwhile, the efficient proton
transport pathways provided by the SIW endow the hydrogel
with an ionic conductivity of 0.15 S/m. Moreover, the hydrogel
exhibited strong adhesion to different matrices. The hydrogel-
based sensor displayed high sensitivity, fast response, and reli-
able signal reproducibility over a wide strain range, allowing the
stable monitoring of diverse human motions. In addition, the
hydrogel bioelectrode delivered high signal-to-noise ratios and
superior signal quality in the acquisition of ECG and EMG sig-

nals. This work provides an effective strategy for constructing
high-performance ionically conductive hydrogels with wide ap-
plications in flexible electronics.
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