Research Article

Hofmeister-effect-mediated double-crosslinked hydrogels for mechano-electrical

and multimodal sensing

Runxuan Long'?2, Yali Xie?", Huali Yang?, Maolin Li?, Liang Pan'""

Institute of Fundamental and Frontier Sciences, University of Electronic Science and
Technology of China, Chengdu 611731, Sichuan, China.

2CAS Key Laboratory of Magnetic Materials and Devices, Zhejiang Province Key
Laboratory of Magnetic Materials and Application Technology, Ningbo Institute of
Materials Technology and Engineering, China Academy of Sciences, Ningbo 315201,
Zhejiang, China.

3Shimmer Center, Tianfu Jiangxi Laboratory, Chengdu 641419, Sichuan, China.

Correspondence to: Prof. Liang Pan, Institute of Fundamental and Frontier Sciences,
University of Electronic Science and Technology of China, Chengdu 611731, Sichuan,
China. E-mail: panliang@uestc.edu.cn; Prof. Yali Xie, CAS Key Laboratory of
Magnetic Materials and Devices, Zhejiang Province Key Laboratory of Magnetic
Materials and Application Technology, Ningbo Institute of Materials Technology and
Engineering, China Academy of Sciences, Ningbo 315201, Zhejiang, China. E-mail:

xieyl@nimte.ac.cn
Received: 16 May 2026 | Approved: 01 June 2026 | Online: 01 June 2026

Abstract
Hydrogels are promising soft material platforms for tissue engineering, soft robotics,

and wearable electronics; however, conventional poly(vinyl alcohol) (PVA)-based
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hydrogels often suffer from insufficient mechanical robustness, limited fatigue
resistance, and unstable electrical signal transmission, which restrict their practical
applications in durable soft devices. Herein, inspired by the anisotropic and
hierarchically entangled structure of human muscle fibers, we developed an anisotropic
fibrous conductive hydrogel through the coordination of long- and short-chain polymer
networks and Hofmeister-effect-mediated ionic regulation. In this design, ionic salts
promoted the entanglement of polymer chain segments, while magnetic Fe;O4 particles
served as physical crosslinking points to construct a physicochemical
double-crosslinked network. Benefiting from this synergistic structure, the hydrogel
exhibited excellent stretchability, with a fracture strain of 561.159% at an aspect ratio of
50:1 and achieved a conductivity of 0.111 S m™'. The hydrogel-based sensor accurately
detected various human motions, maintained stable performance after 3,000
loading-unloading cycles, and demonstrated good environmental tolerance. Molecular
dynamics simulations further revealed that enhanced intermolecular interactions
contributed to the toughening mechanism. This work provides a feasible strategy for
constructing high-strength, tough, and conductive anisotropic hydrogels for flexible

sensing, wearable electronics, and soft robotics.

Keywords: Conductive  hydrogel, = hofmeister  effect,  physicochemical

double-crosslinking, strain sensors, multi-stimulus response

INTRODUCTION

The rapid development of flexible electronics, wearable healthcare systems, soft
robotics, and human-machine interfaces has created an increasing demand for soft
sensing materials that can maintain reliable electrical output under large and repeated
mechanical deformation!!-?), For physiological monitoring and human motion detection,
sensing materials are expected to simultaneously exhibit high stretchability, sufficient
mechanical strength, stable conductivity, and good conformability to soft and curved
biological tissuesl®*#. Conventional sensors based on metals or semiconductors usually

possess high conductivity, but their intrinsic rigidity, limited deformability, and
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mechanical mismatch with biological tissues restrict their use in long-term wearable
applications!>®). To overcome these limitations, stretchable sensors based on elastomeric
substrates, such as polydimethylsiloxane (PDMS)!# and Ecoflex!*!'%l, have been widely
explored by incorporating conductive fillers into soft matrices. Nevertheless, these
composite elastomer sensors often suffer from unstable signal transmission during
repeated deformation, mainly because the limited surface functional groups and weak

interfacial interactions of elastomers make it difficult to achieve a homogeneous and

durable conductive network through simple mechanical mixing(!!l.

Conductive hydrogels have emerged as promising alternatives for soft electronic
devices because of their tissue-like softness, high water content, adjustable mechanical
properties, and favorable biocompatibilityl!?]. Their three-dimensional polymer
networks provide abundant functional groups and tunable crosslinking sites, which are
beneficial for constructing continuous conductive pathways and improving the stability
of functional components!'3!4l, These features make conductive hydrogels particularly
attractive for wearable strain sensors, flexible bioelectronics, and soft human-machine
interfaces. In practical applications, however, soft sensors are usually attached to highly
deformable and curved body surfaces, such as joints, the neck, and facial muscles,
where strains can exceed 50% during daily movement!'>l. Therefore, hydrogel sensors
must retain both structural integrity and sensing reliability under complex mechanical

deformation, repeated loading, and variable environmental conditions!!®!],

Despite considerable progress, a fundamental challenge remains in the design of
conductive hydrogels: achieving mechanical robustness, electrical conductivity, and
multimodal sensing capability within one material system. Many conductive hydrogels
are constructed from single-network conductive polymers, including polyaniline,
polypyrrole, and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)[2%-22 efc. Although these materials can provide conductive pathways
through chemical bonding, ionic crosslinking, or physical penetration, their

single-network structures often lack sufficient energy dissipation mechanisms, resulting
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in poor fracture resistance and limited fatigue durability. A common strategy to improve
mechanical performance is to increase the crosslinking density of the hydrogel network.
However, excessive crosslinking may restrict polymer chain mobility, reduce
stretchability, and interfere with ion transport. Conversely, loosely crosslinked networks
can preserve softness and conductivity but are prone to irreversible damage under large
deformation.  This  trade-off  between  mechanical reinforcement  and

electrical/mechanical compliance remains a key controversy and design challenge in the

field of conductive soft materialsz3-23].

Double-network hydrogels offer an effective route to address this issue by combining
two interpenetrating polymer networks with complementary functions. In such systems,
one network can serve as a sacrificial or energy-dissipating framework, while the other
maintains elasticity and structural continuity. Physical interactions, including hydrogen
bonding, ionic coordination, electrostatic interactions, and crystallization domains, can
further introduce reversible crosslinking sites that dissipate mechanical energy and
promote self-adaptive deformation. However, many reported double-network hydrogels
still rely on relatively simple network structures and are mainly designed for
single-stimulus strain sensing. Their ability to integrate high mechanical toughness,
stable conductivity, environmental tolerance, and multi-stimulus response remains
limited. Therefore, developing a rational molecular and structural design strategy for
multifunctional conductive hydrogels is essential for advancing soft materials and

devices.

Biological muscle provides a useful structural inspiration for designing tough and
deformable hydrogel networks. Human muscle contains hierarchically arranged fibers
with different lengths and orientations, enabling efficient stress transfer, reversible
deformation, and energy dissipation during movement. Inspired by this anisotropic and
entangled fibrous architecture, we designed a conductive hydrogel based on long-chain
poly(vinyl alcohol) (PVA) and short-chain polyethyleneimine (PEI). The combination of
long and short polymer chains was expected to promote dynamic chain slippage and
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hydrogen-bond-mediated energy dissipation within the hydrogel network(?®l, Meanwhile,
the ionic liquid 1-allyl-3-methylimidazolium bromide and inorganic salt ZnBr, were
introduced to regulate intermolecular interactions through the Hofmeister effect and
electrostatic interactions?’l. The presence of ionic species enhanced polymer chain
entanglement and strengthened the interaction among network components. In addition,

magnetic Fe3O4 particles were incorporated as physical crosslinking points, thereby

constructing a physicochemical double-crosslinked hydrogel network.

Herein, we report a Hofmeister-effect-mediated anisotropic conductive hydrogel with
enhanced mechano-electrical properties for human motion perception and
multi-stimulus response. By integrating long-short polymer chain coordination, ionic
regulation, and magnetic-particle-assisted physical crosslinking, the hydrogel achieved
high stretchability, stable conductivity, and reliable sensing performance. The prepared
hydrogel exhibited a fracture strain of 561.159% at an aspect ratio of 50:1 and a
conductivity of 0.111 S m. The corresponding hydrogel sensor accurately detected
various human motions, including hand, elbow, leg, and facial movements, and
maintained stable performance after repeated cycling and under low-temperature
conditions. Molecular dynamics simulations were further used to clarify the changes in
intermolecular interactions and reveal the toughening mechanism of the hydrogel
network. These results demonstrate that the proposed physicochemical
double-crosslinking strategy is effective for constructing high-strength, tough,
conductive, and multifunctional hydrogels, providing a promising material platform for

flexible sensing, wearable electronics, and soft robotic systems.

RESULT AND DISCUSSION

Design and fabrication of multi-stimulus responsive hydrogel structures
Long-chain PVA with high mechanical strength was selected as the main chain of the
polymer network. Polyethyleneimine (PEI), as a short-chain polymer, forms a dynamic
network through hydrogen bonding. Based on this, the mobility of the chain can be

enhanced, and internal friction can be reduced, thereby allowing more excellent
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stretchability!?%28], We introduced ionic liquids and inorganic salts to solve the problem

AlVi

of device failure performance degradation caused by water evaporation during
long-term use of traditional hydrogels, which we used to construct crystal domains and
ionic cross-linking!?’l. On the one hand, the ionic liquid 1-allyl-3-methylimidazolium
bromide ([Amim]Br) can provide ionic conductivity. Since [Amim]Br can affect the
intermolecular hydrogen bonds of the matrix, it will also increase the swelling and
flexibility of the PVA/PEI hydrogel. Reducing the interaction between PVA chains and
PEI chains, giving the material better flexibility and processability!*’], At the same time,
it can act as a plasticizer to a certain extent, lowering the glass transition temperature of
the PVA/PEI composite material [Figures 5], thereby improving the flexibility and
ductility of the material, making it perform better in applications with low temperature
or high flexibility requirements®®!; On the other hand, Zn?* ions can form with the
hydroxyl groups on the PVA molecular chain and the amino groups on the PEI chain
Cross-linking points enhance the mechanical strength and stability of the material. This
cross-linking effect can significantly improve the toughness, tensile strength, and creep
resistance of the composite material. IL and inorganic salts can trigger the salting out of
PVA polymers that are sensitive to the Hofmeister effect, causing the polymer chains to
spontaneously collapse, and during the salting out process, through electrostatic
attraction, lead to strong aggregation and formation of polymer chains. Partially
crystallized®>*]. Finally, Fe;Os nanoparticles are introduced to give the hydrogel

magnetic response properties and serve as physical cross-linking points.

The preparation process is shown in Figure 1. A uniform mixed solution of PVA and PEI
is prepared, followed by adding IL and ZnBr.. After stirring evenly, magnetic Fe3Os is
added, and the uniformly mixed precursor solution is poured into a mold. The mixture is
frozen and thawed three times at -20 °C to obtain the desired hydrogel device. First, we
screened the best ratio by comparing the mechanical properties of PVA : PEI hydrogels
with different ratios. As the amount of PEI increased, the fluidity between the molecular
chains inside the hydrogel increased and the stretchability improved, but too much PEI

would cause local short chain agglomeration and local stretchability to deteriorate.
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Finally, we chose the ratio of PVA : PEI = 2 : 1 because it has the best mechanical
properties (see supporting material Figures 1). The optimal amount of magnetic
particles was screened. A small amount had little effect on the performance of the
system, but too much addition would cause the sedimentation of the hydrogel during the
freeze-thaw process to be unevenly distributed in the system or even agglomerate
[Figures 2]. At the same time, the water retention capacity and stretchability decreased
during subsequent use [Figures 3]. Therefore, we finally chose an amount of 50 wt%
relative to PVA. The amount of PEI and Fe;O4 added in the subsequent hydrogels was
based on this. The prepared hydrogels were freeze-dried and liquid nitrogen brittle
fractured, and the cross-sectional morphology of PVA, PVA/PEI (PP), PVA/PEIIL
(PPIL), PVA/PEVIL/ZnBr; (PPILZn), and PVA/PEVIL/ZnBry/Fe3O4 (PPILZnFe) was
characterized, as shown in Figure 1. It can be found that the cross-section of pure PVA
hydrogel is relatively flat, and the cross-section after blending with PEI has a blocky
morphology and presents a certain direction of orientation, which may be related to the
orientation of water molecules during the gradual solidification process during the
freeze-thaw process. After the addition of ionic liquid and ZnBr,, a wrinkled
morphology appeared on the cross section of the hydrogel, indicating the strong
aggregation caused by the entanglement and aggregation of polymer molecular chains
under the Hofmeister effect. The mapping diagram [Figures 4] shows the uniform
distribution of each element, and it can also be seen that the Zn and Br elements are

enriched in the wrinkled area.
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Figure 1. Flow chart of the preparation of PPILZnFe hydrogel devices, internal
cross-linking network and chemical bonding, and cross-sectional SEM images of PVA,

PP, PPIL, PPILZn, and PPILZnFe hydrogel devices at the bottom.

From the XRD spectrum of Figure 2 (a), it can be seen that pure PVA has a broad peak
at about 20°. This broad peak corresponds to the amorphous structural characteristics of
PVA, indicating that there is a certain degree of disordered arrangement between PVA
molecular chains after freezing and thawing, which belongs to the semi-crystalline
statel*¥]; the peak of PVA/PEI becomes sharper, and the amine group of PEI can form
hydrogen bonds with the hydroxyl groups in the PVA molecules. These hydrogen bonds
may stabilize the molecular arrangement in certain areas, thereby enhancing the local
order. At the same time, the addition of PEI may lead to increased movement of PVA
molecular segments, affecting the flexibility and mobility of the PVA chain. This change
can make it easier for some PVA segments to arrange into a locally ordered structure,
thereby slightly increasing the crystallinity; after adding ionic liquids and ZnBr,, the
peak intensity weakened and the peak became flat. The possible reason is that the
entanglement between PVA molecular chains caused by the Hofmeister effect leads to a
decrease in crystallinity, which increases the amorphous characteristics of the system(*3;
finally, after adding Fes;Oa, the corresponding characteristic peak can also be found in

the spectrum (JC-PDF 97-007-7591)[361,
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Furthermore, we characterized the changes in functional groups between different
systems by FT-IR, as shown in Figure 2 (b). The peak at around 3,276.96 cm™ in PVA is
related to the stretching vibration of adsorbed water in the hydrogel and -OH in PVA;
the absorption peaks at 2,917.42 cm™ and 2,936.41 cm!' in PP are attributed to the
symmetric and antisymmetric vibrations of methylene in PVA and PEI, the peak at
1,417.98 cm™! is related to the second stretching vibration of -OH, and the peak at
1,090.27 cm! belongs to C-O stretching vibration; In PP, the peaks at 1650.57 cm™' and
1,569.93 cm! are related to the N-H bending vibration of amine (-NHz) or secondary
amine (-NH-), and the enhanced peak reflects the interaction between PEI and PVA and
its molecular environment; The peak at 1,094.42 cm™! belongs to C-O or C-N stretching
vibration. The introduction of PEI brings a large number of amine groups (-NH:) and
secondary amine groups (-NH-). These amine groups can interact with the C-O bonds of
PVA through hydrogen bonds, which enhances the vibrations related to C-O and C-N
bonds in the FT-IR spectrum, which is a typical feature of the blending system; the
enhanced peak at 847.67 cm™! may be due to the fact that when PEI (polyethyleneimine)
is added to the PVA matrix, the amino and imine groups in PEI may interact with the
PVA molecular chain through hydrogen bonds or van der Waals forces, and this
interaction may enhance the C-H vibration mode of PVA; In PPIL, The enhanced peak
at 1,569.95 cm™! can be attributed to the synergy of C = C and C-N stretching vibrations
of the imidazole ring in IL; the presence of IL and ZnBr, may change the molecular
environment of the PVA/PEI matrix through electrostatic attraction or hydrogen bond
enhancement effect, causing the stretching vibration frequencies of C-O and C-N bonds
to shift slightly upward, resulting in a new vibration peak at 1,166 cm™; the peak at
755.98 cm! is mainly caused by the C-H in-plane bending vibration of the imidazole
ring; the peak at 847.67 cm™ belongs to Br®7); In PPILZn, the peak at 622.95 cm’!
belongs to the stretching vibration peak of Zn-Br, and the peak at 418.95 cm! belongs
to the low-frequency absorption peak of ZnBr»; the characteristic peak at 567.59 cm’!

belonging to Fe3O4 can also be observed in PPILZnFel38l.
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Figure 2(c) is the XPS spectrum of the hydrogel. In the C spectrum, the peak at 283.91

AlVi

eV in PVA is mainly C-C bond, and the peak at 285.33 eV is mainly C-O bond; the
introduction of PEI adds a new C-N bond at 287.31 eV after the addition of ionic liquid,
the peak at 284.92 eV is mainly C-O bond and C = C bond coupling, and the peak
intensity increases; at the same time, the introduction of ionic liquid and ZnBr; changes
the ion environment, causes the electron cloud density to change, and the bond positions
become cheaper to a certain extent. The peak at 398.92 eV of PVA/PEI in the N
spectrum is mainly C-N bond. Amino group (-NH>) or imino group (-NH-) can combine
with proton (H") to form protonated nitrogen. Protonated nitrogen atoms usually show
higher binding energy in XPS because of their positive charge. Therefore, the peak at
400.65 eV is mainly N*-H bond. After adding ionic liquid, the N+-H bond peak is
enhanced. After adding ZnBr,, the newly added peak at 398.65 eV is mainly N*-Zn**
bond generated by the chelation of the amino group and Zn?'. In the O spectrum, the
peak at 531.07 eV of PVA is mainly C-OH bond; the shift of the peak position after the
introduction of PEI indicates the formation of hydrogen bonds in the system. At the
same time, PVA and PEI may also generate C = O bonds at 530.73 eV during the initial
heating process. The peak at 531.97 eV corresponds to the NH-O bond formed by
amino and hydroxyl groups; after the addition of IL, the N on the imidazole ring can
also form hydrogen bonds, causing the electron cloud density to change. The peak at
534.75 eV is attributed to the H-O-H bond. This peak type usually appears in water
molecules or oxygen substances with higher polarity in the hydrogen bond network. The
surface adsorption environment will lead to higher binding energy, indicating that the
system is rich in hydrogen bond network. On the one hand, when ZnBr; is added, Zn**
may change the electronic environment of oxygen atoms through weak coordination or
electrostatic interaction, inducing the formation of Zn-O bonds in the hydrogel; on the
other hand, when Zn?" forms a chelate by coordinating with the amino group, the weak
interaction between oxygen atoms and Zn?" will reduce the electron density and
increase the binding energy, corresponding to the peak at 532.91 eV; finally, the peak at
528.52 eV corresponds to the Fe-O bond of Fe3Oa.
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Figure 2. (a) SEM cross-sectional images of different hydrogel systems after
freeze-drying; (b) Cross-sectional mapping of PPILZnFe hydrogel; (¢) XRD spectra of
different hydrogels; (d) FT-IR spectra of different hydrogels

Robustness and chemical properties of multi-stimulus responsive hydrogels

We tested and characterized the robustness and physical and chemical properties of the
material (Test method see supporting material Text S10). The mechanical properties of
PPILZnFe hydrogel were tested, Figure 3(a) tested the fracture strength of different
hydrogel systems, and (b) showed the toughness and Young's modulus of different
hydrogels. Traditional PVA hydrogels are based on physical cross-linking, and their
breaking strain is generally about 250%, and their tensile strength is less than 300
kPal**4%l The introduction of PEI can enhance the internal network structure of the
hydrogel through hydrogen bonding or electrostatic interaction and increase the
reversible interaction between molecular chains through the coordination of long and
short chains, so its tensile properties are greatly improved, reaching 323.036%, and the
tensile strength also reaches 1.156 MPa; After adding IL, the hydrogel system shows
higher flexibility (breaking tensile strain reaches 430.04%). lonic liquids can increase

the degree of freedom of the chain segments in the hydrogel and reduce the strong
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interaction between the chain segments, resulting in the hydrogel being able to
withstand greater deformation without breaking and the tensile strength reaches 1.399
MPa. The introduction of ZnBr, further enhances the reversible interaction in the
hydrogel system and increases the flexibility of the hydrogel. Zn?** ions can form
ion-dipole interactions with hydroxyl groups in the hydrogel and can chelate with amino
groups. The introduction of Br- makes the PVA molecular chains entangled through the
Hofmeister effect. The two synergistically improve the tensile strength of the system
(1.799 MPa). For PPILZnFe (tensile strain 561.159%, tensile strength 1.059 MPa), the
toughness increased to 4.17521 MJ/m?. The introduction of Fe3Os4 not only provides
functionality but also serves as a physical cross-linking site for the hydrogel network
during freeze-thaw. These cross-linking points enhance the stability of the system,
allowing the hydrogel to provide a larger deformation space when stretched without
breaking immediately. However, the decrease in tensile strength as shown in the figure
may be due to the difference in the distribution of some Fe3;O4 nanoparticles, resulting in
the formation of weak interfaces or defects in the hydrogel matrix. Figure 3(c) tested the
resistance change of 10 cycles under different strain conditions to determine its
sensitivity. The results show that it has good linear characteristics (Support Materials
Supplementary Table 1), even with continuous strain [Figures 5] still have good signal
stability. In addition, the strain sensor can respond immediately to tiny stimuli, as shown
in Figure 3(d), with a response time of =~ 155 ms at 10% strain. The cyclic stability of
PPILZnFe was tested, as shown in Figure 3(g); the results show that after 3,000 cycles,

the electrical properties of the hydrogel still maintain excellent stability.

We tests the M-H diagram (e) and Hc diagram (f) of PPILZnFe and PPILZn after
adding Fe3O4. PPILZn has basically no response in the field strength range of -20 kOe ~
20 kOe. The saturation magnetization of Fe3O4 is 78.152 emu/g, the remanence is 7.91
emu/g, and the coercivity is -87.29 Oe. After being added to PPILZn hydrogel, the
saturation magnetization of PPILZnFe hydrogel is 4.75 emu/g, the remanence is 0.447
emu/g, and the coercivity is -85.451 Oe. The curve characteristics are consistent with

those of Fe3Os4, which is a typical weak magnetic curve, indicating that it can still
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respond to an external magnetic field and is expected to be used in magnetic actuation.

The reason for the change in parameters is related to the shielding of the magnetic field

by PPILZn hydrogel and the proportion of Fe3Os in the hydrogel.

The physicochemical properties of the hydrogel were characterized to determine its
toughening mechanism. Support materials Figures 6 shows the synchronous thermal
analysis spectra of different hydrogels, (a) is DTG specturm, (b) is the DSC spectrum,
and (c) is the TG diagram. As the system becomes more complex, the temperature
change stage changes from stage 3 to stage 4 to stage 5. The mass loss within 200 °C
mainly includes the loss of free water and part of the bound water. This stage also
includes the glass transition of the hydrogel, and its endothermic heat gradually
increases, indicating that the heat capacity of the system gradually increases. In addition
to free water and bound water, it is mainly due to the increase in structural complexity
(the introduction of PEI, IL, ZnBr; and Fe;O4 can increase the crosslinking density and
enhance the intermolecular interaction); the heat release between 200 and 500 °C is
mainly due to the decomposition of hydrogel molecules and ionic liquids, and the
increase in the exothermic peak area is mainly due to the increase in the total amount of
decomposable reactions in the system; after 500 °C, it is mainly due to the further
decomposition of the ionic liquid, and the oxidation reaction of Fe3O4 will increase the
heat release; further heating, the hydrogel molecular chain will finally break, generating

volatile products such as water, carbon dioxide and other compounds.

We further evaluated the environmental tolerance of the device and tested the
mechanical and electrical properties of the device by placing it at -20 °C. Even in a
low-temperature environment, the hydrogel still maintained good flexibility [Figures 7],
but the device resistance increased (from 160 kQ to 225 kQ), which may be due to the
decrease in temperature and the decrease in the ion migration rate inside the device. The
device was further stretched and tested under 10% strain conditions. The results are
shown in Figures 8. Compared with fresh hydrogel devices, the device can still

recognize stretching at different frequencies under low temperature conditions, and the
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signal sensitivity is only slightly reduced (AR/R (%) value is still > 90% compared with

fresh devices).

We also investigated the long-term durability of the hydrogel device. After placing the
hydrogel device in the external environment for 60 days, the mechanical and electrical
properties of the device were tested. After 60 days, the fracture strain decreased and the
tensile strength increased [Figures 9]. This may be because the water in the hydrogel
will gradually evaporate when it is exposed to the external environment for a long time,
resulting in a decrease in the water content inside the hydrogel. On the one hand, the
reduction in water makes the hydrogel more “dry”, thereby increasing the density of the
internal polymer chains, resulting in an increase in the rigidity of the material, which is
manifested as an increase in tensile strength. On the other hand, water loss will reduce
the flexibility of the hydrogel, making the material easier to break when stretched,
resulting in a decrease in fracture strain. We conducted a cyclic stability test on the
hydrogel device after 60 days of placement. As shown in Figure s 10, the device still has
very good cyclic stability in 520 cycles. This proves the good prospects of PPILZnFe

hydrogel devices in long-term wear test applications.
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Figure 3. (a) Stress-strain curves of hydrogels of different systems; (b) Corresponding
toughness and Young's modulus; (c) Signals of PPILZnFe hydrogels under cyclic
stretching for 10 times under different strain conditions; Hysteresis loop (VSM) test of
PPILZnFe before and after adding Fe3O4 (e) M-H curve and (f) HC curve; (d) Cyclic

stability test of PPILZnFe (10% strain, 3,000 cycles)

Molecular dynamics simulation (MD) of physicochemical double-crosslinked
hydrogels based on the Hofmeister effect

We performed molecular dynamics simulations on systems 1 (PVA/PEI) and 2
(PVA/PEV/IL/ZnBr2/Fe304). By simulating molecular motion, intermolecular forces,
gyration radius, radial distribution function of PVA and PEI with other molecules in
system 2, and changes in coordination number, we explained the changes in the

structure and stability of the hydrogel from a theoretical perspective.

Figure 4(a) shows representative snapshots of the two systems at the initial moment and
after 20 ns NPT ensemble equilibrium and 10 ns stretching along the X direction. It can
be seen from the snapshots that as the simulation proceeds, PVA and PEI in system 1 are

more likely to form block aggregates, the molecular distribution is more aggregated,
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thinner molecular chains connect the two aggregates, and after 10 ns stretching, the two
aggregates break. In system 2, with the addition of IL and ZnBr,, the molecular
distribution of PVA and PEI is more uniform, no obvious agglomeration occurs, and
obvious connecting chains are formed between molecules. After 10 ns stretching, the
molecular chains still exist, indicating improved mechanical properties. Figure 4(b)
calculates the two systems’ interaction energy between PVA molecules and PEI
molecules. The interaction energy between PVA and PEI in system 1 is stronger than in
system 2, indicating that the contact between PVA and PEI in system 2 is weaker, which
is conducive to the dynamic slippage between molecules during stretching!!#2l, The
radius of gyration of the polymer reflects its volume and shape. The larger the radius of
gyration, the fluffier the system!*}]. Figure 4(c) represents the radius of gyration of the
aggregates formed by PVA and PEI molecules in the two systems in the X direction
during the simulation time. According to (c), it can be seen that the radius of gyration of
the aggregates in system 2 is significantly larger than that in system 1, indicating that
the aggregates formed by PVA and PEI molecules in system 2 are more dispersed,
which helps to create more chains to enhance its mechanical properties, which is also
consistent with the snapshot in (a). Figure 4(d) and (e) show the trend of the interaction
energy (Coulomb (Coul) and Lennard-Jones (LJ)) between PVA and PEI and different
solvent molecules (ionic liquid (IL), Zn?*, Br’) in system 2 over timel*!, It can be found
that IL shows the most significant van der Waals force on PVA and PEI, indicating that
PVA and PEI show significant attraction with ionic liquids, among which the van der
Waals force on PVA drops to -12,000 kJ/mol, then tends to be stable, which is greater
than the force on PEI (-8,000 kJ/mol), and then tends to be stable, which also indicates
that the force of IL on PVA is more significant than that on PEI; the Coul (about -4,500
kJ/mol) and LJ (about -2,000 kJ/mol) of bromide ions on PVA are both strong,
especially the Coulomb effect. Compared with PEI (Coul: about -1,800 kJ/mol, LJ:
about -1,100 kJ/mol), the interaction between Br- and PVA is stronger overall because
the functional groups of PVA are more conducive to forming strong electrostatic
attraction with negatively charged bromide ions, which is consistent with the

Hofmeister effect; since the amount of Zn?* in the system is small, it has little effect on
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the system; Figure 4(f) (g) shows the radial distribution function G (r) and coordination
number N (r) between PVA and PEI and different solvent molecules (ionic liquid (IL),
Zn**, Br) in system 2144 The G(r) function shows that the density of IL around PVA
and PEI is high, which can produce the most significant interaction force, followed by
Br, where the density around PVA is slightly higher than that of PEI; the N(r) function
shows that the coordination numbers of the PVA-IL and PEI-IL curves rise rapidly,
indicating that the ionic liquid molecules can form a higher coordination around PVA
and PEI molecules and produce strong local interactions, followed by Br-, where the
coordination number for PVA is slightly higher than that for PEI, which is consistent
with the intermolecular forces simulated in Figure 4(d) and (e); since the amount of
Zn*" in the system is small, it has little effect on the system; In short, we have
theoretically calculated the intermolecular forces of the system through molecular
dynamics simulation and found that, on the one hand, due to the addition of IL and
ZnBr;, PVA and PEI have a strong attraction, which enhances the intermolecular
interaction energy between the system, and on the other hand, it weakens the
intermolecular forces between PVA and PEI. At the same time, the system’s gyration
radius increases, and the agglomerates become dispersed, which helps to form more

chains to enhance its mechanical properties, consistent with the experimental data.
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Figure 4. Results of molecular dynamics simulation calculations: system 1 : PVA/PEI,
system 2 : PVA/PEV/IL/ZnBr2/Fe304. (a) Changes in molecular motion of system 1 and
system 2; (b) Changes in intermolecular forces of systems 1 and 2; (c¢) Gyration radius
of systems 1 and 2 in the x direction; (d) Intermolecular forces between each substance
in system 2 and PVA; (e) Intermolecular forces between each substance in system 2 and
PEI; (f) Radial distribution function and coordination number between PVA and other
substances in system 2; (g) Radial distribution function and coordination number

between PEI and other substances in system 2.

PPILZnFe hydrogels for human motion detection and environmental perception

Due to its sensitive sensing ability, PPILZnFe hydrogel can be used as a wearable
sensor to monitor human activities in real time. It can sensitively identify joint
movements, including fingers, elbows, and legs; the relative resistance change
positively correlates with the degree of deformation. After the hydrogel is fixed on the
index finger, the lifting and bending of the finger joints can be accurately monitored,
and the different swing amplitudes and frequencies of the fingers can also be accurately
reflected. As shown in the large figure of Figure 5(a), when the finger is lifted, the

device is compressed, the device resistance decreases, and the signal shifts to a negative
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value; the first joint of the finger is slightly bent, and the device can effectively identify
it, and the signal changes slightly. Further bending the finger greatly increases the
change in signal intensity. At the same time, the device can effectively respond to
high-frequency and low-frequency bending actions; We also monitored the activity
signals of the thumb, index finger, middle finger, and ring finger during the process of
making and releasing a fist. As shown in the four figures below Figure 5(a), due to the
different lengths of the fingers, the bending during the process of making a fist leads to
different strains of the device, and the output electrical signals under the same action are
significantly different, mainly reflected in the different changes in AR/R. Therefore,
based on the signal differences on different fingers, there is a good application prospect
in the mapping of human hands by manipulators. Figure 5(b) fixes the hydrogel device
on the elbow joint to simulate the bending of the elbow joint during the swinging
process of the human hand. Because the human skin at the elbow joint is more elastic
than the finger joint, the maximum amplitude of the signal change during the bending
process is close to 4 times that of the finger signal. After fixing the hydrogel device on
the side of the thigh, we monitored the movement state of the volunteers. Figure 5(c)
shows that the signal output is relatively stable in the walking state, and the output
electrical signal changes more frequently and the signal is sharper in the running state,
which can explain the movement state of the leg muscles during running. At the same
time, we noticed that there is relaxation in the lowest value of the signal in the running
state. This is mainly because the leg muscles are always in a tense state during running,
and the device always maintains a certain stretch. In short, the experimental results
show that the device can effectively monitor the walking and running state of the human
body. Figure 5(d) shows the changes in electrical signals when the volunteers raised and
squeezed their eyebrows after the hydrogel was fixed on the eyebrows. When squeezing
the eyebrows, the muscles between the two eyes contracted, the device contracted, the
resistance decreased, and the output signal tended to be negative; when raising the
eyebrows, the forehead skin relaxed, causing the device to stretch and the resistance to
increase. For such relatively small changes in the human eyebrows, the device also has

sensitive and stable detection and recognition capabilities, making PPILZnFe hydrogel a
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strong competitor for strain sensors for flexible wearable devices for full-range human

AlVi

motion detection. Due to the introduction of ferroferric oxide, in addition to giving the
device the ability to actuate under the action of an external magnetic field, we also
noticed that it responded to external infrared light (650 nm, 100 mW), as shown in
Supporting Figures 11. Under infrared light irradiation, the device resistance decreased,
and after turning off the light source, the resistance recovered. This may be due to the
local magnetothermal effect of magnetic ferroferric oxide under infrared light
irradiation. The thermal effect improves the ion transmission efficiency of the
corresponding part, and the resistance of the device changes, which is then reflected in
the difference in the output signal. On the other hand, the device also has a certain
response to humidity changes. As shown in Supporting Figures 12, the device is fixed
on a horizontal table, and the different breathing states of people are simulated by the
breathing behavior of volunteers at different rates and depths. In the normal breathing
state, as the gas is exhaled, the device resistance decreases. This is because during the
exhalation process, the environment increases moderately, and the hydrogel device
absorbs water, which increases the internal conductive path and reduces the resistance.
At the same time, the device can effectively identify different exhalation states, such as
short and rapid breathing and deep and long breathing, and has good application

prospects for identifying human health status through breathing states in the future.
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Figure 5. (a) The electrical signals of the index finger under different activity states
after the hydrogel is fixed; bottom of figure, changes in electrical signals of different
fingers in clenched and relaxed fist states; (b) The changes of electrical signals under
elbow bending after the hydrogel is fixed on the elbow; (c) The changes of electrical
signals under walking and running after the hydrogel is fixed on the leg; (d) The
changes of electrical signals under eyebrow raising and eyebrow squeezing after the

hydrogel is fixed on the eyebrow

CONCLUSION

In summary, inspired by the interconnected and hierarchical structure of human muscle
fibers, we developed a Hofmeister-effect-mediated physicochemical double-crosslinked
conductive hydrogel with enhanced mechanical, electrical, and multi-stimulus
responsive properties. Long-chain PVA and short-chain PEI were combined to construct
a dynamic polymer network, in which molecular chain slippage and hydrogen-bonding
interactions effectively improved the stretchability and toughness of conventional
PVA-based hydrogels. The incorporation of  the ionic liquid
1-allyl-3-methylimidazolium bromide and ZnBr; provided ionic conductivity and
promoted polymer chain entanglement through the Hofmeister effect and electrostatic

interactions, thereby further strengthening the hydrogel network. Meanwhile, Fe3O4
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particles acted as physical crosslinking sites and endowed the hydrogel with additional

responsiveness to external stimuli.

Benefiting from this synergistic design, the conductive hydrogel exhibited a large
fracture strain of 561.159% and an ionic conductivity of 0.111 S m! under different
stretching states. The hydrogel also showed reliable sensing performance, including a
good linear response, stable signal output after 3,000 loading-unloading cycles at 10%
strain, and long-term stability after 60 days of storage. Moreover, the hydrogel sensor
could sensitively detect finger movements even at -20 °C, demonstrating its potential
for wearable sensing under low-temperature conditions. Owing to the introduction of
Fe;0q4 particles, the hydrogel further responded to external magnetic fields and infrared

irradiation, indicating its capability for multi-stimulus sensing.

Characterization and theoretical calculations further revealed the interaction
mechanisms among the hydrogel components, confirming that enhanced mechanical
performance originated from the synergistic effects of hydrogen bonding, ionic
interactions, polymer chain entanglement, and physical crosslinking. This work
provides a feasible strategy for designing high-strength, stretchable, conductive, and
multifunctional hydrogels, and offers a promising material platform for flexible strain

sensors, human motion monitoring, wearable electronics, and soft robotic systems.

Experimental section

Experimental details are available in the Supporting Information.
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