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Abstract Flexible wearable electronic devices based on hydrogels have immense potential in a wide range of applications. However, many ex-
isting strain sensors suffer from significant limitations including poor mechanical properties, low adhesion, and insufficient conductivity. To ad-
dress these challenges, this study successfully developed an organic-inorganic double-network conductive hydrogel using acrylic-modified ben-
tonite (AABT) as a key component. The incorporation of AABT significantly enhanced the mechanical properties of the ATHG@LICI hydrogel,
achieving an impressive stretchability of 4000% and tensile strength of 250 kPa. Moreover, it improved the electrical conductivity of the hydrogel
to a maximum of 1.53 mS/cm. The catechol structure of tannic acid (TA) further augmented the adhesive properties of the ATHG@LICl hydrogel
toward various substrates such as copper, iron, glass, plastic, wood, and pigskin. The addition of lithium chloride (LiCl) and dimethyl sulfoxide
(DMSO) endowed the hydrogel with exceptional freezing resistance and flexibility, even at low temperatures of —20 °C. Remarkably, the hydrogel
maintained a conductivity of 0.53 mS/cm under these conditions, surpassing the performance of many other reported hydrogels. Furthermore,
the ATHG@LICl hydrogel demonstrated outstanding characteristics, such as high sensitivity (gauge factor GF=4.50), excellent transparency (90%),
and reliable strain-sensing capabilities, indicating that the ATHG@LICl hydrogel is a highly promising candidate for flexible wearable soft materi-

als, offering significant advancements in both functionality and performance.
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INTRODUCTION

Hydrogels are recognized as one of the most promising candi-
dates for the construction of flexible sensors,'~3 bioactuators,™
in the realm of tissue engineering!**, energy storage devices,®”!
drug delivery,® and wearable electronic devices. This is as-
cribed to their intrinsic flexibility, tissue-analogous structures,
and adjustable mechanical characteristics. The incorporation of
skin-mimicking characteristics is indispensable for the develop-
ment of next-generation wearable sensors. This is essential for
guaranteeing the congruence of biomechanical properties with
those of the human skin and achieving stable signal
responses.”'% Hydrogels, which are characteristic soft materials
with tissue-comparable softness and excellent biocompatibility,
have been extensively applied in the research domain of flexi-
ble wearable sensors.l"'~¥ Nevertheless, hydrogel-based strain
sensors are still confronted with challenges such as inferior me-
chanical properties, low electrical conductivity, and weak adhe-
sion.
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When hydrogel sensors function as electronic devices at bi-
ological interfaces, they must retain their excellent mechani-
cal properties, good environmental adaptability, adhesion,
conductivity, and biocompatibility. To enhance the mechani-
cal properties of hydrogels, numerous researchers have incor-
porated inorganic materials such as SiO,, perovskite,
graphene, and silver nanoparticles into the system. For in-
stance, Chen et al. synthesized organic-inorganic interpene-
trating network gels by employing materials such as clay and
N,N-dimethylacrylamide. These gels exhibited a fracture strain
of 500% and a stress of only 25 kPa.l'3! Lyu et al. reported that
the stress and strain of the GNEC/HAPAAm gel reached 182
kPa and 1685%, respectively, owing to the incorporation of
graphene nanosheets;['® of the F-PTD composite hydrogel
synthesized by Wang et al. manifested as a tensile strain of
412% and a fracture stress of 95 kPa.['7l Owing to their distinc-
tive network architecture, organic-inorganic composite hy-
drogels are capable of augmenting their mechanical strength
to a certain degree. However, the augmentation was circum-
scribed. This is attributed to the fact that the weak interfacial
interaction between the polymer matrix and conductive filler
restricts the enhancement of its mechanical properties.[']

High conductivity is an important indicator for wearable
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sensors. Numerous researchers have endeavored to enhance
the mechanical properties and electrical conductivity of hy-
drogels by incorporating conductive fillers including
graphene, carbon nanotubes, MXene, and metal nanoparti-
cles/nanowires.l'?! Nevertheless, for conductive hydrogel sen-
sors based on filler networks, conductivity and mechanical
strength frequently exhibit incompatibility. The trade-off be-
tween these two properties represents a significant impedi-
ment that restricts their application in multifunctional sens-
ing scenarios.20211 Han et al. incorporated polyaniline-cellu-
lose nanofibers (PANI@CNF) into a viscoelastic polyvinyl alco-
hol (PVA) network. This led to a high conductivity of 5.2 S/m.
However, the maximum tensile stress was merely 36.6 kPa
(approximately 5-fold that of PVA).22l Qur research revealed
that constructing a rational and robust bonding network
within the hydrogel represents an efficacious approach to en-
hance the mechanical strength without compromising the
electrical conductivity.23! Natural clay exhibited an extremely
high in-plane elastic modulus. Moreover, its surface contains
abundant exposed binding sites, which can effectively en-
hance the mechanical strength of the polymer composite ma-
trix.241 The most representative is bentonite (BT), a layered
aluminosilicate clay mineral whose main constituent is mont-
morillonite.[25] BT is extensively applied in various fields, such
as environmental protection,i26! pharmaceutical excipients,27!
catalysts and drug carriers, and petroleum,28 owing to its
controllable interlayer structure, surface modifiability, and
non-toxicity. Furthermore, its distinctive lamellar structure
not only demonstrates an edge in the water absorption ca-
pacity, reaching up to 10-fold its own mass,?! but also pro-
motes intercalation among water, small molecules, and poly-
mers. Many researchers have modified it to achieve better re-
sults, such as ACBT (basic calcium bentonite). Liu et al. pre-
pared a multifunctional conductive hydrogel with an acrylic
acid/carboxymethyl chitosan double-network structure using
basic calcium-based bentonite (ACBt) as a crosslinker, which
exhibited excellent flexibility.3% The composite hydrogel fab-
ricated by Yan et al. through the addition of clay to polyacry-
lamide/alginate exhibited remarkable tensile properties with
a fracture strain of 1840% and enabled real-time and reliable
sensing.3" These findings provide new insights for the de-
sign and development of mechanically robust hydrogel sen-
sors.

Based on the aforementioned considerations, to develop
highly conductive hybrid hydrogels with comprehensive
properties such as enhanced mechanical performance, good
adhesion characteristics, and low-temperature tolerance,
modified bentonite (AABT) is incorporated into double net-
work polymer networks composed of gelatin and poly(N-2-
hydroxyethyl acrylamide) (PHEAA) through strong interfacial
interactions among organic-inorganic components. More-
over, the addition of tannic acid (TA) can further improve the
adhesive properties. The incorporation of lithium chloride (Li-
Cl) and dimethyl sulfoxide (DMSO) endowed the hydrogel
with conductivity and low-temperature resistance. As antici-
pated, the optimized ATHG@LICl hydrogel demonstrated an
ultra-long tensile strain of 4000%, fracture stress of 250 kPa,
and good adhesion to different substrates. The lamellar struc-
ture of the material also played a crucial role in enhancing the

conductivity of the composite hydrogel, with the value in-
creasing from 0.7 mS/cm to 1.53 mS/cm. Even at a low tem-
perature of —20 °C, the hydrogel still maintained good stretch-
ability, flexibility, and electrical conductivity (0.53 mS/cm). In
addition to the above properties, the ATHG@LICl hydrogel al-
so showed high sensitivity (Gauge Factor = 4.50) toward
strain and good transparency (95% in the visible light region),
which makes it fully qualified as a wearable electronic device
that was studied in detail in this work.

EXPERIMENTAL

Raw Materials

Gelatin (Bieder Pharmaceutical), acrylic (AA, AR, >99%, RON),
nanoclay, hydrophilic bentonite (Al,05.4(SiO,.H,0), Particle size<
25 pm, 360.31 (MW), Picarsol), tannic acid (TA, 99.2%, Picarsol),
lithium chloride (LiCl, AR, 299.5%, Damas-Beta), calcium oxide
(Cao, AR, 298.0%, Hengxing reagent), absolute ethanol (AR, =
99.7%, Hengxing Reagent), cyclohexane (AR, Tianjin Damao
Chemical Reagent Factory), N-(2-hydroxyethyl) acrylamide (con-
taining stabilizer MEHQ, M.W.: 115.13, Bigarsol), hydrochloric
acid (HCl, M\W.: 36.5, Tianjin Kemio Chemical Reagent Co., LTD.),
dimethyl sulfoxide (DMSO, AR, 299.5%, Tianjin Yongda Chemi-
cal Reagent Co., LTD.), (2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (photoinitiator 2959, M.W.: 224.25, 98%,
Damas-Beta). Deionized water was used in this study and the
reagents used were not further treated.

Preparation of ATHG@LiCl Hydrogel

Synthesis of acrylic modified bentonite (AABT)

(1) Raw bentonite (5 g) was mixed with 15 mL of 12% HCl solu-
tion at 80 °C and stirred for 4 h. Subsequently, the dispersion
was first filtered through a Buchner funnel, and the filtration
cake was rinsed with deionized water several times to remove
the excess hydrochloric acidand exchangeable cations. The re-
sulting product (acid activated bentonite) was dried at 105 °C
for 2 h and stored in a desiccator.

(2) Acid-activated bentonite (5 g) was mixed with 1.75 g
calcium oxide and a certain amount of deionized water. The
temperature of the reaction mixtures was maintained at 50 °C
for 14 h. Then. The obtained powder was rinsed with deion-
ized water several times to remove excess calcium hydroxide.
Finally, the product was dried at 50 °C for 2 h, ground, sieved
through a 200-mesh sieve, and denoted as ACBLt.

(3) First, at 78 °C, ACBT (10.0 g) was dispersed into 100 mL
of deionized water under vigorous stirring at 500 r/min. After-
ward, the mixedsolution (14.0 g of AA and 16.0 g of absolute
ethanol) was slowly added to the mixture within 30 min. The
reaction was completed by dropwise addition for 3 h. Finally,
the AABT was washed with anhydrous ethanol, filtered, dried,
and sieved to obtain good fluffiness.

Preparation of the hydrogels

First, 10 mg of AABT was weighed in a 5 mL beaker, followed by
the addition of 100 pL of DMSO. AABT was evenly dispersed by
shaking. Subsequently, 0.4 g of N-2-hydroxyethyl acrylamide
(HEAA), 0.2 g of gelatin solution (15 wt%), 100 pL of TA (5 wt%),
and 20 mg of LiCl (s) were sequentially added to the beaker. Af-
ter thorough mixing, the mixture was sonicated until it became
clear and transparent. Ultimately, the obtained solution was
poured into a Teflon mold, and the target gel was acquired by
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irradiation with a UV lamp for 30 s. Similar methods were used
for other hydrogels with different elemental mass ratios.

Characterization

Fourier transform infrared (FTIR) spectra of the ATHG@LIiCl hy-
drogels were recorded on an IR PRESTIGE-21 spectrometer (Shi-
madzu, Japan). The UV-Vis absorption (transmittance) of the hy-
drogel was measured using a UV-Vis 2550 spectrometer (Shi-
madzu, Japan). The microscopic morphology of the hydrogel
was observed by cryo-electron microscopy (Quatro S, Semmer-
feld, China) at an accelerating voltage of 20 kV. Rheological be-
havior of the hydrogels was measured using a controlled stress
rheometer (MCR302 SN80987260, England). Tensile and adhe-
sive strength tests of the ATHG@LICl hydrogels were performed
at room temperature or low temperatures using a microcom-
puter-controlled electronic universal testing machine (LD24.202,
made in China) with a 200 N load cell. These hydrogels were
molded into dumbbell shapes of 20 mm (length) X 4 mm
(width) X 1 mm (thickness) for testing. The conductivity and
electrical properties of the hydrogels were tested using an elec-
trochemical workstation (CHI660E, China).

RESULTS AND DISCUSSION

Design of the ATHG@LiCl Hydrogel

In this study, a multifunctional hydrogel based on acrylic-modi-
fied bentonite (AABT) is investigated. This hydrogel features an
organic-inorganic dual network structure and exhibits proper-
ties such as electrical conductivity and adhesion. After a series of
adjustments, the final composition of the hydrogel was deter-
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mined to be 10 mg of AABT, 0.2 g of 15 wt% gelatin solution, 0.5
g of HEAA, 100 uL of 5 wt% tannic acid solution, 20 mg of LiCl
(s), 100 pL of DMSO solvent and 3 mg of photoinitiator. This hy-
drogel was designated as the ATHG@LICl hydrogel. The de-
tailed preparation process and reaction mechanism of the
ATHG@LICl hydrogel are as follows: AABT, gelatin, HEAA, TA, Li-
Cl, and the photoinitiator were homogeneously blended ac-
cording to their specific mass and volume. Subsequently, the
solution was sonicated until it was clear. Thereafter, it was
poured into a Teflon mold and irradiated under an ultraviolet
lamp to initiate the hydrogel formation. The presence of TA not
only enables better dispersion of AABT and enhances its stabili-
ty within the system but also imparts good adhesion properties
to the hydrogel. At the same time, —OH, —COOH, AP**, and
Mg?* in AABT can generate non-covalent interactions, such as
hydrogen bonds, electrostatic interactions, and coordination
with the hydroxyl groups of HEAA, —NH, —OH of gelatin, and
positively charged N groups. In addition, the ionic bonds of
APR*/Mg?* and CI~ of LiCl were included, and the mechanism of
action is shown in Fig. 1. These interactions ultimately give rise
to hydrogels with outstanding properties including high electri-
cal conductivity, strong adhesion, and remarkable low-tempera-
ture resistance.

Mechanical Properties

In the domain of flexible electronic devices, desirable mechani-
cal properties are of utmost significance. The capacity of these
devices to endure strain and stress, particularly with regard to
their efficacy as strain sensors, is critical. Consequently, a se-
quence of uniaxial tensile tests were conducted on the
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Fig.1 The preparation mechanism of the ATHG@LIiCl hydrogel.
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ATHG@LICl hydrogel.

First, the influence of gelatin content on the mechanical
properties of the hydrogels was examined. Gelatin is a water-
soluble colloid with high molecular weight. During cooling,
gelatin undergoes a transition from a random-coil conforma-
tion to a triple-helix conformation. When incorporated into
the hydrogel system, gelatin can reinforce the cross-linking
network of the hydrogel, consequently enhancing its me-
chanical properties.32 When the gelatin content was 0 wt%,
despite the stress reaching nearly 300 kPa, the strain was less
than satisfactory (approximately 2500%), as shown in Fig. 2(a).
Subsequently, as the gelatin content increased, the overall
mechanical properties exhibited a tendency of initially im-
proved and then decreased. This was attributed to the fact
that, as the gelatin concentration was further elevated, a

stress concentration effect might occur within the resultant
gel network, thereby leading to a decline in the mechanical
properties. Considering both stretchability and tensile force,
hydrogels with a gelatin content of 15 wt% were chosen for
subsequent experiments. The corresponding stress, elonga-
tion, and toughness of the gel were 183, 3330, and 2.91
MJ/m3 (Fig. S1a in the electronic supplementary information,
ESI), respectively.

An excessively high crosslink density can decrease the
molecular weight of the polymer chains between the
crosslink points. Consequently, the sample became suscepti-
ble to stress concentration-induced fractures.!33! Fig. 2(b) illus-
trates the alterations in the mechanical properties of the
ATHG@LICl hydrogel with varying HEAA monomer content.
The best mechanical properties were observed when the
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Fig.2 Mechanical properties of ATHG@LICl hydrogels. Stress-strain curves of the hydrogels with different contents of (a) Gelatin (0 wt%, 5 wt%,
10 wt%, 15 wt%, 20 wt%), (b) HEAA (0.4, 0.5, 0.6 g), and (c) AABT (0, 5, 10, 20 mg); (d) Toughness of the ATHG@LICl with AABT (10 mg) and
THG@LICl hydrogel without AABT; (e) The stress-strain curves of the hydrogel under different strains (50%—-300%); (f) 10 cycle strain-stress curves
(200%) and (g) corresponding energy dissipation; (h) Stress-strain curves of the hydrogel before and after tearing; (i) Photos of ATHG@LICl

hydrogel strips when twisted, knotted and was used for lifting weight.
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HEAA monomer was 0.5 g. Under these conditions, the stress
was 214 kPa, and the tensile strain was approximately 2500%
with a toughness of 110 MJ/ m3 (Fig. S2b in ESI). This observa-
tion suggests that the relative content of the polymer matrix
within the gel has a substantial influence on its mechanical
properties. Specifically, the higher the relative content of the
polymer, the more challenging it is to induce the movement
of its molecular chains by external forces during stretching.
Therefore, the tensile strength also increased.?4 An insuffi-
cient amount of HEAA led to low cross-linking density and
weak interaction forces. Conversely, an excessive amount of
HEAA resulted in brittleness and poor stretchability of the hy-
drogel.

TA exhibited significant potential for forming multiple hy-
drogel bonds with substances, such as gelatin, within the sys-
tem. To explore the impact of TA on hydrogen bond forma-
tion in hydrogels, five samples with varying TA content,
namely TAy, TAs, TA;o, TAyo, and TA3q, were prepared. Uniaxial
tensile tests were conducted to obtain tensile stress—strain
curves, as shown in Fig. S2(c) (in ESI). The calculated tough-
ness and Young's modulus of the hydrogels with different TA
contents are presented in Fig. S2(d) (in ESI). The mechanical
properties of the hydrogel were remarkably enhanced when
the TA content was 5 wt%. This can be ascribed to the den-
dritic structure of tannic acid molecules, which possess a
large number of hydroxyl groups.

As shown in Fig. 2(c), the addition of AABT led to a notice-
able increase in the strain values of the ATHG@LICl hydrogels,
with variations observed across different samples. As depict-
ed in Fig. 2(d), designations 1 and 2 represent the toughness
maps of the hydrogels with and without the incorporation of
AABT, respectively. The toughness of the hydrogel contain-
ing AABT was 110 MJ/m3(Fig. 2d). This effect can be ascribed
to the interactions between AABT and both HEAA and
gelatin, which include hydrogen-bonding and coordination
effects. Moreover, TA can intercalate into AABT layers, con-
tributing to a more uniform and compact network structure.
However, as the amount of AABT increased from 5 mg to 20
mg, the stress and elongation properties of the hydrogel ini-
tially increased and then declined. Specifically, the stress im-
proved from 98 kPa to 106 kPa, whereas the elongation in-
creased from 2940% to 3380% with the highest toughness.
Based on these findings, AABT with a content of 10 mg was
identified as the optimal proportion for achieving the desired
performance.

As a result, tannic acid formed stronger hydrogen bonds
with gelatin, AABT, and HEAA. Therefore, the final composi-
tion of the optimized hydrogel consisted of 10 mg AABT, 0.2 g
gelatin solution (15 wt%, 0.5 g of HEAA), 100 uL TA solution (5
wt%), 100 L DMSO, 20 mg of LiCl, and 5 mg of photoinitiator.
The fatigue resistance of the ATHG@LICl hydrogel was as-
sessed using loading and unloading tests. Fig. 2(e) depicts the
continuous loading-unloading cycle tests of the hydrogel un-
der different strains (ranging from 50% to 300%), revealing
distinct hysteresis loops. It can be seen that the dissipation
energy gradually increased with the increase of strain, and
the specific range is 2.81 MJ/m3 at 50% strain to 121.6 MJ/m3
at 300% strain, indicating that the energy required for the fi-
nal synthesized hydrogel during crosslinking fracture gradual-

ly increases with the increase of strain. The presence of a hy-
drogen bond dynamic crosslinking effect was verified by
restoration of the crosslinking effect during the unloading
process. The tensile cycling stability of the ATHG@LICl hydro-
gel was essential for its electrochemical cycling stability,
which is of crucial importance. Figs. 2(f) and 2(g) show 10 con-
secutive cycles of stretching of the hydrogel at 200% strain
and the energy dissipation for each corresponding cycle, re-
spectively. In addition, Figs. S2(f)—S2(i) (in ESI) also present the
cycling experiments at 50%, 100%, and 300% strains, along
with the energy dissipation and total energy at different
strains. As shown in Figs. 2(f) and 2(g), during the first cycle,
there was substantial hysteresis and nonrecoverable defor-
mation. However, in the second cycle, the hysteresis loop re-
mained nearly constant, and the nonrecoverable deforma-
tion was minimal. This indicated that the stress-strain curve of
the ATHG@LICl hydrogel exhibited excellent repeatability and
stability. This further corroborates our finding. Additionally,
Fig. 2(h) presents the tearing energy of the ATHG@LIiCl hydro-
gel, with a value of 270.1 J/m?, which attested to its excellent
tear resistance. Consequently, the ATHG@LICl hydrogel exhib-
ited an exceptionally high degree of flexibility (Fig. 2i). It was
not only capable of being stretched under normal conditions,
but could even be twisted and knotted. Notably, the
ATHG@LICl hydrogel could lift a weight of 1 kg, which was
1374 times its own mass. This phenomenon is closely related
to the toughness.

Characterization of ATHG@LiCl Hydrogels
The FTIR spectra of the hydrogels were measured to verify the
successful synthesis of the gel structure, as depicted in Fig.3(a).
It shows that the characteristic peaks of bentonite (BT) are locat-
ed at 1031 and 3642 cm™". This phenomenon is principally asso-
ciated with the stretching vibration peaks of Si—O and O—H
bonds. The asymmetric and symmetric tensile vibration peaks of
COO are located at 1441, 1546 and 1639 cm™, respectively. The
tensile vibration peaks of C—C were located at 1441, 1546 and
1639 cm™, respectively, indicating the successful synthesis of
acrylate bentonite (AABT). The tensile vibration peak of Si—O
shifted from 1031 cm™ to 1040 cm™ in the direction of higher
wavenumbers. This observation suggested that the groups at-
tached to the silicon atoms on the bentonite lamellae exhibited
significant steric hindrance. As a result, the asymmetric stretch-
ing vibration of the Si-O-Si moiety was impeded. Concomitantly,
the sharpening of this peak indicated an alteration in the lattice
structure of the material. A plausible explanation is that acrylic
acid reacts with the active hydroxyl groups present in the inter-
mediate acrylate-carboxylated bentonite (ACBT). This reaction is
exothermic and releases a substantial amount of heat. Concur-
rently, a portion of the acrylic acid monomer was grafted onto
the ACBT laminae. Simultaneously, a fraction of the acrylic
monomers was intercalated between the bentonite lamellae.
This intercalation event led to an expansion of the interlayer
spacing of the bentonite and, in some instances, even induced
exfoliation of the bentonite lamellae. These structural alter-
ations consequently modified the lattice structure of the acry-
late carboxylated bentonite (ACBT). These observations further
corroborate the successful synthesis of acrylate modified ben-
tonite (AABT).

Absorption peaks were observed at 3430 cm~' and 1451
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Fig. 3 (a) FTIR spectra of BT, AABT, TA, Gelatin, HEAA, and ATHG@LICl hydrogel; (b) TG curves of ATHG@LIiCl and without AABT hydrogel;
(c) Frequency scanning curves of the ATHG@LICl hydrogel; (d) Shear strain scanning curves of ATHG@LICl hydrogel; (e) Transparency of

ATHG@LICl hydrogel; (f) SEM and mapping of the ATHG@LICl hydrogel.

cm-', corresponding to the stretching vibration peaks of the
OH of TA and the C=C of the benzene ring skeleton, respec-
tively. A red shift was observed from 3430 cm™" to 3270 cm™".
This shift indicates that terephthalic acid (TA) engaged in in-
termolecular interactions with other substances, specifically
through the formation of hydrogen bonds. The obtained hy-
drogel also showed characteristic peaks at 1451 cm~', which
confirmed the successful doping of TA. Gelatin exhibited a
characteristic peak at 3326 cm~', which was primarily attribut-
ed to the stretching vibration of the N—H bond in gelatin.
The peak at 1634 cm' represents the characteristic absorp-
tion peak of the amide | band of gelatin. This peak was
formed as a result of the vibrational absorption contributions
from the N—H bond, carbonyl group (C=0), and C—N bond.
The characteristic peaks of N-2-hydroxyethyl acrylamide
(HEAA) carbonyl and C=C were observed at 1654 cm~! and
1623 cm™', respectively. As shown in Fig. 2(a), the characteris-
tic peak corresponding to the C=C bond of the resultant gel
vanished, thereby validating its successful polymerization.
The ATHG@LICI hydrogel exhibited characteristic peaks at
3270 cm~, predominantly originating from the OH stretching
vibration peaks of tannic acid (TA) and gelatin, as well as the
N—H stretching vibration peaks of gelatin. This suggests that
there was an interaction between HEAA, TA, AABT, gelatin,
and other substances, which further confirmed their success-
ful doping.

Fig. 3(b) shows the thermogravimetric analysis (TGA) re-
sults of the hydrogels with and without AABT. These data re-
vealed that the introduction of AABT had little effect on the
stability of the hydrogel. The viscoelastic properties of the

ATHG@LICl hydrogel were characterized by rheological test-
ing. The dynamic frequency scanning test results in Fig. 3(c)
indicate that the storage modulus G' and loss modulus G" of
the hydrogel are correlated with the frequency change. More-
over, throughout the entire frequency range, the storage
modulus G' was significantly higher than the loss modulus G".
This phenomenon suggests that the hydrogel possesses sta-
ble gel-like characteristics. The ATHG@LIiCl hydrogel was then
subjected to shear strain scanning. As depicted in Fig. 3(d),
the hydrogel exhibited a linear viscoelastic region within a
strain range of 0.01-100%. As the strain increased, G' of the
hydrogel remained consistently higher than G". This observa-
tion indicates that the hydrogel demonstrated excellent
structural integrity. Surprisingly, the hydrogel had good trans-
parency of up to 90%, as shown in Fig. 3(e). As shown in Fig.
3(f), the hydrogel possessed a homogeneous porous struc-
ture. The Al, Si, and Cl elements presented in Fig. 3(f) are pre-
dominantly sourced from AABT and LiCl. Moreover, C, N, and
O were primarily derived from gelatin, HEAA, and TA (Fig. S2
in ESI). The aforementioned elements were uniformly dis-
tributed in the mapping, signifying that AABT, TA, and other
substances exhibited excellent dispersion within the network.

Electrical Conductivity

The electrical conductivity of hydrogels plays a pivotal role in
their use as strain sensors. In this study, the electrical conductiv-
ity of a hydrogel and its influencing factors were investigated via
alternating current (AC) impedance testing. The introduction of
AABT not only improved the mechanical properties of the hy-
drogel but also significantly increased its electrical conductivity.
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As depicted in Fig. 4(a), as the content of AABT increased, the
conductivity of the ATHG@LICl hydrogel exhibited a pattern of
initially ascending and subsequently descending, thereby form-
ing a "volcano"-shaped broken-line profile. The primary cause
for the formation of the "volcano"-shaped broken lines was at-
tributed to the fact that the AABT itself possesses a layered
structure. This layered configuration provided a rapid pathway
for the unrestrained shuttling of ions, thereby effectively en-
hancing their migration efficiency. Nevertheless, when the
quantity of AABT in the range of 20-30 mg continued to in-
crease, the electrical conductivity of the ATHG@LICl hydrogel
began to decline substantially. This phenomenon was ascribed
to the formation of an organic-inorganic network with high
cross-linking density. This network was established between a
substantial amount of AABT and substances, such as HEAA and
gelatin, within the system. This network impedes ion migration
to a certain degree. This ultimately results in a reduction in the
electrical conductivity of the hydrogel. Consequently, 10 mg of
AABT was chosen for subsequent experimental investigation. At
this dosage, the electrical conductivity of the ATHG@LICl hydro-
gel peaked at 1.53 mS/cm. This value was five-fold higher than
that of the ATHG@LICl hydrogel without AABT and surpassed
those of numerous other hydrogels (Fig. 4b).35%4
The incorporation of ions is a crucial factor contributing to
the enhancement of hydrogel conductivity. Subsequently, we
investigated the impact of varying the LiCl dosage on con-
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ductivity. The conductivity of the ATHG@LIiCl hydrogel (20 mg
LiCl) increased from 0.5 mS/cm to 2.5 mS/cm along with the
temperature range of —20 °C to 60 °C (Figs. 4c and 4d). Figs.
4(e) and S3 (in ESI) present the changes in the electrical con-
ductivity and resistance values of the hydrogel, respectively,
as the LiCl content increased. At room temperature, the resis-
tance of the ATHG@LICI hydrogel initially increases and sub-
sequently decreases as the LiCl content increases. When the
LiCl dosage was increased from 0 mg to 30 mg, the room
temperature resistances were 1328.9, 396.1, 261.4, and 300.7
Q, respectively. As expected, the electrical conductivity exhib-
ited an analogous trend. Upon the addition of 20 mg of LiCl,
the hydrogel exhibited the minimum resistance value, there-
by corresponding to the maximum electrical conductivity.
This phenomenon can be ascribed to the following: a relative-
ly low concentration of ions within the system can suitably
enhance ionic conductivity. However, when the ion concen-
tration is excessive, an overabundance of ions interact with
other substances, giving rise to a more compact network
structure. This leads to smaller pore sizes, a reduction in the
number of ions traversing the hydrogel matrix, and conse-
quently, a decrease in conductivity.

Fig. 4(f) shows the ATHG@LIiCl hydrogel serving as an inter-
connected conductor within a circuit, with the aim of investi-
gating its conductivity. It was clearly observable that as the
strain of the ATHG@LIiCl hydrogel increased from 0% to 500%,
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the luminance of the small bulb in the circuit decreased
markedly. Conversely, when the strain in the ATHG@LIiCl hy-
drogel was altered in the reverse direction, the luminance of
the LED lamp gradually recovered, demonstrating excellent
stability. The underlying cause is that the porous network
within the ATHG@LICl hydrogel serves as a conduit for ion
transport. As the strain increases, the conduction pathway be-
comes constricted and elongated. This makes the migration
of ions more challenging. Conversely, upon decreasing the
strain, the conductivity of the ATHG@LIiCl hydrogel recovered
instantaneously. The migration of ions within the ATHG@LICl
hydrogel was regulated by strain-induced deformation. This
characteristic endows the hydrogel with high strain sensitivi-
ty, rapid response, and favorable electrochemical stability.
Notably, owing to its high conductivity, the ATHG@LICl hy-
drogel has the potential to function as an electronic skin, em-
ulating the functions of human skin. Upon contact with
wood, the phone screen was unable to respond because of its
nonconductive nature. Conversely, upon coming into con-
tact with a mobile phone, the hydrogel could manipulate the
phone flexibly and successfully place a call. These outstand-
ing properties illustrate the significant potential of the
ATHG@LICl hydrogel for applications in human-computer in-
teractions and wearable electronic devices.

Performance of Adhesion

Flexible wearable electronics demand not only excellent flexi-
bility and electrical conductivity but also impose stringent re-
quirements on material adhesion. This is because material adhe-
sion is essential for interface connectivity, which in turn is asso-
ciated with the interface impedance and signal integrity.1*"!

Figs. 5(a) and 5(b) show the adhesion schematic and the
mechanism diagram of the ATHG@LIiCl hydrogel, respectively.
Specifically, it was a process in which a ATHG@LICl hydrogel
with an adhesion area of 1 cm X 1 cm was sandwiched be-
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tween two identical substrates and then tested on a tension
machine. Owing to its abundance in amino groups, hydroxyl
groups, and various ions, the ATHG@LICl hydrogel can estab-
lish strong adhesion with diverse substrates via non-covalent
interactions, including hydrogen bonding, electrostatic inter-
actions, and metal complexation. Fig. S4 (in ESI) presents a
photograph of the ATHG@LICl hydrogel firmly adhering to a
variety of materials, such as metal, glass, plastic, wood, and
pigskin. This clearly demonstrates the broad applicability of
the ATHG@LICl hydrogel to diverse substrates. To quantita-
tively assess the adhesion characteristics of the ATHG@LICl
hydrogel, a shear test was conducted to measure the adhe-
sion forces on the various materials. Fig. 5(c) showed that the
cogel strongly adhered to several common substrates. The
adhesion strengths to copper, iron, glass, plastic, wood, and
pigskin were 41.3, 108.6, 75.8, 91.5, 183.6 and 29.4 kPa, re-
spectively. The type and number of surface groups varied
among different substrates, which in turn resulted in differ-
ences in the adhesion of the ATHG@LIiCl hydrogel. Among
these substrates, the adhesion force to wood was the great-
est, and the adhesion force to pigskin was 29.4 kPa as well.
This adhesion performance provided favorable conditions for
the ATHG@LICl hydrogel to be utilized as a strain sensor. Fig.
5(d) shows the bond strength after 24 h of placement. It was
clearly observable that the bond strength increased signifi-
cantly after 24 h of dehydration. Adhesion to wood reached
as high as 1.8 MPa.

In addition, owing to the presence of tannic acid, it has a
large number of catechol groups, which also contributes to
the high adhesion. Fig. 5(e) depicts the adhesion strength of
100 L of tannic acid (TA) solutions with diverse mass frac-
tions (10%, 20%, and 30%) after 24 h of adhesion to various
substrates. The adhesion strength increased with increasing
TA content. This phenomenon suggests that the hydrogel
linkages established between the substrate and catechol moi-
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eties of TA played a crucial role in enhancing the adhesion
property. Considering all aspects, such as the tensile proper-
ties of the hydrogel and the material cost, we selected the hy-
drogel with 5 wt% TA content.

Frost Resistance

The synthesized ATHG@LICl hydrogel exhibited remarkable cry-
oprotective properties. This characteristic endows it with dis-
tinct advantages under low-temperature conditions, thereby
broadening its scope of application. To gain an intuitive under-
standing of the cryoprotective ability of the ATHG@LIiCl hydro-
gel, a comprehensive investigation of its mechanical properties,
optical transparency, electrical conductivity, and adhesion char-
acteristics at low temperatures was conducted.

As depicted in Fig. 6(a), the fabricated gel demonstrated
the capacity to retain its flexibility at room temperature and
remained flexible even at a temperature of -20 °C. It is capa-
ble of enduring diverse deformations, including stretching,
torsion, and bending, without incurring fracture damage. Fur-
thermore, it was distinctly observed that the LED bulb sus-
tained a certain level of brightness subsequent to exposure to
a low temperature environment (=20 °C) for 24 h. This finding
verified the persistence of a conductive pathway within the
ATHG@LICl hydrogel in such a rigorous environment, thereby
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highlighting its outstanding low-temperature resistance.
Next, we demonstrated its stable mechanical flexibility by
testing its stretching behavior at different temperatures. As
presented in Fig. 6(b), the hydrogel demonstrated the ability
to be elongated to 15-fold its original length at a tempera-
ture of -20 °C. Correspondingly, the fracture strengths mea-
sured under these conditions were 0.3 MPa. Remarkably, even
at a temperature of -60 °C, the elongation at break of the hy-
drogel attained 700%, and its toughness reached 7.73 MJ/m3,
as depicted in Fig. 6(c). Fig. 6(d) presented a further quantita-
tive characterization of the ionic conductivity of the
ATHG@LICl hydrogel by means of electrochemical impedance
spectroscopy (EIS). Fig. 6(d) indicates that at —20 °C, the resis-
tance of the ATHG@LICl hydrogel was 754.7 Q. Through cal-
culations, its conductivity was determined to be 0.53 mS/cm.
Notably, its electrical conductivity is still higher than that of
many other hydrogels at low temperatures.[*6-48 This value is
lower than the conductivity at room temperature. The under-
lying reason is that, as the temperature decreases, the mobili-
ty of ions within the polymer network diminishes, conse-
quently leading to a reduction in the conductivity of the hy-
drogel.

Interestingly, the ATHG@LICl hydrogel retained its adhe-
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Fig. 6

Freezing resistance of the ATHG@LICl hydrogel. (a) The stretching, bending and twisting images of the hydrogel at -20 °C and the
comparison of LED brightness before and after the ATHG@LICl hydrogel was placed at -20 °C for 24 h; (b) Stress-strain curves and (c)
corresponding Young's modulus and toughness at low temperature (-20, -40, -60 °C); (d) The conductivity of hydrogel at =20 °C; (e) Adhesion of
the hydrogel to different substrates at 20 °C; (f) Sensitivity of hydrogel at -20 °C; (g) Sensing performance of ATHG@LIiCl hydrogel at -20 °C.
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sion capability, even at low temperatures. The material was
exposed to a variety of substrates such as metals, rubber,
pigskin, and plastic. Subsequently, it was placed at -20 °C to
evaluate its adhesive strength. As can be discerned from Fig.
6(e), this value is notably higher than that at room tempera-
ture. This phenomenon could be ascribed to the strength-
ened hydrogel bonding between the substrate and the gel at
-20 °C. Among these substrates, its adhesion to wood at-
tained an impressive 2.1 MPa, and its adhesion to pigskin sur-
passed 100 kPa, reaching 143.4 kPa. This adhesion perfor-
mance unveiled the potential for its utilization as a cryogenic
sensor. Sensitivity is a crucial parameter for evaluating the ap-
plicability of hydrogels in low-temperature sensing scenarios.
In this study, the hydrogel exhibited a sensitivity value of 1.85
at -20 °C, as depicted in Fig. 6(f). This result validated its po-
tential for low-temperature sensing applications.

The excellent durability and fatigue resistance of the strain
sensor are shown in Fig. 6(g), which demonstrates the resis-
tance changes exhibited by the hydrogel attached to the rub-
ber tube at bending angles of 30°, 60°, and 90° at -20 °C. In
summary, the aforementioned results demonstrate that the
ATHG@LICl hydrogel strain sensor has broad application
prospects in freezing environments.

Strain Sensing Performance and Application of the
ATHG@LiCl Hydrogel

Owing to the excellent mechanical properties, high electrical
conductivity, strong adhesive strength, and remarkable low-
temperature resistance of the ATHG@LICl hydrogel, it was antic-
ipated to serve as a highly sensitive and stable flexible strain
sensor.

Subsequently, we evaluated its performance as a strain
sensor, with a focus on assessing its sensitivity. The relation-
ship between the relative resistance change (AR/R,) and
strain was fitted using linear regression to determine the
gauge factor (GF). Specifically, the GF value was calculated
from the slope of the linear fit of AR/R, with respect to
strain.[49!

Fig. 7(a) depicts the changes in the relative resistance of
the ATHG@LICI hydrogel under diverse strain conditions. Ow-
ing to the homogeneous and stable micronetwork architec-
ture of the hydrogel, the gauge factor (GF) of the measured
ATHG@LICl hydrogel exhibited a distinct linear correlation
with the strain.®0 Evidently, within the strain ranges of
0%—400% and 400%—700%, the gauge factor (GF) values of
the synthesized cogel strain sensor were 2.86 and 4.50, re-
spectively. This clearly demonstrates that the strain sensor
possesses a high gauge factor and broad strain-sensing
range.

Furthermore, among the crucial performance parameters
of the designed hydrogel sensor, response time is of signifi-
cant importance. As presented in Fig. 7(b), the response and
recovery times of the cogel strain sensor during the loading
and unloading processes at 100% strain were measured to be
0.1 s. This rapid response indicates the capacity of the
ATHG@LICl hydrogel for the real-time monitoring of the sens-
ing signal. Subsequently, a detailed investigation of the cyclic
stability of the cogel under diverse strain conditions was con-
ducted. This involved an examination of the relative resis-
tance variations (AR/R) for both large strains, ranging from

100% to 400%, and small strains, specifically 1%, 5%, and
10%, as shown in Fig. 7(c).

Remarkably, the ATHG@LIiCl hydrogel sensor exhibited a
distinct electronic signal, even when subjected to 1% strain.
This finding revealed that its detection limit was as low as 1%
strain, demonstrating outstanding repeatability and stability.

In addition to its excellent thermal stability, remarkable
stretchability, and outstanding sensitivity, the synthesized
ATHG@LICl hydrogel also possesses the advantages of being
non-toxic and harmless upon contact with the human body.
This is attributed to the green and pollution-free properties of
the gelatin polymer. Its ability to function as a wearable strain
sensor was verified by fixing the ATHG@LICl hydrogel sensor.

Figs. 7(d)-7(i) depicted the real-time monitoring of relative
resistance alterations by the ATHG@LIiCl hydrogel sensor dur-
ing body movements at various anatomical sites of the hu-
man body. The precise deformation-sensing capability of the
hydrogel was evaluated through cyclic finger bending at dif-
ferent angles, and the degree of variation in the relative resis-
tance was analyzed. As depicted in Fig. 7(d), the relative resis-
tance of the hydrogel exhibited a gradual increase with pro-
gressive bending angles of the finger, specifically from 30° to
60° and then to 90°. This phenomenon can be attributed to
the elongation of the hydrogel as the fingers bend. With an
increase in the length of the hydrogel, its resistance corre-
spondingly increases according to the fundamental princi-
ples of electrical resistance, where resistance is directly pro-
portional to the length of the conducting material under con-
stant cross-sectional area and resistivity conditions.

In addition, their ability to monitor other parts of the body
was tested. For example, the relative resistance changed in
the state of wrist flexion and knee extension (Figs. 7e and 7f).
The hydrogel sensors exhibited the potential to monitor sub-
tle physiological movements, including facial expressions
such as frowning and smiling, as well as physiological signals
such as the heartbeat. As depicted in Figs. 7(g)-7(i), the corre-
sponding real-time signals exhibited distinct and stable char-
acteristics. This further enhances the sensitivity of the hydro-
gel sensor. In conclusion, the above results demonstrate that
the ATHG@LICl hydrogel sensor fabricated in this study ex-
hibits rapid, reproducible, and stable responsiveness. More-
over, it displays outstanding capabilities in monitoring hu-
man motion and transmitting information, rendering it an
ideal candidate for flexible wearable strain sensors.

Biocompatibility Evaluation

The biocompatibility of the ATHG@LICl hydrogel was systemati-
cally evaluated using a Cell Counting Kit-8 (CCK-8) assay (Fig. S5
in ESI). At concentrations of 5 and 10 pg/mL, cell viability re-
mained high at 99% and 96%, respectively, after 3 days of cul-
ture. Notably, even at a higher concentration (20 pg/mL), the
hydrogel maintained 94% cell viability over the three-day peri-
od, demonstrating the excellent cytocompatibility of the hydro-

gel.

CONCLUSIONS

In summary, we developed an ATHG@LICl hydrogel prepared by
free radical polymerization of HEAA monomers in the presence
of gelatin, tannic acid, AABT, and LiCl. Among these compo-
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Fig. 7 Strain sensing performance and signal monitoring sensor of ATHG@LICl hydrogel. (a) The sensitivity of the ATHG@LIiCl hydrogel under
different strains; (b) Tensile and recovery response times of electrical signals under 100% strain; (c) The sensing performance of ATHG@LICl
hydrogel under different tensile strains (including large strain: 100%—400% and small strain: 1%, 5%, 10%, 20%); Flexion of finger (d) and wrist (e),

elbow (f), frowning (g), smile (h), and heartbeat (i) were monitored.

nents, gelatin, which has abundant active functional groups, can
enhance the stability of the ATHG@LICl hydrogel. This is
achieved by interacting with other substances through non-co-
valent bonds, including hydrogen bonds and electrostatic inter-
actions. The incorporation of AABT augmented the mechanical
characteristics of the composite gel and enhanced the electrical
conductivity of the ATHG@LICl hydrogel. This enhancement in
conductivity can be attributed to the layered structure of AABT.
Simultaneously, tannic acid (TA) can be homogeneously dis-
persed within the interlayers of AABT, further strengthening the
intermolecular interaction forces between them. The results
show that the prepared gel strain sensors have good tensile
properties (approximately 4000%), high transparency (90%), ex-
cellent ionic conductivity (up to 2.53 mS/cm), and a wide oper-
ating temperature range (=20 °C to 60 °C). At the same time, the
addition of LiCl and DMSO give the cogel excellent freezing re-
sistance, and the LED light could still be lit even when placed at

—20 °C for 24 h, solving the problem of the conductive hydrogel
freezing at low temperatures. Therefore, the ATHG@LICl hydro-
gel possesses comprehensive mechanical and strain-sensing
properties, superior to many kinds of inorganic-organic hybrid
hydrogels reported in the literature (Table S6 in ESI).>' In par-
ticular, its adhesion force, ranging from 29.4 kPa to 183.6 kPa,
meets the requirements for wearable electronic devices. Collec-
tively, these results suggest that the ATHG@LICl hydrogel has
potential as an artificial e-skin, emulating the functionality of hu-
man skin. In the context of the future wearable sensing domain,
it can be used to monitor human movement, thereby facilitat-
ing human exercise training and health management. Finally, it
is expected to obtain gel with more excellent mechanical prop-
erties through confined polymerization in layered bentonite
with qualitative and regular arrangement; Through structural
optimization of olefin derivatives, the adaptability between or-
ganic and inorganic components is enhanced, which is expect-
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ed to further improve various performance of gel.

Conflict of Interests

The authors declare no interest conflict.

é Electronic Supplementary Information

Electronic supplementary information (ESI) is available free of
charge in the online version of this article at http://doi.org/
10.1007/510118-025-3407-6.

Data Availability Statement

The data supporting the findings of this study are available from
the corresponding author upon reasonable request.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (No, 22271074), Natural Science
Foundation of Hebei Province (Nos. B2023208042,
B2022208032, B2021208066, E2024208084 and E2024208088),
Science Research Project of Hebei Education Department (No.
JZX2024013), Special Fund for Local Scientific and Technological
Development under the Guidance of the Central Government
(No. 236Z3704G), and Hebei Province High Level Talent Funding
(No. A202001010).

REFERENCES

1 Lei, Z; Wang, Q. Sun, S,; Zhu, W.; P, Wu. A bioinspired mineral
hydrogel as a self-healable, mechanically adaptable ionic skin for
highly sensitive pressure sensing. Adv. Mater. 2017, 29, 1700321.

2 Liu,Y.J,; Cao, W.T,; Ma, M. G.; Wan, P. Ultrasensitive wearable soft
strain sensors of conductive, self-healing, and elastic hydrogels
with synergistic "soft and hard" hybrid networks. ACS Appl. Mater.
Interfaces 2017, 9, 25559-25570.

3 Shin, S. R; Jung, S. M.; Zalabany, M.,; Kim, K.; Zorlutuna, P.; Kim, S.
B.; Nikkhah, M.; Khabiry, M.; Azize, M.; Kong, J.; Wan, K. T; Palacios,
T.; Dokmeci, M. R; Bae, H.; Tang, X. S.; Khademhosseini, A. Carbon
nanotube embedded hydrogel sheets for engineering cardiac
constructs and bioactuators. ACS Nano 2013, 7, 2369—-2380.

4 Wang, M; Ningning Yuan, N.; Wang,X.; Ning, X.; Chen, C; Lin, D.
Thermal-induced phase transition hydrogel revealed with
photonic crystal. ES Energy Environ. 2023, 19, 811.

5 Engelmayr, G. C; Cheng, M. Y.; Bettinger, C. J.; Borenstein, J. T,
Langer R; Freed, L. E. Accordion-Like honeycombs for tissue
engineering of cardiac anisotropy. Nat. Mater. 2008, 7,
1003-1010.

6 Wang, H; Wu, J; Qiu, J; Zhang, K; Shao J; Yan, L. In situ
formation of a renewable cellulose hydrogel electrolyte for high-
performance flexible all-solid-state asymmetric supercapacitors.
Sustain. Energy Fuels 2019, 3,3109-3115.

7 Sidheekha, M, Shabeeba, A.; Rajan, L; Thayyil, M.; Ismail, Y.;
Conducting polymer/hydrogel hybrid free-standing electrodes
for flexible supercapacitors capable of self-Sensing working
conditions: large-scale fabrication through facile and low cost
route, Eng. Sci. 2023, 23, 890.

8 Bahaar, H,; Reddy,S.; Kumar, B.; Prashanthi, K; Murthy, H.,;

10

1"

12

13

14

15

16

17

18

19

20

21

22

23

Modified layered double hydroxide-PEG magneto-sensitive
hydrogels with suitable ligno-alginate green polymer composite
for prolonged drug delivery dpplications. Eng. Sci. 2023, 24, 914.
Veeramuthu, L.; Cho, C. J,; Venkatesan, M.; Kumar. G, R,; Hsu, H. Y.;
Zhuo, B. X;; Kau, L. J; Chung, M. A,; Lee W. Y.; Kuo, C. C. Muscle
fibers inspired electrospun nanostructures reinforced conductive
fibers for smart wearable optoelectronics and energy generators.
Nano Energy 2022, 101, 107592.

Zhang, H.; Ren, P.; Yang, F.; Chen, J; Wang, C; Zhou Y,; Fu, J.
Biomimetic epidermal sensors assembled from polydopamine-
modified reduced graphene oxide/polyvinyl alcohol hydrogels
for the real-time monitoring of human motions. J. Mater. Chem. B
2020, 8, 10549-10558.

Ren, Y, Liu, Z,; Jin, G.; Yang, M.; Shao, Y.; Li, W.; Wu, Y.; Liu L,; Yan,
F. Electric-field-induced gradient ionogels for highly sensitive,
broad-range-response, and freeze/heat-resistant ionic fingers.
Adv. Mater. 2021, 33, e2008486.

Yu, X,; Zhang, H.; Wang, Y.; Fan, X, Li, Z,; Zhang, X.; Liu, T. Highly
stretchable, ultra-soft, and fast self-healable conductive
hydrogels based on polyaniline nanoparticles for sensitive
flexible sensors. Adv. Funct. Mater. 2022, 32, 2204366.

Wu, Z,; Liu, X,; Xu, Q.; Zhang, L.; Abdou, S.; M. Ibrahim, M.; Zhang,
J; Bahy, Z; Guo, N,; Gao, J; Weng, L; Guo, Z
Poly(vinylalcohol)/polyacrylamide double-network ionic
conductive hydrogel strain sensor with high sensitivity and high
elongation at break. J. Polym. Sci. 2024, 62, 4599-4611.

Jiang, Z; Sha, R;; He, Y.; Wang, M.; Ma,W.; Gao, S.; Zhu, M,; Li, Y.; Ni,
M.; Xu, M. Anti-swelling zwitterionic nanocomposite hydrogels
with biocompatibility as flexible sensor for underwater
application. Eng. Sci. 2024, 31, 1200.

Hu, C; Haider, M. S; Hang, L; Yang, M, Luxenhofer, R.
Development of a 3D printable and highly stretchable ternary
organic-inorganic nanocomposite hydrogel. J. Mater. Chem. B.
2021, 9, 4535-4545.

Lyu, C. Y,; Wen, B, Bai, Y. Z; Luo, D. N.; Wang, X,; Zhang, Q. F;
Xing, C. Y,; Kong, T. T; Diao, D. F,; Zhang, X. Bone-inspired
(GNEC/HAPAAm) hydrogel with fatigue-resistance for use in
underwater robots and highly piezoresistive sensors. Microsyst.
Nanoeng. 2023, 9, 99.

Wang, S.; Si W.; Guo, Z. Superhydrophobic and super-stretchable
sonductive composite hydrogels for human motion monitoring
in complex condition. J. Colloid Interface Sci. 2025, 679,
1288-1298

Ohm, Y.; Pan, C; Ford, M. J; Huang, X, Liao J,; Majidi, C. I. An
electrically conductive silver-polyacrylamide-alginate hydrogel
composite for soft electronics. Nat. Electron. 2021, 4, 185—192.
Wei, Y, Xiang, L; Zhu, P; Qian, Y; Zhao B, Chen, G.
Multifunctional organohydrogel-based ionic skin for capacitance
and temperature sensing toward Intelligent skin-like devices.
Chem. Mater. 2021, 33, 8623—-8634.

Chen, J; Wen, H,; Zhang, G.; Lei, F; Feng, Q. Liu Y, Gao, X.
Multifunctional conductive hydrogel/thermochromic elastomer
hybrid fibers with a core-shell segmental 16 configuration for
wearable strain and temperature sensors. ACS Appl. Mater.
Interfaces 2020, 12, 7565—7574.

LI, L; Zhang, Y.; Lu, H,; Wang, Y.; Xu, J,; Zhu, J.; Zhang C,; Liu, T.
Cryopolymerization enables anisotropic polyaniline hybrid
hydrogels with superelasticity and highly deformation-tolerant
electrochemical energy storage. Nat. Commun. 2020, 11, 62.

Han, J.; Ding, Q.; Mei, C; Wu, Q.; Yue Y.; Xu, X. An Intrinsically self-
healing and biocompatible electroconductive hydrogel based on
nanostructured nanocellulose-polyaniline complexes embedded
in a viscoelastic polymer network towards flexible conductors
and electrodes. Electrochim. Acta 2019, 318, 660—672.

Wang, S.; Yu, L; Wang, S.; Zhang, L.; Chen, L,; Xu, X.; Song, Z.; Liu
H.; Chen, C. Strong, tough, ionic conductive, and freezing-
tolerant all-natural hydrogel enabled by cellulose-bentonite

https://doi.org/10.1007/510118-025-3407-6


https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1002/adma.201700321
https://doi.org/10.1021/acsami.7b07639
https://doi.org/10.1021/acsami.7b07639
https://doi.org/10.1021/nn305559j
https://doi.org/10.1038/nmat2316
https://doi.org/10.1039/C9SE00339H
https://doi.org/10.1016/j.nanoen.2022.107592
https://doi.org/10.1039/D0TB02100H
https://doi.org/10.1002/adma.202008486
https://doi.org/10.1002/adfm.202204366
https://doi.org/10.1002/pol.20240209
https://doi.org/10.1039/D1TB00484K
https://doi.org/10.1038/s41378-023-00571-7
https://doi.org/10.1038/s41378-023-00571-7
https://doi.org/10.1016/j.jcis.2024.10.069
https://doi.org/10.1038/s41928-021-00545-5
https://doi.org/10.1021/acs.chemmater.1c01904
https://doi.org/10.1021/acsami.9b20612
https://doi.org/10.1021/acsami.9b20612
https://doi.org/10.1038/s41467-019-13959-9
https://doi.org/10.1016/j.electacta.2019.06.132
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6

1916

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

coordination Interactions. Nat. Commun. 2022, 13, 3408.
Podsiadlo, P.; Kaushik, A. K;; Arruda, E. M.; Waas, A. M.; Shim, B. S.;
Xu, J; Nandivada, H.; Pumplin, B. G.; Lahann, J.; Ramamoorthy A
Kotov, N. A. Ultrastrong and stiff layered 20 polymer
nanocomposites. Science. 2007, 318, 80—-83.

S. Paz, D. Drozynski, M. Gorny, S. Cukrowicz, Properties of
bentonites and bentonite mixtures used in casting processes.
Arch. Foundry Eng. 2019, 19, 35-40.

Seilkhanova, G. A.; Imangaliyeva, A. N.; Mastai, Y.; Rakhym, A. B.;
Bentonite polymer composite for water purification. Bull. Mater.
Sci. 2019, 42, 61-68.

Cavalcanti, G. R. S.; Fonseca, M. G.; da Silva Filho E. C; Jaber, M.
Thiabendazole/bentonites hybrids as controlled release systems.
Colloids Surf.,, B2019, 176, 249—-255.

Kar, Y.; Bozkurt G.; Yalman, Y. Liquid fuels from used transformer
oil by catalytic cracking using bentonite catalyst. Environ. Prog.
Sustain. Energy 2019, 38, 301-306.

Sarkar, D. J,; Singh, A. Base triggered release of insecticide from
bentonite reinforced citric acid crosslinked carboxymethyl
cellulose hydrogel composites. Carbohydr. Polym. 2017, 156,
303-311.

Liu, C; Xu, Z,; Chandrasekaran, S.; Liu Y.; Wu, M. Self-Healing,
antibacterial, and conductive double network hydrogel for strain
sensors. Carbohydr Polym. 2023, 303, 120468.

Yan, H,; Wang, Y,; Shen, W.; Li, F,; Gao, G.; Zheng, T.; Xu, Z,; Qian,
S,; Chen, C; Zhang, C; Yang, G.; Chen, T. Cable-driven continuum
robot perception using skin-like hydrogel sensors. Adv Funct
Mater. 2022, 32,2203241.

Guo, B; Yao, M;; Chen, S;; Yu, Q, Liang, L.; Yu, C, Liu, M; Hao, H.;
Zhang, H.; Yao F, Li, J. Environment-tolerant conductive
eutectogels for multifunctional sensing Adv. Funct. Mater. 2024,
34,2315656.

Zhang, H.; Qin, L,; Chen, Y,; Long, T,; Guan, R.; Cheng, X,; Chen B.,;
Zhou, C. Silicone-enhanced polyvinyl alcohol hydrogels for high
performance wearable strain sensors. Mater. Des. 2023, 229,
111911.

Zhu, A; Xu, Q.; Huang, J,; Li, Y,; Zhang, F.; Qin, S,; Wan C.; Xie, H.
Fabrication of gelatin-derived gel electrolyte using deep eutectic
solvents through in situ derivatization and crosslinking strategy
for supercapacitors and flexible fensors. ACS Appl. Mater.
Interfaces 2023, 15, 41483—-41493

Das, B.; Lou-Franco, J.; Gilbride, B.; Ellis, M. G.; Stewart, L. D.; Grant,
I. R; Balasubramanian, P.; Cao, C. Peroxidase-mimicking activity
of biogenic gold nanoparticles produced from prunus nepalensis
fruit extract: characterizations and application for the detection
of mycobacterium bovis. ACS Appl. Bio Mater. 2022, 5,
2712-2725.

Wu, Y.; Qu, J,; Zhang, X; Ao, K,; Zhou, Z,; Zheng, Z,; My, Y.; Wu, X,;
Luo Y.; Feng, S. P. Biomechanical energy harvesters based on
ionic conductive organohydrogels via the hofmeister effect and
electrostatic interaction. ACS Nano 2021, 15, 13427-13435.

Xu, H.; Jiang, X;; Han, X,; Cai H.; Gao, F. Cooking inspired tough,
adhesive, and low-temperature tolerant gluten-based
organohydrogels for high performance strain sensors. J. Mater.
Chem. A 2021, 9,25104-25113.

Liu, B.; LI, F.; Niu P.; Li, H. Tough adhesion of freezing- and drying-
tolerant transparent nanocomposite organohydrogels. ACS Appl.
Mater. Interfaces 2021, 13,21822-21830.

Yang. J; Liu, Z,; LI, K.; Hao, J.; Guo, Y.; Guo, M, Li, Z,; Liu, S; Yin, H,;
Shi, X,; Qin, G, Sun, G, Zhu, L; Chen, Q. Tough adhesive,
antifreezing, and  antidrying  natural  globulin-based
organohydrogels for strain sensors. ACS Appl. Mater. Interfaces
2022, 74,39299-39310.

Liao, H.; Guo, X; Wan, P. Yu. G. Conductive mxene
nanocomposite organohydrogel for flexible, healable, low-

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

Wang, X. Y. et al./ Chinese J. Polym. Sci. 2025, 43, 1904-1916

temperature tolerant strain sensor. Adv. Funct. Mater. 2019, 29,
1904507.

Ma, D.; Wu, X.,; Wang, Y, Liao, H; Wan P.; Zhang, L. Wearable,
antifreezing, and healable epidermal sensor assembled from
long-lasting moist conductive nanocomposite organohydrogel.
ACS Appl. Mater. Interfaces 2019, 11,41701-41709.

Cao, Li; Zhao, Z; Li, J.; Yi, Y.; Wei, Y. Gelatin-reinforced zitterionic
organohydrogel  with  tough, self-adhesive, long-term
moisturizing and antifreezing properties for wearable
electronics. Biomacromolecules 2022, 23, 1278—1290.

Feng, Y. Liu, H; Zhu, W,; Guan, L,; Yang, X.; Zvyagin, A. V.; Zhao,
Y.; Shen, C; Yang B.; Lin, Q. Muscle-inspired mxene conductive
hdrogels with anisotropy and low-temperature tolerance for
wearable flexible sensors and arrays. Adv. Funct. Mater. 2021, 31,
2105264.

Liu, C; Zhang, R, Li, P.; Qu, J.; Chao, P.; Mo, Z,; Yang, T.; Qing N.;
Tang, L. Conductive hydrogels with ultrastretchability and
adhesiveness for flame and cold-tolerant strain sensors. ACS Appl.
Mater. Interfaces 2022, 14, 26088—26098.

Cui, C; Fu, Q;; Meng, L.; Hao, S.; Dai R,; Yang, J. Recent progress in
natural biopolymers conductive hydrogels for flexible wearable
sensors and energy devices: materials, structures, and
performance. ACS Appl. Bio Mater. 2020, 4, 85-121.

Rana, H. H,; Park, J. H.; Ducrot, E.; Park, H.; Kota, M,; Han, T. H.; Lee,
J.Y.; Kim, J; Kim, H.; Howlett, P.; Forsyth, M.; MacFarlane, D.; Park,
H. S. Extreme properties of double networked ionogel
electrolytes for flexible and durable energy storage devices.
Energy. Storage. Mater. 2019, 19, 197-205.

Sun, D; Feng, Y,; Sun, S; Yu, J,; Dang, C,; Hao, X,; Yang, J.; Ren, W.;
Sun, R.; Shao C; Peng, F. Transparent, self-adhesive, conductive
organohydrogels with fast gelation from lignin-based self-
catalytic system for extreme environment-resistant triboelectric
nanogenerators. Adv. Funct. Mater. 2022, 32, 2201335.

Xu, H; Jiang, X.Y,; Yang, K, Ren, J.; Zhai, Y.; Hang, X Cai H.; Gao,
F. Conductive and eco-friendly gluten/mxene composite
organohydrogels for flexible, adhesive, and low-temperature
tolerant epidermal strain sensors. Colloids Surf. A 2022, 636,
128182.

Lua, J; Gu, J; Hy, O, Fu, Y.; Ye, D; Zhang, X.; Zheng, Y.; Hou, L,; Liu
H.; Jiang, X. Highly tough, freezing-tolerant, healable and
thermoplastic starch/poly(vinyl alcohol) organohydrogels for
flexible electronic devices. J. Mater. Chem. A 2021, 9,
18406—-18420.

Zhang, C; Chen, S.; Wang, J.; Shi Z,; Du, L. Reproducible flexible
sers substrates inspired by bionic micro-Nano hierarchical
structures of rose petals. Adv. Mater. Interfaces 2022, 9, 210246.

Li, R; Ren, J,; Li, M;; Zhang, M,; Li, Y.; Yang, W. Self-Healing, self-
Adhesive, stretchable and flexible cconductive hydrogels for
high-performance strain sensors. Soft Matter 2023, 19,
5723-5736.

Sima, H.; Liu, B,; Shi, X,; Zhao, Z,; Liu, C; Zhang, C. Flexible and
self-healing tannic acid-Fe;0,@mxene-composited dual network
hydrogel multifunctional strain sensor. Colloids Surf., A 2024, 702,
135028.

Liu, H.,, Zhang, X. F., Li M. J; Yao, J. F. Attapulgite-Reinforced
Cellulose Hydrogels with High Conductivity and Antifreezing
Property for Flexible Sensors. Langmuir 2024, 40, 20986—20994.
Lu, C; Gao, W,; Peng Li, P.; Wei Wu, W.; Li, R; Zhao, H. Utilizing
multilayer design of organic-inorganic hybrids to enhance
wearable strain sensor in humid environment. Chinese J. Polym.
Sci. 2023, 41, 1037-1050.

Zhang, Y., Liang, B, Jiang, Q.; Li, Y.; Feng, Y.; Zhang, L,; Zhao, Y.;
Xiong, X. Flexible and wearable sensor based on graphene
nanocomposite hydrogels. Smart Mater. Struct. 2020, 29, 075027.

https://doi.org/10.1007/510118-025-3407-6


https://doi.org/10.1038/s41467-022-30224-8
https://doi.org/10.1126/science.1143176
https://doi.org/10.1016/j.colsurfb.2018.12.030
https://doi.org/10.1016/j.carbpol.2016.09.045
https://doi.org/10.1016/j.carbpol.2022.120468
https://doi.org/10.1002/adfm.202203241
https://doi.org/10.1002/adfm.202203241
https://doi.org/10.1016/j.matdes.2023.111911
https://doi.org/10.1021/acsami.3c06966
https://doi.org/10.1021/acsami.3c06966
https://doi.org/10.1021/acsabm.2c00180
https://doi.org/10.1021/acsnano.1c03830
https://doi.org/10.1039/D1TA07273K
https://doi.org/10.1039/D1TA07273K
https://doi.org/10.1021/acsami.1c04758
https://doi.org/10.1021/acsami.1c04758
https://doi.org/10.1021/acsami.2c07213
https://doi.org/10.1002/adfm.201904507
https://doi.org/10.1021/acsami.9b15412
https://doi.org/10.1021/acs.biomac.1c01506
https://doi.org/10.1021/acsami.2c07501
https://doi.org/10.1021/acsami.2c07501
https://doi.org/10.1016/j.ensm.2018.11.008
https://doi.org/10.1002/adfm.202201335
https://doi.org/10.1016/j.colsurfa.2021.128182
https://doi.org/10.1039/D1TA04336F
https://doi.org/10.1039/D3SM00581J
https://doi.org/10.1016/j.colsurfa.2024.135028
https://doi.org/10.1021/acs.langmuir.4c02244
https://doi.org/10.1007/s10118-023-2905-7
https://doi.org/10.1007/s10118-023-2905-7
https://doi.org/10.1088/1361-665X/ab89ff
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6
https://doi.org/10.1007/s10118-025-3407-6

	INTRODUCTION
	EXPERIMENTAL
	Raw Materials
	Preparation of ATHG@LiCl Hydrogel
	Synthesis of acrylic modified bentonite (AABT)
	Preparation of the hydrogels

	Characterization

	RESULTS AND DISCUSSION
	Design of the ATHG@LiCl Hydrogel
	Mechanical Properties
	Characterization of ATHG@LiCl Hydrogels
	Electrical Conductivity
	Performance of Adhesion
	Frost Resistance
	Strain Sensing Performance and Application of the ATHG@LiCl Hydrogel
	Biocompatibility Evaluation

	CONCLUSIONS
	REFERENCES

