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PROGRESS AND POTENTIAL Functional filler-composited hydrogels have emerged as promising materials
for flexible and wearable devices, yet their practical reliability remains constrained by flaw sensitivity.
Even small defects can trigger crack propagation, mechanical failure, and loss of functionality, limiting
long-term reliability. While soft liquid metal (LM) nanodroplets have been considered as deformable fillers
capable of alleviating stress concentration, their high surface tension and weak interactions with polymer
networks have prevented the realization of highly flaw-insensitive LM-composited hydrogels. In this work,
we report that polyphenol-mediated interfacial engineering can transform LM nanodroplets from passive
fillers into active crack-resistant components. Tannic acid coating on LM nanodroplets not only stabilize
LM dispersions in aqueous media but also establish strong yet dynamic interactions with the hydrogel matrix,
enabling efficient stress transfer and crack-tip blunting via synchronized deformation between the soft LM
fillers and the polymer network. This resulting LM-composited hydrogels combine high stretchability, tough-
ness, and exceptional flaw insensitivity, which supports reliable sensing and photothermal functionalities
even after part mechanical damage. More broadly, this work highlights the critical role of polyphenol-medi-
ated interfacial design in governing the mechanical behavior of soft composites. The concept of transforming
soft fillers into active stress-management units may open new opportunities for designing damage-tolerant
materials for wearable electronics, soft machines, and other emerging technologies.

SUMMARY

Achieving highly flaw-insensitive liquid metal (LM)-composited hydrogels for damage-tolerant wearable de-
vices remains challenging due to the high surface tension of LM and weak filler-matrix interactions. Here, we
demonstrate that tannic acid (TA) coating on LM nanodroplets (LM@TA) addresses these challenges by
stabilizing LM dispersion and establishing strong yet dynamic interactions with a semi-interpenetrating pol-
y(hydroxyethyl acrylate)-siloxane (PHEA-S) network. This interfacial engineering enables synchronized
deformation between LM@TA fillers and the polymer matrix, effectively blunting crack tips and delocalizing
stress. The resulting hydrogels exhibit high stretchability (860%), tensile strength (0.75 MPa), and toughness
(3.09 MJ m3), while achieving exceptional flaw-insensitivity (fracture strain retention of up to 92% and
fracture energy of 12.43 kJ m~2). Notably, the hydrogel enables crack-tolerant wearable sensors for reliable
motion and electrophysiological monitoring, while the plasmonic LM nanodroplets impart photothermal
functionality for infrared camouflage, highlighting the broad potential of this polyphenol-mediated interfacial
engineering strategy for damage-tolerant flexible electronics.

INTRODUCTION devices for health monitoring, human-machine interaction,

and soft robotics.’® To meet functional demands such as con-
Hydrogels, featuring skin-like softness, high ductility, and good  ductivity, sensing, and photothermal response, a wide variety
biocompatibility, have been widely explored as flexible wearable  of fillers have been incorporated into hydrogel networks.®® For
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long-term wearable use, however, the relevant performance
target is not how strong a pristine hydrogel can be, but how reli-
ably it functions after defects appear. In practice, repeated
deformation inevitably introduces such defects, ranging from
surface scratches and punctures to fatigue-induced micro-
cracks.'®'? However, conventional rigid fillers exacerbate this
vulnerability by introducing mechanical mismatch at filler-matrix
interfaces, leading to stress concentration at crack tips and
accelerating crack propagation from pre-existing defects.'®
While considerable progress has been made in enhancing bulk
and fracture toughness through double-network architectures
and sacrificial bond designs, high fracture toughness does not
necessarily translate into high flaw insensitivity.'*'® When
cracks are present, these hydrogels typically exhibit largely
reduced fracture strain relative to their pristine state and undergo
premature failure."” This limitation is particularly distinct for filler-
composited hydrogels, where failure is governed by defect-
induced crack propagation at the filler-matrix interface.'®'®
Consequently, developing filler-composited hydrogels that are
not only tough but also highly flaw-insensitive remains a pressing
challenge for achieving reliable long-term operation.

Recent works have shown that liquid metal (LM) nanodroplets
offer a fundamentally different reinforcement paradigm.”®~>* Un-
like rigid nanofillers that concentrate stress at filler-matrix inter-
faces, soft LM droplets can deform in concert with the surround-
ing polymer network, thereby avoiding the mechanical mismatch
that limits conventional composites and effectively blunting
crack propagation.”>° Indeed, LM-composited hydrogels
have already achieved impressive stretchability exceeding
1,400% and conductivity above 1,800 S cm~"'.°° However, these
efforts have focused almost exclusively on bulk mechanical
enhancement and electrical performance. The development of
highly crack-resistant LM-composited hydrogels has been rarely
studied. This gap originates from the high surface tension of LM
droplets in aqueous environments and the weak interfacial inter-
actions between LM droplets and polymer network.®>'** From a
fracture mechanics perspective, two key conditions must be
satisfied to achieve effective crack resistance. First, a stable
and homogeneous dispersion of fillers within the polymer matrix
is essential for uniform stress distribution and dissipation.”®**
Second, strong yet dynamic interfacial coupling between the
fillers and the polymer network is required to enable coordinated
deformation and effective energy dissipation at the crack front.*
Although tannic acid (TA) coatings have been widely used to sta-
bilize LM dispersions for the fabrication of adhesive LM inks,*®
conductive hydrogel adhesives,”® lubricating additives,*®
conductive yarns,®” and adhesive hydrogel electrodes,*® and
crack resistance in LM-composited hydrogels has been pursued
through structural design,® the mechanical role of polyphenol-
mediated interfaces in governing fracture behavior remains
largely unexplored. In most existing hydrogels, LM nanodroplets
are merely trapped within the network through weak physical in-
teractions, limiting their ability to transfer stress or participate in
energy dissipation near crack tips. These limitations highlight a
clear design principle for highly flaw-insensitive LM-composited
hydrogels: the filler-matrix interface must be sufficiently strong
to transfer stress under elastic deformation, yet sufficiently dy-
namic to rupture sequentially at the crack tip and dissipate
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energy before catastrophic propagation. Polyphenolic hydrogen
bonds, with bond energies on the order of 5-30 kJ/mol,*’ sit pre-
cisely in this regime, much weaker than covalent crosslinks but
much stronger than van der Waals contacts, making them well
suited to mediate this dual function.

Guided by this principle, here we demonstrate that poly-
phenol-mediated interfacial engineering can transform LM nano-
droplets from passive inclusions into active participants in crack
resistance. In our system, TA-stabilized LM nanodroplets
(LM@TA) are incorporated into a semi-interpenetrating poly(hy-
droxyethyl acrylate)-siloxane (PHEA-S) network. TA acts as a
dual-functional interfacial mediator: its catechol groups coordi-
nate with the gallium oxide surface of LM, forming a stable
coating that suppresses aggregation, while its abundant
phenolic hydroxyl groups establish extensive hydrogen-bonding
interactions with the PHEA-S network, thereby creating a robust
yet dynamic filler-matrix interface. This engineered interface en-
ables synchronized filler-matrix deformation that effectively
blunts crack tips and dissipates energy across multiple length
scales. The resulting hydrogel achieves an outstanding fracture
energy of 12.43 kJ m~2 and retains up to 92% of its fracture
strain, depending on notch geometry, at a notch-to-width ratio
of 0.4, while also exhibiting high stretchability (860%), tensile
strength (0.75 MPa), and toughness (3.09 MJ - m~3). Leveraging
these advantages, we demonstrate that wearable devices fabri-
cated from this hydrogel deliver stable sensing performance and
achieve dynamic infrared camouflage even after crack forma-
tion, enabling reliable monitoring of human motion under dam-
age conditions and electrophysiological signals. Furthermore,
the LM embedded in spent hydrogels can be efficiently recov-
ered by degrading the crosslinked polymer network in NaOH so-
lution. This work establishes polyphenol-mediated interfacial en-
gineering as a design principle for damage-tolerant soft-filler
hydrogels, with potential extension to broader soft-filler
chemistries.

RESULTS

TA-mediated stabilization of LM nanodroplets and their
integration into semi-IPN hydrogels
LM@TA nanodroplets were prepared by sonicating bulk eutectic
gallium-indium (EGaln) in an ethanolic TA solution, during which
TA molecules rapidly anchored onto freshly generated LM nano-
droplet surfaces (Figure 1A). High-resolution transmission elec-
tron microscopy (HRTEM) revealed that the resulting LM@TA
nanodroplets exhibited a uniform spherical morphology with an
average diameter of approximately 400 nm (Figure S1). En-
ergy-dispersive X-ray spectroscopy (EDS) mapping confirmed
the homogeneous spatial distribution of C, O, Ga, and In ele-
ments across individual nanodroplets, suggesting a conformal
TA coating on the LM surface rather than physical adsorption.
To elucidate the chemical nature of the TA-LM interface, we
employed Fourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS). In the FTIR spectra
(Figure S2), characteristic peaks of TA, including phenolic C-O
stretching (1,531 and 1,441 cm~") and O-H bending (1,308
and 1,180 cm™"), shifted to lower wavenumbers (1,488, 1,358,
1,231, and 1,154 cm*1) in LM@TA, indicative of electron density
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Figure 1. Fabrication and structural design of LM@TA nanodroplets and the PHEA-S/LM@TA hydrogel
(A) Schematic illustration of LM@TA preparation via ultrasonic dispersion with TA surface modification.
(B) Schematic of the PHEA-S/LM@TA hydrogel fabrication, highlighting the semi-IPN structure and multiple hydrogen-bonding interactions between LM@TA and

polymer networks.

(C) Schematic illustration of crack-tip responses in hydrogels with distinct filler-matrix coupling states.

redistribution upon coordination between catechol groups and
metal species.>>*® XPS analysis provided direct evidence for
this metal-catechol coordination (Figure S3). In the Ga 3d spec-
trum, the binding energies of both Ga®* and Ga® shifted to higher
values upon TA modification (from 19.53 to 20.16 eV and from

17.60 to 18.00 eV, respectively), confirming the formation of
Ga-O-C coordination bonds.”' A similar positive shift was
observed in the In 3d spectrum, accompanied by the transition
of In® to In®*, indicating that both gallium and indium oxide spe-
cies on the LM surface participate in coordination with TA.*®
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Additionally, the emergence of a new peak at 531.96 eV in the O
1s spectrum, attributed to C-O-Ga bonding, further corrobo-
rates the covalent anchoring of TA onto the LM surface.*’ These
spectroscopic results collectively demonstrate that TA is
robustly anchored onto the LM nanodroplet surface through
metal-catechol coordination, establishing a chemically stable
interface that serves as the foundation for subsequent dispersion
stabilization and filler-matrix bonding.

The robust TA coating fundamentally altered the surface prop-
erties of LM nanodroplets, enabling their stable dispersion in
aqueous environments. Static water contact angle measure-
ments revealed a dramatic decrease from 55.9° for pristine LM
to 14.9° for LM@TA (Figure S4), indicating that the TA coating
transformed the LM surface from a moderately hydrophobic to
superhydrophilic state. This enhanced hydrophilicity arises
from the abundant phenolic hydroxyl groups on TA, which signif-
icantly reduce the interfacial tension between LM nanodroplets
and the surrounding aqueous medium. Dynamic light scattering
(DLS) analysis further demonstrated the stabilizing effect of TA
modification (Figure S5). While bare LM nanodroplets exhibited
a broad size distribution centered at approximately 615 nm,
LM@TA nanodroplets displayed a markedly narrower distribu-
tion with a reduced average diameter of 395-400 nm at LM-to-
TA mass ratios of 2:1-10:1, consistent with the TEM observa-
tions. However, increasing the LM-to-TA mass ratio to 20:1
and 30:1 led to enlarged LM@TA droplet sizes (~460 nm), indi-
cating that moderate TA coverage is essential for stabilizing
LM@TA nanodroplets, whereas excessively low TA content is
insufficient to suppress droplet coalescence, resulting in particle
growth. The long-term colloidal stability was assessed through
sedimentation tests (Figure S6). Pristine LM droplets rapidly
aggregated and settled within 2 h, producing a clarified superna-
tant with substantial metal deposits at the bottom due to their
intrinsically high surface tension.*® For LM@TA dispersions pre-
pared with low TA contents (LM-to-TA mass ratios of 20:1 and
30:1), part sedimentation was observed after storage at room
temperature for 24 h. In contrast, LM@TA nanodroplets prepared
at an LM-to-TA mass ratio of 10:1 formed a homogeneous gray-
black colloidal dispersion that remained stable without visible
sedimentation even after 24 h. These results collectively confirm
that moderate TA coating fulfills the first key function of our inter-
facial design: stabilizing LM nanodroplets against aggregation,
thereby ensuring their uniform incorporation into the hydrogel
precursor.

Having established stable LM@TA dispersions, we next incor-
porated them into a semi-interpenetrating polymer network
(semi-IPN) to evaluate whether the TA coating could simulta-
neously fulfill its second function: establishing interfacial
hydrogen bonds with the polymer matrix. The PHEA-S/LM@TA
hydrogel was fabricated through a two-step process (Figure 1B).
First, LM@TA nanodroplets were dispersed in an aqueous pre-
cursor containing hydroxyethyl acrylate (HEA), methyltrimethox-
ysilane (MTMS), urea, and cetyltrimethylammonium bromide
(CTAB), followed by UV irradiation in the presence of Irgacure
2959. Prior studies have shown that ligand-stabilized LM drop-
lets can initiate free-radical polymerization.”* In our system,
both LM@TA and Irgacure 2959 contributed to initiating polymer-
ization, whereas Irgacure-mediated UV irradiation was used to
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ensure reliable and complete formation of a physically cross-
linked PHEA network. Subsequent thermal-treatment-induced
MTMS hydrolysis and condensation generated a covalent
siloxane network that interpenetrated with the PHEA chains to
form PHEA-silicone (PHEA-S) network. The siloxane covalent
network serves as an elastic scaffold, imparting structural stabil-
ity and strength. Urea accelerated MTMS hydrolysis while CTAB
served as an interfacial compatibilizer to suppress phase sepa-
ration.”>** Importantly, the hydroxyl groups on PHEA chains
not only formed interchain hydrogen bonds but also partially
condensed with silanol species to create covalent Si-O-C link-
ages, while the phenolic hydroxyl groups on LM@TA were de-
signed to form extensive hydrogen bonds with both networks.*

Based on the above interfacial and network interactions, a
schematic framework is proposed to elucidate how distinct
filler-matrix coupling states regulate the crack-tip response of
the hydrogel (Figure 1C). For rigid inclusions, the pronounced
mechanical mismatch with the soft matrix induces interfacial de-
bonding under deformation, creating localized gaps around the
filler. The surrounding polymer chains are subsequently pulled
out and stretched, leading to severe stress concentration at
the crack tip, followed by chain scission and accelerated crack
propagation. In the case of bare LM, although the intrinsically
deformable droplets can partially relax local stress, the weak
filler-matrix coupling results in interfacial decoupling and slip-
page between the droplets and polymer chains, limiting effective
stress transfer and energy dissipation. By contrast, for LM@TA,
catechol-mediated interfacial interactions establish robust yet
dynamic coupling with the PHEA-S networks, enabling coordi-
nated deformation, stress delocalization, and enhanced energy
dissipation, thereby suppressing crack propagation.

To verify the structural basis for the proposed crack-regulation
mechanism, FTIR spectroscopy was first conducted to confirm
the successful formation of the multi-crosslinked architecture
(Figure 2A). The disappearance of the vinyl peak at 1,633 cm™"
indicated complete polymerization of HEA monomers.*° Mean-
while, the characteristic C-O stretching vibration of HEA at
1,081 cm™" and the Si-O-C vibration of MTMS at 1,076 cm™’
merged into a broadened band centered at 1,071 cm ™', accom-
panied by the emergence of a strong Si-O-Si absorption at
1,020 cm~', confirming both the formation of the siloxane
network and the covalent bonding between PHEA and siloxane
components.*“*® Most importantly, the -OH stretching vibration
exhibited a progressive redshift from 3,422 cm~' in HEA
monomer to 3,412 cm~' in PHEA-S and further to 3,380 cm ™’
in PHEA-S/LM@TA, reflecting the enhanced hydrogen bonding
interactions upon LM@TA incorporation.>° XPS analysis pro-
vided additional evidence for the interfacial hydrogen bonding
between LM@TA and the polymer matrix. The survey spectrum
of PHEA-S/LM@TA showed a Ga 3d signal, confirming success-
ful incorporation of LM@TA into the hydrogel (Figure 2B). High-
resolution C 1s spectra (Figure 2C) revealed that the binding
energy of the C=0 shifted from 288.76 eV in PHEA-S to 288.88
eV in PHEA-S/LM@TA. A similar trend was observed in the O
1s spectra (Figure 2D), where the Si-O-Si/Si-OH shifted from
532.12 to 532.21 eV and the C-O moved from 533.34 to
533.54 eV."® These positive shifts indicate electron-density
redistribution associated with hydrogen-bond formation
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Figure 2. Structural characterization of the PHEA-S/LM@TA hydrogel
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(A) FTIR spectra of the HEA monomer, MTMS monomer, PHEA-S and PHEA-S/LM@TA hydrogels, confirming polymerization, siloxane network formation, and

enhanced hydrogen bonding interactions.

(B) XPS survey spectra of the PHEA-S and PHEA-S/LM@TA hydrogel, showing the appearance of Ga 3d signal after LM@TA incorporation.
(C-E) High-resolution (C) C 1s, (D) O 1s, and (E) Si 2p spectra, revealing binding energy shifts indicative of interfacial electronic interaction and hydrogen-bond

formation.

(F-H) Cross-sectional SEM images of (F) PHEA, (G) PHEA-S, and (H) PHEA-S/LM@TA hydrogels, respectively, showing progressive pore densification and

structural homogenization (scale bars, 20 pm).

(I) EDS elemental mapping, showing uniform LM@TA (Ga) distribution in the hydrogel matrix (scale bars, 20 um).

between the phenolic hydroxyl groups of LM@TA and the oxy-
gen-containing moieties in the polymer network. In addition,
the Si 2p signal exhibited a slight shift from 102.30 to 102.19
eV (Figure 2E),* further suggesting that the local siloxane chem-
ical environment was also perturbed by LM@TA incorporation.
Together, these results indicate that LM@TA was integrated
into the PHEA-S network through strong hydrogen bonds rather
than simple physical entrapment. Density functional theory (DFT)
calculations were performed using Ga,O3 as a model surface for
the oxidized LM interface to elucidate the interfacial role of TA-
modified LM.*' As shown in Figure S7A, the adsorption energy
of the PHEA-S/LM@TA model (—1.52 eV) is lower than that of
the PHEA-S/LM model (—1.14 eV), indicating enhanced interfa-

cial affinity after TA modification.®>" Charge density difference
analysis revealed more pronounced charge redistribution at both
the TA/Ga,03 and TA/PHEA-S interfaces in the PHEA-S/LM@TA
model (Figure S7B).>* These results confirm that the TA-medi-
ated interface establishes strong interfacial affinity of the
LM@TA with the PHEA-S network. Scanning electron micro-
scopy (SEM) further revealed the structural consequence of
this interfacial integration. Compared with the relatively looser
porous morphologies of pure PHEA and PHEA-S hydrogels,
the PHEA-S/LM@TA hydrogel exhibited a denser porous archi-
tecture (Figures 2F-2H). The corresponding EDS elemental map-
ping of PHEA-S/LM@TA hydrogel confirmed the uniform distri-
bution of C, O, Si, and Ga throughout the matrix (Figure 2I).
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Figure 3. Tensile mechanical characterization of the PHEA-S/LM@TA hydrogel
(A) Photographs of the PHEA-S/LM@TA hydrogel samples showing structural integrity under stretching, twisting, knotting, puncturing, and lifting a 200 g weight,

illustrating excellent mechanical performances (scale bars, 1 cm).

(B and C) Comparison of (B) tensile stress-strain curves and (C) the corresponding elastic modulus and toughness of the PHEA, PHEA-S, and PHEA-S/LM@TA
hydrogels, highlighting the progressive mechanical reinforcement. Data are represented as mean + SD (n = 3).

(D and E) (D) Cyclic loading-unloading tensile curves and (E) the corresponding dissipated energies of the PHEA-S/LM@TA hydrogel at different maximum strains
(100%, 200%, 300%, 400%, and 500%), showing the remarkable energy dissipation.

(F and G) (F) Ten successive cyclic tensile loading-unloading curves and (G) the corresponding dissipated energies and tensile strengths of the PHEA-S/LM@TA

hydrogel under 100% strain, demonstrating excellent cyclic stability.

These results demonstrate that TA coating fulfills its second key
function: establishing abundant interfacial hydrogen bonds be-
tween LM@TA nanodroplets and the polymer network, thereby
achieving strong filler-matrix integration that is essential for effi-
cient stress transfer and energy dissipation.

Enhanced stretchability and toughness through multi-
scale hydrogen bond dissipation

The unique multi-crosslinked architecture, together with robust
hydrogen bonding and uniform dispersion of LM@TA within the
polymer matrix, markedly enhanced the mechanical properties
of the PHEA-S/LM@TA hydrogel. As shown in Figure 3A, the hy-
drogel samples sustained large uniaxial stretching, twisting, and
knotting, puncturing and even lifting a 200 g weight without
structural failure, demonstrating exceptional stretchability,
strength, and toughness. Quantitative tensile tests were used
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to reveal the progressive mechanical enhancement achieved
through semi-IPN formation and LM@TA incorporation
(Figure 3B). The pure PHEA hydrogel showed limited mechanical
properties, with a fracture stress of 0.015 MPa and fracture strain
of 144%. After forming a semi-interpenetrating network with
silicone, the fracture stress and fracture strain of the PHEA-S hy-
drogel increased to 0.42 MPa and 553%, respectively. Incorpo-
rating LM@TA further boosted mechanical performance, yielding
a fracture stress of 0.75 MPa and fracture strain of 860%. Corre-
spondingly, both the elastic modulus and toughness were signif-
icantly improved (Figure 3C). In particular, the PHEA-S/LM@TA
hydrogel achieved a high toughness of 3.09 MJ m~2, approxi-
mately 2.8 times that of the PHEA-S hydrogel (1.11 MJ m~3).
The reinforcing effect of LM@TA nanodroplets can be discussed
from the perspective of elastocapillary mechanics.>® Unlike sim-
ple liquid inclusions, oxide-coated LM droplets possess an
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interfacial layer with viscoelastic and yielding behavior.>* The
characteristic elastocapillary length is estimated using the effec-
tive interfacial stress (often represented experimentally by the
surface yield stress of the oxide shell) for oxide-coated LM drop-
lets.°®> Although the surrounding aqueous environment and
ligand coordination may affect the surface yield stress of ox-
ide-coated LM, the effective interfacial stress of TA-func-
tionalized LM droplets has not yet been experimentally deter-
mined. Therefore, the reported surface yield stress of native
oxide-coated LM (0.2-0.5 N m~") was adopted as an order-of-
magnitude estimate of the interfacial resistance.”® Together
with the elastic modulus of the PHEA-S matrix (54.2 kPa), the
characteristic elastocapillary length was estimated to be approx-
imately 3.7-9.2 um. Since the LM@TA droplet radius (~0.2 pm) is
substantially smaller than this estimate, interfacial mechanics
are expected to strongly constrain droplet deformation at small
strain. This analysis is consistent with, but does not by itself
prove, a stiffening contribution from LM@TA. Although the free
liquid-like deformation of LM@TA nanodroplets is expected to
be restricted under small strain, the strong TA-mediated interfa-
cial coupling enables constrained cooperative deformation of
the nanodroplets together with the surrounding polymer network
under large deformation.’® More importantly, the multi-scale
hydrogen bond dissipation within the PHEA-S/LM@TA network
largely contributes to pronounced improvements of the mechan-
ical performance. Covalent and hydrogen bonds between PHEA
chains and the covalent silicone network provide inter-network
connectivity, bearing part of the load and facilitating efficient en-
ergy dissipation,*” which was further verified by the fact that
PHEA/LM@TA hydrogel without silicone network exhibited
weak mechanical performances (Figure S8A). Moreover,
LM@TA functions as a multifunctional crosslinker, forming abun-
dant hydrogen bonds with the polymer matrix.*>" During defor-
mation, these hydrogen bonds can largely dissipate energy
through reversible rupture, while the deformable LM@TA nano-
droplets enable efficient stress transfer among polymer chains,
collectively contributing to the superior mechanical performance
of the PHEA-S/LM@TA hydrogel.° This hypothesis is supported
by the PHEA-S/LM (without TA-mediated dynamic interface) hy-
drogel exhibiting a lower fracture strain (623%) and fracture
stress (0.30 MPa) due to the weak filler-matrix interactions
(Figure S8B).

The multi-crosslinked architecture of the hydrogel can be
tuned by adjusting LM@TA content, PHEA and silicone compo-
sitions, and solid content, thereby modulating its mechanical
properties. The influence of LM@TA content on the mechanical
properties of the PHEA-S/LM@TA hydrogel was investigated
(Figure S9), revealing that fracture stress, fracture strain, elastic
modulus, and toughness initially increased and then decreased
with LM@TA content, reaching an optimum at 3.3 wt %. The
incorporation of LM@TA up to this optimal level enhanced the
crosslinking density, whereas excessive LM@TA (>3.3 wt %)
may induce structural defects due to LM@TA agglomeration,
disrupting network continuity and deteriorating tensile proper-
ties.?’ The HEA:MTMS molar ratio also critically regulated me-
chanical behavior (Figure S10), with a ratio of 3:2 yielding the
highest fracture stress, fracture strain, and toughness due to
the synergistic interaction between the physically crosslinked
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PHEA network and the covalently crosslinked siloxane network,
where the covalent siloxane serves as elastic skeleton and the
physical interactions act as effective energy-dissipation units.®?
Furthermore, increasing the solid content markedly improved
mechanical strength, with performance plateauing above 50
wt % (Figure S11). Based on these optimization studies, the
PHEA-S/LM@TA hydrogel formulated with 50 wt % solid con-
tent, a HEA:MTMS molar ratio of 3:2, and 3.3 wt % LM@TA ex-
hibited an excellent combination of fracture stress (0.75 MPa),
fracture strain (860%), elastic modulus (80.62 kPa), and tough-
ness (3.09 MJ m~3), and was therefore selected for all subse-
quent studies.

The multi-scale hydrogen-bonding network in the PHEA-S/
LM@TA hydrogel can reversibly dissociate and reform, enabling
efficient energy dissipation and cyclic stability. As shown in
Figures 3D and 3E, successive loading-unloading tests conduct-
ed at increasing maximum strains generated progressively
enlarged hysteresis loops, with the dissipated energy rising
from 12.69 kJ m~2 at 100% strain to 271.61 kd m~2 at 500%.
These results indicate that under larger strain, more hydrogen
bonds between the PHEA chains, silicone network and LM@TA
were effectively dissociated to dissipate more energy, contrib-
uting to high toughness.®® A comparison of the energy dissipa-
tion behaviors of PHEA-S and PHEA-S/LM@TA hydrogels further
highlights the role of the covalent siloxane network as an elastic
framework, as well as the critical contribution of LM@TA-poly-
mer dynamic hydrogen bonding to the enhanced toughness of
the composite system (Figure S12). Additionally, 10 consecutive
loading-unloading cycles performed at 100% strain showed that
a pronounced hysteresis loop was observed with dissipated en-
ergy of 6.73 kd m~2 in the first cycle (Figures 3F and 3G), further
indicating the rapid dissociation of abundant hydrogen bonds in
PHEA-S/LM@TA to dissipate energy and protect the integrity of
the hydrogel network. In subsequent cycles, the hysteresis loops
almost completely overlapped with the dissipated energy stabi-
lizing at 3.23 kJ m~2, reflecting the rapid reconstruction of the
partially ruptured hydrogen bonds. Notably, the tensile stress
in the tenth cycle (45.91 kPa) remained approximately 98.6%
of that in the first cycle (46.56 kPa), demonstrating remarkable
cyclic durability and self-recovery capability.

Coordinated soft filler-matrix deformation for excellent
flaw insensitivity

The crack-resistant capability is a crucial property that enables
materials to withstand mechanical damage, thereby extending
their service lifetime.®* The soft LM@TA-composited multi-
crosslinked structure endows the PHEA-S/LM@TA hydrogel
with exceptional crack resistance and fracture toughness. Frac-
ture resistance of the hydrogel was evaluated by determining the
fracture energy (') using the Rivlin-Thomas single-edge notch
method.®® For PHEA-S hydrogel, introducing a notch (a/w =
0.4) reduced fracture strain from 600% to 328%, with a low frac-
ture energy of 2.6 kJ m~2 (Figure 4A; Figure S13B), indicating
poor crack resistance. Under the same notched condition, the
PHEA-S/LM hydrogel exhibited a fracture energy of only 2.0 kJ
m~2, even lower than that of PHEA-S (Figures S13A and
S13B). In contrast, the PHEA-S/LM@TA hydrogel exhibited a
fracture strain of 724% under identical notched conditions,
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Figure 4. Flaw insensitivity and fatigue resistance of the PHEA-S/LM@TA hydrogel
(A) Comparison of tensile stress-strain curves of unnotched and single-edge notched (a/w = 0.4) PHEA-S and PHEA-S/LM@TA hydrogels.
(B) Finite element analysis (FEA) of stress distribution in notched hydrogels under tensile strain, showing stress delocalization in the PHEA-S/LM@TA hydrogel

compared to the PHEA-S hydrogel.

(C) Tensile stress-strain curves of the PHEA-S/LM@TA hydrogel with linear notches of varying lengths (a/w = 0-0.8).
(D) Optical photographs of PHEA-S/LM@TA hydrogel samples with circular, linear, and triangular notches stretched perpendicular to the notch direction,

demonstrating minimal crack propagation (scale bar, 2 cm).

(E and F) (E) Tensile stress-strain curves and (F) the corresponding fracture energies and fracture strains of PHEA-S/LM@TA hydrogels with various notch shapes.

Data are represented as mean + SD (n = 3).

(G) Cyclic tensile stress curves of the notched PHEA-S/LM@TA hydrogel over 50 cycles at 100% strain.
(H) Comparison of fracture energy and strain retention ratio of the PHEA-S/LM@TA hydrogel with previously reported nanocomposite hydrogels.

with a strain retention ratio of 84%. Moreover, its fracture energy
reached 10.8 kJ m~2, approximately four times higher than that
of PHEA-S hydrogel. Optical microscopy images (Figure S14)
showed pronounced aggregation of bare LM within the PHEA-
S/LM hydrogel, whereas TA-modified LM@TA droplets were uni-
formly dispersed throughout the PHEA-S/LM@TA matrix. These
results suggest that, without interfacial modification, the bare LM
cannot effectively blunt crack-tip stress and instead facilitates
premature failure at the defect region due to the local aggrega-
tion of bare LM, together with its weak interfacial coupling with
the hydrogel matrix. Optical microscopy observations of the
PHEA-S/LM@TA hydrogel further reveal that the initially
randomly distributed LM@TA domains progressively aligned
along the loading direction upon stretching to 100% and 200%
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strain; upon further increasing the strain to 400%, these domains
underwent pronounced elongation and evolved into a more
continuous and highly oriented morphology (Figure S15). These
observations indicate that the LM@TA nanodroplets deform
cooperatively with the PHEA-S network during tensile loading
owing to the strong interfacial coupling between the soft
LM@TA nanodroplets and the hydrogel matrix. Consistently,
no LM leakage was observed during the deformation of notched
PHEA-S/LM@TA hydrogels, further confirming the robust
confinement and effective interfacial integration of LM@TA
within the polymer network (Figure S16 and Video S1). Mean-
while, the reversible rupture and reformation of interfacial
hydrogen bonds enable the LM@TA nanodroplets to serve as
effective stress-transfer and energy-dissipation centers, thereby
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facilitating stress redistribution and alleviating crack-tip stress
concentration. This multi-level energy dissipation mechanism
facilitated by soft LM@TA and collaborative deformation contrib-
uted to the remarkable enhancement in crack resistance. Finite
element analysis (FEA) of notched hydrogels under tensile strain
(Figure 4B) revealed a broad, smooth stress distribution in the
PHEA-S/LM@TA hydrogel, contrasting with localized stress in
the PHEA-S hydrogel, demonstrating effective stress delocaliza-
tion that mitigates localized failure and enhances fracture
toughness.

The flaw insensitivity of the PHEA-S/LM@TA hydrogel was
further evaluated by using single-notch tests with varying notch
depths. As the normalized notch length (a/w) increased from 0 to
0.8, fracture strain decreased from 860% to 385%, while fracture
energy exhibited a non-monotonic trend, increasing from 2.8 kJ
m~2 (a/w = 0.2) to 11.9 kJ m~2 (a/w = 0.6) and slightly decreasing
at a/w = 0.8, yet remaining 9.0 kJ m~2, substantially higher than
PHEA-S hydrogel (Figure 4C; Figure S17), indicating excellent
flaw tolerance. The PHEA-S/LM@TA hydrogel also displayed
notch-shape insensitivity: circular, linear, and triangular-notched
samples endured high strains under perpendicular loading with
minimal crack propagation (Figure 4D and Videos S2, S3, and
S4). Fracture strains of circular-, linear-, and triangular-notched
samples reached 792% (strain retention ratio of 92%), 760%
(strain retention ratio of 88%), and 559% (strain retention ratio
of 65%), with corresponding fracture energies of 12.43, 10.80,
and 7.12 kJ m~2 (Figures 4E and 4F). Additionally, fatigue resis-
tance was assessed via 50-cycle tensile tests at 100% strain,
showing negligible crack propagation and minimal stress decay
(Figure 4G; Figure S18). Tear resistance evaluated by trouser
tear tests (Figure S19) showed the tearing energy of PHEA-S/
LM@TA hydrogel was as high as 4.52 kJ m~2, significantly sur-
passing that of the PHEA-S hydrogel (0.18 kJ m~2). Compared
with reported LM-based and other nanocomposite hydrogels,
PHEA-S/LM@TA hydrogel combined high fracture toughness
with superior strain retention ratio (Figure 4H; Table S3), under-
scoring its potential for flexible wearable devices under extreme
mechanical conditions.

Photothermal functionality from plasmonic resonance

of LM nanodroplets

The PHEA-S/LM@TA hydrogel exhibited highly efficient photo-
thermal conversion performance, mainly attributed to the local-
ized surface plasmon resonance (LSPR) of EGaln nanodroplets
under near-infrared (NIR) irradiation, where the optical field in-
duces collective oscillations of free electrons to achieve rapid
light-to-heat conversion (Figure 5A).°>” Under 808 nm irradia-
tion (0.05 W cm™2), the surface temperature of the PHEA-S/
LM@TA hydrogel increased sharply from 23.7°C to 57.8°C within
40 s and quickly returned to baseline after the irradiation stopped
(Figures 5B and 5C). In contrast, the LM-free PHEA-S hydrogel
showed a much slower heating rate and a significantly lower
maximum temperature, confirming that LM@TA dramatically en-
hances photothermal efficiency. The photothermal response
was further modulated by varying the laser power, with higher
power densities yielding faster heating and elevated steady-
state temperatures up to 84.5°C at 2.0 W cm 2 (Figures S20A
and S20B). The PHEA-S/LM@TA hydrogel also demonstrated
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excellent photothermal stability, maintaining nearly identical
heating and cooling profiles over five on-off irradiation cycles
(Figure 5D). In practical photothermal applications, materials
inevitably suffer from mechanical damage, thus maintaining me-
chanical robustness under photothermal operating conditions is
critical for photothermal devices. Accordingly, we evaluated
notched PHEA-S/LM@TA hydrogels under NIR-induced heating.
As shown in Figure S21 and Video S5, even with a pre-cut notch
and heating to 43.7°C, the hydrogel retained a tensile strength of
0.42 MPa, a fracture strain of 697%, and a fracture energy of
9.53 kJ m~2. The preservation of flaw insensitivity under thermal
activation is consistent with the dynamic nature of the poly-
phenol-mediated interface, where mild heating accelerates
hydrogen-bond exchange without compromising stress trans-
fer. The hydrogel therefore retains robust notch tolerance
throughout the photothermal working window.

These rapid, reversible, and power-dependent photothermal
characteristics enable real-time infrared camouflage. When
applied to the surface of a toy duck, the PHEA-S/LM@TA hydro-
gel rapidly adjusted its surface temperature to match environ-
mental backgrounds ranging from 25°C to 65°C, achieving
dynamic thermal concealment by simply tuning irradiation inten-
sity and duration (Figure 5E). Moreover, when wrapped around a
finger (Figure 5F), the PHEA-S/LM@TA hydrogel effectively sup-
pressed the infrared emission of the underlying heat source,
rendering it nearly imperceptible to thermal imaging cameras,
whereas the PHEA-S hydrogel provided negligible shielding.
Together, these results highlight the strong potential of PHEA-
S/LM@TA hydrogels for concealing body-heat signatures and
protecting flexible devices in defense-related applications.

Damage-tolerant strain sensing and

electrophysiological signal acquisition

The incorporation of LM@TA nanodroplets endows the PHEA-S/
LM@TA hydrogel with good electrical conductivity. As the
LM@TA content increased to 9.9 wt %, the conductivity of the
hydrogel increased from 0.09 S-m~" (without LM@TA) to 0.47
S-m~", as further evidenced by the successful illumination of
an LED (Figure S22). The good conductivity originates from the
transport and hopping of electrons in LM@TA and the migration
of free ions (such as ions ionized from CTAB and water) via free
water.®® Although with TA insulating layer, effective LM-domi-
nated electronic network can be formed through near-contact
percolation and electron tunneling between adjacent LM cores;
meanwhile, the aqueous phase provides a parallel ionic conduc-
tion and alleviates interfacial polarization, together ensuring
good conductivity.®® The strain-sensing performance was evalu-
ated by monitoring the relative resistance change (AR/Rg) under
applied strain (), with sensitivity quantified by the gauge factor
(GF = AR/Ry/).”° As shown in Figure 6A, the hydrogel exhibited
distinct linear sensing regimes, with GF values of 1.52 for 0%—
250% strain and 3.55 for 250%-860% strain, indicating high
sensitivity over a wide strain range. This sensitivity change arises
from the strain-dependent evolution of the conductive network.
At low strain, LM nanoparticles remain closely packed, forming
continuous and stable conductive pathways. As strain in-
creases, particle separation reduces effective contact inter-
faces, elevating contact resistance. In the high-strain regime,
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Figure 5. Photothermal conversion behavior and infrared camouflage performance of the PHEA-S/LM@TA hydrogel

(A) Schematic illustration of the photothermal conversion mechanism of LM nanodroplets under NIR irradiation via localized surface plasmon resonance (LSPR).
(B and C) (B) Real-time temperature profiles and (C) corresponding infrared thermal images of PHEA-S and PHEA-S/LM@TA hydrogels under 808 nm NIR
irradiation (0.05 W cm™~2), demonstrating markedly enhanced photothermal efficiency after LM@TA incorporation.

(D) Photothermal stability of the PHEA-S/LM@TA hydrogel over repeated on/off irradiation cycles.

(E) Dynamic infrared camouflage on a toy surface enabled by rapid temperature modulation of the PHEA-S/LM@TA hydrogel.

(F) Visible and infrared images of PHEA-S and PHEA-S/LM@TA hydrogels wrapped around a human hand, highlighting the superior infrared shielding capability

(scale bar, 2 cm).

rapid disruption of interparticle connections limits charge-trans-
port pathways, causing a sharp resistance increase and a corre-
sponding enhancement in sensitivity.® Figure 6B shows that AR/
Ro increased steadily with strain up to 90%, fully recovering upon
release, and maintained stable output during constant strain-
holding stages, demonstrating reliable real-time multi-cycle
monitoring. Instantaneous stretching-releasing tests revealed a
response time of 113 ms and recovery time of 142 ms
(Figure S23A). Across micro-strain (3%-9%) (Figure 6C), moder-
ate strain (10%-40%) (Figure 6E), and large strain (50%-200%)
(Figure S23B) cycles, the AR/Rq signal demonstrated clear dif-
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ferentiation between strain levels and high repeatability at iden-
tical strains. The hydrogel also exhibited rate-independent
sensing characteristics with negligible variation of AR/Rq at the
fixed strain of 200% increasing stretching rate (Figure S23C).
Furthermore, the hydrogel sensor retained stable performance
over 300 loading-unloading cycles at 50% strain (Figure 6D),
underscoring its excellent durability.

The outstanding crack resistance of the PHEA-S/LM@TA hy-
drogel ensures that sensor functionality is preserved even under
partial structural damage. The GF of notched PHEA-S/LM@TA
hydrogel was first assessed (Figure S24). The notched sensor
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Figure 6. Damage-tolerant strain sensing and bioelectronic applications of the PHEA-S/LM@TA hydrogel

(A) Relative resistance change (AR/Ry) versus strain and corresponding gauge factor (GF) of the intact hydrogel sensor, with GFs of 1.52 for 0%-250% strain and
3.55 for 250%-860% strain.

(B) AR/Rq during progressive stretching and releasing up to 90% strain.

(C) Cyclic AR/Rq response at slight strain (3%-9%).

(D) Stability over 300 cyclic loading-unloading cycles at 50% strain.

(E) AR/Rg of intact and notched hydrogels under cyclic small strains (10%-40%).

(F-H) Sensor responses of intact and notched hydrogels during dynamic motions: finger flexion (F), frowning (G), and swallowing (H).

(I) ECG signals recorded by the hydrogel electrode compared with a commercial Ag/AgCl electrode (scale bar, 5 cm).

(J) EMG signals captured by the hydrogel electrode during rapid and sustained grip-release cycles under varying forces (5, 10, and 15 kg), compared with Ag/AgCl
electrode.

exhibited well-defined piecewise-linear sensing behavior, with  small strains (10%, 20%, 30%, and 40%), consistent with intact
GF values of 1.01 (0%-300%), 1.91 (300%-550%), and 3.51 performance (Figure 6E). The notched sample also maintained
(550%-724%), respectively. Notably, these GF values were reliable signals under large periodic strains (50%, 100%, and
comparable to those of the intact sensor, and the characteristic ~ 150%; Figure S25A). Furthermore, similar to the behavior of
strain-dependent evolution of GF was well preserved, indicating  the intact sensor, the notched sensor exhibited highly consistent
that the deformation-induced modulation of the conductive resistance responses across all tested strain rates (Figure S25B),
network remains effective despite the presence of a notch. indicating negligible rate dependence. During 300 consecutive
Moreover, the notched hydrogel sample exhibited stable and tensile-release cycles at 10% strain, the AR/Rq response of
repeatable responses under cyclic loading-unloading at different  notched hydrogels showed negligible attenuation or drift
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(Figure S25C), demonstrating excellent fatigue resistance and
structural integrity. These results indicate that localized damage
neither propagates under cyclic loading nor compromises
sensor performance, highlighting the hydrogel’s defect tolerance
and suitability for reliable flexible sensing under demanding
conditions.

Leveraging its superior sensing performance and exceptional
damage tolerance, both unnotched and notched PHEA-S/
LM@TA hydrogels were assembled into wearable sensors for
human motion monitoring. As shown in Figures 6F-6H, the
response signals of notched sensors closely matched those of
intact sensors during finger bending, frowning, and swallowing.
Despite the mechanical defects, notched sensors faithfully re-
produced all key features of the intact signals, accurately
tracking sustained finger flexion-relaxation, resolving subtle
facial muscle movements, and capturing transient swallowing
events. The only difference was a constant amplitude offset
due to initial resistance variations, with no noticeable differences
in waveform evolution or response speed. The robustness of the
notched sensors was further confirmed under large-deformation
scenarios, where cyclic bending of the wrist, elbow, and knee
produced stable and repeatable responses (Figures S26A-
S26C). Furthermore, reliable and repeatable electrical signals
were obtained during finger-bending monitoring after NIR irradi-
ation (Figure S27), confirming that the sensing accuracy and
signal stability can be maintained even under the combined chal-
lenges of photothermal activation and structural damage.
Collectively, the PHEA-S/LM@TA hydrogel combines high sensi-
tivity, rapid response, excellent cyclic stability, and a wide strain
detection range with exceptional notch insensitivity, enabling
adaptability to complex service conditions and positioning it as
a promising platform for next-generation damage-tolerant and
durable flexible electronic devices.

To evaluate practical bioelectronic applications, the PHEA-S/
LM@TA hydrogel was employed as a skin-mounted bioelectrode
for recording electrophysiological signals, including electrocar-
diograms (ECG) and electromyograms (EMG). Due to their
skin-like flexibility and efficient ionic/electronic transport,
PHEA-S/LM@TA hydrogel bioelectrodes exhibited lower interfa-
cial impedance than commercial Ag/AgCl electrodes over the
entire frequency range (10~ "'-10° Hz) (Figure S28), favoring the
high-quality acquisition of bioelectrical signals. For ECG moni-
toring, the hydrogel electrode attached to the wrist captured
well-defined PQRST waveforms with clearly distinguishable
peaks, which were nearly the same as signals from a commercial
Ag/AgCl electrode (Figure 6l). Quantitative analysis revealed that
the ECG signal-to-noise ratio (SNR) of the hydrogel electrode
reached 28.88 dB, exceeding the 20.52 dB of the Ag/AgCl refer-
ence, demonstrating superior signal quality. The hydrogel elec-
trode also effectively monitored dynamic heart-rate changes,
recording an increase from 74 bpm at rest to 126 bpm after
exercise (Figure S29). Continuous monitoring over 400 s showed
stable waveform morphology and a consistent baseline
(Figure S30), confirming long-term operational reliability. The hy-
drogel electrodes also exhibited high-quality EMG detection.
During handgrip exercises at 5, 10, and 15 kg, EMG signal ampli-
tudes increased proportionally with grip force, accurately reflect-
ing forearm muscle contractions (Figure 6J). Similarly, during

12 Matter 9, 102971, November 4, 2026

Matter

dumbbell lifting at 1, 1.5, and 2.5 kg, the electrode clearly distin-
guished varying levels of muscle activation (Figure S31). These
results demonstrate that the PHEA-S/LM@TA hydrogel provides
robust, high-fidelity bioelectrical signal acquisition, establishing
areliable platform for multifunctional wearable health-monitoring
devices.

Closed-loop recovery of LM via network degradation

The PHEA-S/LM@TA hydrogel demonstrates intrinsic degrad-
ability that enables efficient recycling of LM, in contrast to con-
ventional conductive nanofillers-based hydrogels that are typi-
cally non-recyclable. This recyclability arises from the dynamic
hydrogen-bonding and siloxane networks within the polymer
matrix. Under alkaline conditions, these dynamic linkages are
cleaved, leading to dissociation of the crosslinked structure.
Disruption of the interfacial stabilizing layer surrounding LM
nanodroplets increases the surface tension, promoting aggrega-
tion and coalescence into bulk LM, thereby facilitating separa-
tion from the aqueous phase.*° As shown in Figure 7Ai-iii, com-
plete hydrogel degradation was achieved within 24 hina 4 M
NaOH solution, followed by washing and separating to recover
LM. The recovered LM showed only minor changes in appear-
ance relative to fresh LM, likely due to slight surface oxidation,
while maintaining excellent fluidity (Figure S32A). The recovery
rate of LM reached 78.5 + 3.6% (Figure S32B), demonstrating
its good recyclability. Moreover, traces patterned with recycled
LM could readily light an LED when integrated into a closed cir-
cuit under an applied voltage. The sheet resistance of a re-
cycled-LM trace (measuring 1.5 cm x 0.4 cm) was approxi-
mately 0.1 Q, comparable to that of a fresh-LM trace
measured under identical conditions (Figure 7A), indicating that
the recovered LM retained metallic conductivity. SEM imaging
with elemental mapping (Figure 7B) confirmed preservation of
spherical morphology and presence of C, O, Ga, and In, indi-
cating partial retention of TA on the LM surface. This sustainable
degradation-recovery strategy provides an effective route
for environmentally responsible recycling of LM-based soft
electronics.

DISCUSSION

In this study, we have developed a highly stretchable and tough
LM-composited hydrogel with exceptional resistance to crack
propagation by incorporating soft LM@TA nanodroplets into a
semi-interpenetrating PHEA-siloxane network. The TA interfacial
modification markedly improved the stability and uniform disper-
sion of LM@TA nanodroplets within the hydrogel matrix, while
simultaneously strengthening their interfacial bonding with the
polymer network via abundant hydrogen-bonding interactions.
This multiscale energy dissipation, arising from reversible
rupture of interfacial hydrogen bonds and coordinated deforma-
tion of LM@TA with polymer chains, effectively dissipated me-
chanical energy and alleviated stress concentration at crack
tips. As a result, the PHEA-S/LM@TA hydrogel exhibited an
exceptional combination of high extensibility (860%), high
strength (0.75 MPa), remarkable toughness (3.09 MJ m~2), and
extraordinary flaw insensitivity (fracture strain retention of up to
92% and fracture energy of 12.43 kJ m™2). Beyond its
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Figure 7. Closed-loop recovery of LM from the PHEA-S/LM@TA hydrogel
(A) Schematic of the recovery process via degradation of PHEA-S/LM@TA network: () dissolution in 4 M NaOH, (ii) separation by centrifugation, (jii) photograph of
the recovered LM, and (iv) resistance measurement of the recycled and fresh LM (all samples were spread into rectangular strips), demonstrating retention of

functional properties (scale bars, 2 cm).

(B) SEM image and corresponding elemental mapping of recovered LM droplets (scale bar, 5 pm), showing preserved spherical morphology and presence of C,
O, Ga, and In, indicative of partial TA retention on the LM surface (scale bars, 500 nm).

mechanical robustness, the hydrogel demonstrated efficient
photothermal conversion and adequate electrical conductivity.
Hydrogel-based sensors showed high sensitivity over a broad
working range, superior durability, and reliable performance
even under mechanical damage. Consequently, wearable de-
vices fabricated from this hydrogel enabled accurate real-time
monitoring of diverse human motions and electrophysiological
signals, while also exhibiting strong potential for infrared camou-
flage applications. This work establishes polyphenol-mediated
interfacial engineering as a concrete design principle for dam-
age-tolerant LM-composited hydrogels, with anticipated exten-
sion to broader soft-filler chemistries for soft robotics, wearable
electronics, and bio-integrated devices.

METHODS

Materials

Eutectic gallium-indium (EGaln, 75 wt % Ga and 25 wt % In) was
purchased from Changsha Kunyong New Materials Co., Ltd.
2-HEA (96%), MTMS (98%), TA (98%), urea (98%), hexadecyltri-
methylammonium bromide (CTAB, 99%), 2-hydroxy-4-(2-
hydroxyethoxy)-2-methylpropiophenone (2959, 98%), and so-
dium hydroxide (NaOH, 98%) were obtained from Shanghai
Aladdin Co., Ltd. All reagents were used as received without
any further purification.

PREPARATION OF LM@TA NANODROPLETS

LM@TA nanodroplets were prepared through an ultrasound-
assisted interfacial modification method. Typically, 200 mg of
EGaln and TA were mixed in ethanol (15 mL) at a mass ratio
of 10:1. The mixture was sonicated in an ice bath for 1 h using

an ultrasonic cell disruptor (Ningbo Xinzhi) equipped with a
6 mm titanium alloy probe operating at 50% amplitude. This
process simultaneously facilitated the breakup of bulk EGaln
into nanoscale droplets and enabled in situ surface modifica-
tion by TA, yielding a uniform dispersion of TA-functionalized
LM nanodroplets (LM@TA). The resulting dispersion was
centrifuged and washed repeatedly with ethanol to remove un-
bound TA and collect purified LM@TA nanodroplets. By ad-
justing the amount of TA in the precursor mixture, LM@TA
samples with different surface modification levels were ob-
tained (Table S1).

Fabrication of the PHEA-S/LM@TA hydrogel

The PHEA-S/LM@TA hydrogel was synthesized as follows:
2.21 g HEA and 1.73 g MTMS were dissolved in 3 mL deionized
water, where the weak acidity of HEA enabled complete hydro-
lysis of MTMS. After uniform stirring, 0.76 g urea and 0.19 g
CTAB were added, followed by the incorporation of 3.3 wt %
LM@TA nanodroplets relative to the total mass of the hydrogel
precursor. The mixture was ultrasonicated for 1 min, then
0.0221 g of photoinitiator 2959 was added. The degassed pre-
cursor was injected into a mold, UV-irradiated (365 nm, 403
mW cm™2) for 4 h, and subsequently thermally polymerized at
80°C for 6 h to obtain the PHEA-S/LM@TA hydrogel. Other hy-
drogels were prepared by adjusting the mass ratios of LM@TA
and the molar ratios of HEA:MTMS (Table S2). A pure PHEA hy-
drogel, a PHEA-S/LM hydrogel, and a PHEA-S hydrogel without
LM@TA were also synthesized under the same conditions for
comparison. The PHEA-S/LM@TA hydrogel formulated with
50 wt % solid content, a HEA:MTMS molar ratio of 3:2, and
3.3 wt % LM@TA was used for all studies unless otherwise
specified.

Matter 9, 102971, November 4, 2026 13




Please cite this article in press as: Shi et al., Interface-engineered liquid metal-composited hydrogels with high toughness and extreme flaw insensitivity
for damage-tolerant wearables, Matter (2026), https://doi.org/10.1016/j.matt.2026.102971

¢? CellPress

Characterizations

The morphology and microstructure of the LM and hydrogels were
examined using SEM (Hitachi S-4800 Il) and transmission electron
microscopy (TEM, Hitachi HT7700). The particle size distribution
of LM@TA nanodroplets was measured by DLS on a Malvern Ze-
tasizer system. Chemical structures of the samples were analyzed
by FTIR spectroscopy (Nicolet iS10). The surface composition and
elemental states of the modified LM and its incorporation into the
hydrogel were determined by XPS (Thermo Scientific K-Alpha+).
Optical microscopy images were recorded using a Haokang
HIF5300 optical microscope. Further details regarding the
methods can be found in the supplemental methods.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Ximin He (ximinhe@ucla.edu).

Materials availability
This study did not generate new unique reagents. The reagents used here are
described in the methods section.

Data and code availability
The data generated during this study are available from the corresponding
author upon reasonable request.

ACKNOWLEDGMENTS

Zhihui Qin and Tifeng Jiao greatly appreciate the financial support of the Na-
tional Natural Science Foundation of China (no. 22372143), the Hebei Natural
Science Foundation (nos. B2026203044 and B2025203050), and the Science
Research Project of Hebei Education Department (no. JCZX2026028).

AUTHOR CONTRIBUTIONS

X.S., investigation, data curation, formal analysis, visualization, and writing —
original draft; Z.Q., conceptualization, methodology, supervision, project
administration, funding acquisition, and writing — review and editing; C.W.Z.,
formal analysis, visualization, and writing — review and editing; R.K., formal
analysis, visualization, and writing — review and editing; Q.X., investigation,
methodology, formal analysis, and data curation; N.L., investigation and vali-
dation; H.J., investigation and resources; T.J., supervision, resources, and
funding acquisition; X.H., formal analysis and writing — review and editing. All
authors read and approved the final manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
matt.2026.102971.

Received: April 23, 2026
Revised: June 25, 2026
Accepted: July 29, 2026
REFERENCES
1. Mahato, K., Saha, T., Ding, S., Sandhu, S.S., Chang, A.Y., and Wang, J.

(2024). Hybrid Multimodal Wearable Sensors for Comprehensive Health

14 Matter 9, 102971, November 4, 2026

10.

11.

12.

13.

14,

15.

16.

Matter

Monitoring. Nat. Electron. 7, 735-750. https://doi.org/10.1038/s41928-
024-01247-4.

. Wang, Z., Xue, R., Zhang, H., Zhang, Y., Tang, X., Wang, H., Shao, A., and

Ma, Y. (2024). A Hydrogel Electrolyte toward a Flexible Zinc-lon Battery
and Multifunctional Health Monitoring Electronics. ACS Nano 18, 7596-
7609. https://doi.org/10.1021/acsnano.4c00085.

. Yuk, H., Wu, J., and Zhao, X. (2022). Hydrogel Interfaces for Merging Hu-

mans and Machines. Nat. Rev. Mater. 7, 935-952. https://doi.org/10.
1038/s41578-022-00483-4.

. Bai, C., Dong, X., Liu, Q., Zhao, M., Yang, K., Niu, Y., Zhang, H., and Zhai,

W. (2026). A Self-Powered Hydrogel Electronic Skin with Decoupled Multi-
modal Sensing for Closed-Loop Human-Machine Interactions. Nat. Com-
mun. 17, 2675. https://doi.org/10.1038/s41467-026-69450-9.

. Zhao, Y., Lo, C.Y., Ruan, L., Pi, C.H., Kim, C., Alsaid, Y., Frenkel, |., Rico,

R., Tsao, T.C., and He, X. (2021). Somatosensory Actuator Based on
Stretchable Conductive Photothermally Responsive Hydrogel. Sci. Robot.
6, eabd5483. https://doi.org/10.1126/scirobotics.abd5483.

. Roy, A., Afshari, R., Jain, S., Zheng, Y., Lin, M.H., Zenkar, S., Yin, J., Chen,

J., Peppas, N.A., and Annabi, N. (2025). Advances in Conducting Nano-
composite Hydrogels for Wearable Biomonitoring. Chem. Soc. Rev. 54,
2595-2652. https://doi.org/10.1039/D4CS00220B.

. Chen, T., Chen, X., Lin, Z., Zhang, Y., Zhao, G., Xu, L., Peng, X., and Wu, B.

(2026). Biodegradable, Stretchable, and Self-Healing Starch-Based Hy-
drogel with Intelligent Multi-Bond Network Facilitated by Mxene Nano-
sheets for Multifunctional Wearable Electronics. Adv. Mater. 38, e12267.
https://doi.org/10.1002/adma.202512267.

. Lim, C., Lee, S., Kang, H., Cho, Y.S., Yeom, D., Sunwoo, S., Park, C., Nam,

S., Kim, J.H., Lee, S., et al. (2024). Highly Conductive and Stretchable
Hydrogel Nanocomposite Using Whiskered Gold Nanosheets for Soft Bio-
electronics. Adv. Mater. 36, 2407931. https://doi.org/10.1002/adma.
202407931.

. Zhou, H., Yang, M., He, W., Gao, Y., Zhu, X., Wu, J., Zhang, L., and Wan, P.

(2025). A Thermoresponsive Bioadhesive Mxene Hydrogel for Intelligent
Brain-Machine Interaction Sensing. Matter 8, 102150. https://doi.org/10.
1016/j.matt.2025.102150.

Li, L., Wang, X., You, X., Rao, P, Liu, X., Zhang, D., Zhang, W., Wang, W.,
Xing, L., Li, J., and Zhang, H.J. (2025). Super Stretchable Gelatin/Poly
(lonic Liquid) Hydrogel Enabled by Weak Hydrogen Bonds and Micro-
phase Separation Towards Multifunctional and Self-Powered Sensors.
Nano Energy 138, 110875. https://doi.org/10.1016/j.nanoen.2025.
110875.

Wang, Y., Liu, Z,, Liu, Y., Yan, J., Wu, H., Zhang, H., Li, H., Wang, J., Xue,
H., Wang, L., et al. (2024). Strong, Tough and Environment-Tolerant Orga-
nohydrogels for Flaw-Insensitive Strain Sensing. Mater. Horiz. 11, 5662—
5673. https://doi.org/10.1039/D4MHO0740A.

Wang, Y., Wu, Y., Liu, Y., Wu, H., Xiao, W., Zhang, H., Huang, X., Zhang, J.,
Xue, H.G., and Gao, J.f. (2024). Strong, Antifatigue, and lonically Conduc-
tive Organogels for High-Performance Strain Sensors. ACS Mater. Lett. 6,
1140-1150. https://doi.org/10.1021/acsmaterialslett.3c01664.

Kazem, N., Bartlett, M.D., and Majidi, C. (2018). Extreme Toughening of
Soft Materials with Liquid Metal. Adv. Mater. 30, 1706594. https://doi.
org/10.1002/adma.201706594.

Chen, H., Luo, Z., Chen, Q., Chang, Y., and Zheng, J. (2026). Physical
Crosslinking in Double Network Hydrogels: Structural Design, Toughening
Mechanisms, and Functional Diversity. Prog. Polym. Sci. 175, 102104.
https://doi.org/10.1016/j.progpolymsci.2026.102104.

Zhang, J., Shi, X., Zhao, Z., Wang, M., Deng, H., and Du, Y. (2024). Hydro-
gel Films with Impact Resistance by Sacrificial Micelle-Assisted-Align-
ment. Adv. Sci. 11, 2409287. https://doi.org/10.1002/advs.202409287.
Ma, J., Zhang, X., Yin, D., Cai, Y., Shen, Z., Sheng, Z., Bai, J., Qu, S., Zhu,
S.,and Jia, Z. (2024). Designing Ultratough Single-Network Hydrogels with
Centimeter-Scale Fractocohesive Lengths Via Inelastic Crack Blunting.
Adv. Mater. 36, 2311795. https://doi.org/10.1002/adma.202311795.


mailto:ximinhe@ucla.edu
https://doi.org/10.1016/j.matt.2026.102971
https://doi.org/10.1016/j.matt.2026.102971
https://doi.org/10.1038/s41928-024-01247-4
https://doi.org/10.1038/s41928-024-01247-4
https://doi.org/10.1021/acsnano.4c00085
https://doi.org/10.1038/s41578-022-00483-4
https://doi.org/10.1038/s41578-022-00483-4
https://doi.org/10.1038/s41467-026-69450-9
https://doi.org/10.1126/scirobotics.abd5483
https://doi.org/10.1039/D4CS00220B
https://doi.org/10.1002/adma.202512267
https://doi.org/10.1002/adma.202407931
https://doi.org/10.1002/adma.202407931
https://doi.org/10.1016/j.matt.2025.102150
https://doi.org/10.1016/j.matt.2025.102150
https://doi.org/10.1016/j.nanoen.2025.110875
https://doi.org/10.1016/j.nanoen.2025.110875
https://doi.org/10.1039/D4MH00740A
https://doi.org/10.1021/acsmaterialslett.3c01664
https://doi.org/10.1002/adma.201706594
https://doi.org/10.1002/adma.201706594
https://doi.org/10.1016/j.progpolymsci.2026.102104
https://doi.org/10.1002/advs.202409287
https://doi.org/10.1002/adma.202311795

Please cite this article in press as: Shi et al., Interface-engineered liquid metal-composited hydrogels with high toughness and extreme flaw insensitivity
for damage-tolerant wearables, Matter (2026), https://doi.org/10.1016/j.matt.2026.102971

Matter

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Zeng, L., Liu, F., Yu, Q., Jin, C., Yang, J., Suo, Z., and Tang, J. (2023). Flaw-
Insensitive Fatigue Resistance of Chemically Fixed Collagenous Soft Tis-
sues. Sci. Adv. 9, eade7375. https://doi.org/10.1126/sciadv.ade7375.

He, J., Huang, H., Xu, W., Lu, S., Xu, Y., and Tian, L. (2025). Ultrastretch-
able, Crack-Propagation-Resistant, and Impact-Resistant lonic Conduc-
tive lonohydrogels. Macromolecules 58, 4001-4010. https://doi.org/10.
1021/acs.macromol.5c00072.

Yin, Y., Yang, S., Zhou, Y., Yang, Z., Qiao, Z., Gao, F.L., Ma, P., Bi, Q.N.,
Wang, S., Chen, L., et al. (2026). Minimal N-Hydroxyphthalimide-Urethane
Bonds Enable Superior Thermomechanical Stability for Covalent Adapt-
able Networks. Nat. Commun. 1717, 3421. https://doi.org/10.1038/
s41467-026-70151-6.

Xu, Y., Rothe, R., Voigt, D., Hauser, S., Cui, M., Miyagawa, T., Patino Gail-
lez, M., Kurth, T., Bornhduser, M., Pietzsch, J., and Zhang, Y. (2021).
Convergent Synthesis of Diversified Reversible Network Leads to Liquid
Metal-Containing Conductive Hydrogel Adhesives. Nat. Commun. 12,
2407. https://doi.org/10.1038/s41467-021-22675-2.

Schloer, G.M., Hur, O., Tutika, R., Haake, A., Markvicka, E.J., and Bartlett,
M.D. (2026). Liquids as Reinforcements for Anisotropic and Tough Soft
Matter Composites. Adv. Mater. 38, €72447. https://doi.org/10.1002/
adma.72447.

Xu, L., Yang, Q. Tang, L., Li, C., Fan, J., Duan, T., Li, N., Yu, M., and Xu, J.
(2026). Amphiphilic Block Copolymer Stabilized Liquid Metal Nanopar-
ticles Induced Rapid Gelation of Highly Conductive, Adhesive, Anti-
Fatigue Hydrogel for Wearable Bioelectrode and Self-Powered Sensor.
Adv. Funct. Mater. 36, €20122. https://doi.org/10.1002/adfm.202520122.

Jia, L.C., Wang, Z.X., Yi, S.Q., Qiao, Y.T., Ma, R.Y., Nie, R.P., Yan, D.X.,
and Li, Z.M. (2025). Highly Stretchable and Self-Healable Graphene-
Encapsulated Liquid Metal Composites for Multifunctional Applications.
Small 27, e06423. https://doi.org/10.1002/smil.202506423.

Huang, F.W., Yang, Q.C., Jia, L.C., Yan, D.X., and Li, Z.M. (2021). Aramid
Nanofiber Assisted Preparation of Self-Standing Liquid Metal-Based Films
for Ultrahigh Electromagnetic Interference Shielding. Chem. Eng. J. 426,
131288. https://doi.org/10.1016/j.cej.2021.131288.

Sun, F., Liu, L., Liu, T., Wang, X., Qi, Q., Hang, Z., Chen, K., Xu, J., and Fu,
J. (2023). Vascular Smooth Muscle-Inspired Architecture Enables Soft yet
Tough Self-Healing Materials for Durable Capacitive Strain-Sensor. Nat.
Commun. 74, 130. https://doi.org/10.1038/s41467-023-35810-y.

Wang, J., Zhao, K., Zhao, Y., and Ye, C. (2025). Highly Conductive, Ultra-
tough, and Adhesive Eutectogels with Environmental Tolerance Enabled
by Liquid Metal Composites. Small 27, 2410806. https://doi.org/10.
1002/smil.202410806.

Wang, Z.X., Lin, J., Wang, L., Hou, S., Wu, Y.X., Nie, R.P., Yan, D.X., and
Jia, L.C. (2026). High Toughness and Heat-Resistant Polypropylene Com-
posites Enabled by Ethylene-Propylene Elastomer for High-Voltage Cable
Screen Layer. Compos. B Eng. 375, 113488. https://doi.org/10.1016/j.
compositesb.2026.113488.

Li, Y.K,, Liu, M.X., Li, C.Y., Cui, K.P., Li, L.B., and Jia, L.C. (2025). Aramid
Nanofibers-Assisted Graphite Films for Efficient Electromagnetic Interfer-
ence Shielding. Compos. B Eng. 296, 112269. https://doi.org/10.1016/j.
compositesb.2025.112269.

Lin, J., Hou, S., Wang, Z.X,, Lin, Y.F., Liu, Y.Z., Duan, Q.Y., Nie, R.P., Yan,
D.X., Jia, L.C., and Li, Z.M. (2025). Effect of Low-Density Polyethylene on
Properties of Ethylene-Vinyl Based Semi-Conductive Shielding Materials.
Compos. Sci. Technol. 262, 111046. https://doi.org/10.1016/j.compsci-
tech.2025.111046.

Zhong, D., Shi, S., Yang, X., Handschuh-Wang, S., Zhang, Y., Gan, T., and
Zhou, X. (2024). Highly Stretchable yet Degradable and Recyclable
Conductive Composites with Liquid Metal Nanodroplets as Physical
Crosslinks. Adv. Funct. Mater. 34, 2308032. https://doi.org/10.1002/
adfm.202308032.

Ma, R., Jia, L., Guo, Z., Lin, J., Liu, M., Wang, Z., Song, G., Yan, D., and Li,
Z. (2025). A General Finite-Gel Strategy for Highly Concentrated Liquid

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

¢? CellPress

Metal Inks. Nat. Commun. 16, 9085. https://doi.org/10.1038/s41467-
025-63433-y.

Chen, X,, Fu, Y., Yan, X,, Liu, Z., Gan, S., Yang, W., Chen, S., and Liu, L.
(2025). In Situ Formation of lon-Clusters on Liquid Metals Surface for
Simultaneously Improving Adhesive Toughness and Conductivity toward
Epidermal Electrodes. Adv. Funct. Mater. 35, 2501130. https://doi.org/
10.1002/adfm.202501130.

Peng, X., Zhang, J., and Xiao, P. (2024). Photopolymerization Approach to
Advanced Polymer Composites: Integration of Surface-Modified Nanofil-
lers for Enhanced Properties. Adv. Mater. 36, 2400178. https://doi.org/
10.1002/adma.202400178.

Zhao, Y., Zhao, K., Qian, R., Yu, Z., and Ye, C. (2024). Interfacial Engineer-
ing of Liquid Metal Nanoparticles for the Fabrication of Conductive Hydro-
gels: A Review. Chem. Eng. J. 486, 150197. https://doi.org/10.1016/j.cej.
2024.150197.

Rahim, M.A., Centurion, F., Han, J., Abbasi, R., Mayyas, M., Sun, J., Chris-
toe, M.J., Esrafilzadeh, D., Allioux, F., Ghasemian, M.B., et al. (2021). Poly-
phenol-Induced Adhesive Liquid Metal Inks for Substrate-Independent
Direct Pen Writing. Adv. Funct. Mater. 37, 2007336. https://doi.org/10.
1002/adfm.202007336.

Wang, P., He, B., Zhang, X, Liu, S., Ye, Q., Zhou, F., and Liu, W. (2023).
Size-Regulated Metal-Organic Frameworks with Mercaptobenzothiazole
for Ga-Based Liquid Metal Encapsulation: A High Performance Oil-
Based Additive. ACS Appl. Mater. Interfaces 15, 56192-56202. https://
doi.org/10.1021/acsami.3c13756.

She, Y., Qi, X., Wang, W., Qiao, Y., Xu, L., Kang, E.T., and Lu, Z. (2025).
Liquid Metal-Tannic Acid-Modified Cotton Yarn Prepared with Twist-
Assisted Deposition Technique for Textile Electronics. ACS Appl. Mater.
Interfaces 17, 33233-33243. https://doi.org/10.1021/acsami.5c06856.

Wei, J., Chen, H., Pan, F., Zhang, H., Yang, K., Yuan, T., Fang, Y., Ping, H.,
Wang, Q., and Fu, Z. (2025). Reusable Liquid Metal-Based Hierarchical
Hydrogels with Multifunctional Sensing Capability for Electrophysiology
Electrode Substitution. ACS Nano 79, 15554-15564. https://doi.org/10.
1021/acsnano.4c16933.

Cui, P., Chen, J., Chen, R., Chang, W., Chen, K., Yuan, C., Wang, X., and
Wang, S. (2026). Liquid Metal-Reinfored Hierarchically Aligned Double-
Network Hydrogels: Ultrahigh Crack/Fatigue Resistance and Strain-
Responsive Sensing. Small 22, e12709. https://doi.org/10.1002/smil.
202512709.

Steiner, T. (2002). The Hydrogen Bond in the Solid State. Angew. Chem.
Int. Ed. 41, 48-76. https://doi.org/10.1002/1521-3773(20020104)41:1.

Chen, J., Xiong, S., Li, N., Yu, J., Wang, Y., and Hu, Z. (2025). Liquid Metal
Particles Decorated by Poly(Imidazole-Urea) as Versatile Adhesive and
Recyclable Inks for Substrate-Irrelevant Direct Writing. ACS Appl. Mater.
Interfaces 17, 16000-16009. https://doi.org/10.1021/acsami.4c21108.

Rahmani, P., Shojaei, A., Sakorikar, T., Wang, M., Mendoza-Apodaca, Y.,
and Dickey, M.D. (2024). Liquid Metal Nanoparticles Physically Hybridized
with Cellulose Nanocrystals Initiate and Toughen Hydrogels with Pie-
zoionic Properties. ACS Nano 18, 8038-8050. https://doi.org/10.1021/
acsnano.3c11063.

Gao, M., Zhang, J., Xu, C., Yu, X., Chen, L., Zheng, J., Zuo, W., Zhang, X.,
Cheng, Y., and Zhu, M. (2025). Activation-Retardation in Sol-Gel Reactions
for Additive Manufacturing of Transparent Poly(Methylsilsesquioxane)
Aerogels. Nat. Commun. 16, 8212. https://doi.org/10.1038/s41467-025-
63356-8.

Si, L., Zheng, X., Nie, J., Yin, R., Hua, Y., and Zhu, X. (2016). Silicone-
Based Tough Hydrogels with High Resilience, Fast Self-Recovery, and
Self-Healing Properties. Chem. Commun. 52, 8365-8368. https://doi.
org/10.1039/C6CC02665F.

Jaseem, S.A., Rahmani, P., Sakorikar, T., Ma, J., Aimutairi, O., Voinov,
M.A., Smirnov, A.l,, Chen, B., and Dickey, M.D. (2026). Liquid Metals as
Initiators of Free-Radical Polymerization of Hydrogels: A Perspective.
Adv. Funct. Mater. 36, €14024. https://doi.org/10.1002/adfm.202514024.

Matter 9, 102971, November 4, 2026 15



https://doi.org/10.1126/sciadv.ade7375
https://doi.org/10.1021/acs.macromol.5c00072
https://doi.org/10.1021/acs.macromol.5c00072
https://doi.org/10.1038/s41467-026-70151-6
https://doi.org/10.1038/s41467-026-70151-6
https://doi.org/10.1038/s41467-021-22675-2
https://doi.org/10.1002/adma.72447
https://doi.org/10.1002/adma.72447
https://doi.org/10.1002/adfm.202520122
https://doi.org/10.1002/smll.202506423
https://doi.org/10.1016/j.cej.2021.131288
https://doi.org/10.1038/s41467-023-35810-y
https://doi.org/10.1002/smll.202410806
https://doi.org/10.1002/smll.202410806
https://doi.org/10.1016/j.compositesb.2026.113488
https://doi.org/10.1016/j.compositesb.2026.113488
https://doi.org/10.1016/j.compositesb.2025.112269
https://doi.org/10.1016/j.compositesb.2025.112269
https://doi.org/10.1016/j.compscitech.2025.111046
https://doi.org/10.1016/j.compscitech.2025.111046
https://doi.org/10.1002/adfm.202308032
https://doi.org/10.1002/adfm.202308032
https://doi.org/10.1038/s41467-025-63433-y
https://doi.org/10.1038/s41467-025-63433-y
https://doi.org/10.1002/adfm.202501130
https://doi.org/10.1002/adfm.202501130
https://doi.org/10.1002/adma.202400178
https://doi.org/10.1002/adma.202400178
https://doi.org/10.1016/j.cej.2024.150197
https://doi.org/10.1016/j.cej.2024.150197
https://doi.org/10.1002/adfm.202007336
https://doi.org/10.1002/adfm.202007336
https://doi.org/10.1021/acsami.3c13756
https://doi.org/10.1021/acsami.3c13756
https://doi.org/10.1021/acsami.5c06856
https://doi.org/10.1021/acsnano.4c16933
https://doi.org/10.1021/acsnano.4c16933
https://doi.org/10.1002/smll.202512709
https://doi.org/10.1002/smll.202512709
https://doi.org/10.1002/1521-3773(20020104)41:1
https://doi.org/10.1021/acsami.4c21108
https://doi.org/10.1021/acsnano.3c11063
https://doi.org/10.1021/acsnano.3c11063
https://doi.org/10.1038/s41467-025-63356-8
https://doi.org/10.1038/s41467-025-63356-8
https://doi.org/10.1039/C6CC02665F
https://doi.org/10.1039/C6CC02665F
https://doi.org/10.1002/adfm.202514024

Please cite this article in press as: Shi et al., Interface-engineered liquid metal-composited hydrogels with high toughness and extreme flaw insensitivity
for damage-tolerant wearables, Matter (2026), https://doi.org/10.1016/j.matt.2026.102971

¢? CellPress

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

16

Zhang, Q.G., Liu, Q.L., Zhu, A.M., Xiong, Y., and Zhang, X.H. (2008). Char-
acterization and Permeation Performance of Novel Organic—Inorganic
Hybrid Membranes of Poly(Vinyl Alcohol)/1,2-Bis(Triethoxysilyl)Ethane.
J. Phys. Chem. B 112, 16559-16565. https://doi.org/10.1021/jp8075739.
Huang, S., Liu, X., Lin, S., Glynn, C., Felix, K., Sahasrabudhe, A., Maley, C.,
Xu, J., Chen, W., Hong, E., et al. (2024). Control of Polymers’ Amorphous-
Crystalline Transition Enables Miniaturization and Multifunctional Integra-
tion for Hydrogel Bioelectronics. Nat. Commun. 15, 3525. https://doi.org/
10.1038/s41467-024-47988-w.

Ren, Y., and Dong, X. (2024). Dynamic Polymeric Materials Via Hydrogen-
Bond Cross-Linking: Effect of Multiple Network Topologies. Prog. Polym.
Sci. 158, 101890. https://doi.org/10.1016/j.progpolymsci.2024.101890.
Han, S., Tan, H., Wei, J., Yuan, H., Li, S., Yang, P., Mi, H., Liu, C., and Shen,
C. (2023). Surface Modification of Super Arborized Silica for Flexible and
Wearable Ultrafast-Response Strain Sensors with Low Hysteresis. Adv.
Sci. 10, 2301713. https://doi.org/10.1002/advs.202301713.

Li, X., Lin, J., Wu, J., Liu, M., Du, P., Xu, L., Yan, D., Jia, L., and Li, Z. (2025).
Stretchable and Leakage-Free Liquid Metal Networks for Thermal Man-
agement. Adv. Funct. Mater. 35, 2420839. https://doi.org/10.1002/adfm.
202420839.

Jia, L., Du, P., Wang, Z., Duan, Q., Zhang, Y., Hou, S., Ma, R., Zhao, L., Nie,
R., and Jia, S. (2026). A Computational Framework to Efficiently Screen
Antioxidants for Cross-Linked Polyethylene Insulation. Adv. Funct. Mater.
36, e31648. https://doi.org/10.1002/adfm.202531648.

Liu, M.X., Ma, R.Y., Wang, Z.X., Li, Z.Y., Song, G.L., Lin, J., Li, X.Y., Xu, L.,
Yan, D.X,, Jia, L.C., and Li, Z.M. (2025). Scalable Assembly of Micron Bo-
ron Nitride into High-Temperature-Resistant Insulating Papers with Supe-
rior Thermal Conductivity. Mater. Horiz. 12, 4349-4362. https://doi.org/10.
1039/D4MH01897D.

Style, R.W., Tutika, R., Kim, J.Y., and Bartlett, M.D. (2021). Solid-Liquid
Composites for Soft Multifunctional Materials. Adv. Funct. Mater. 37,
2005804. https://doi.org/10.1002/adfm.202005804.

Xie, K., and Leonetti, M. (2023). Mechanical Characterization of Core-Shell
Microcapsules. CR Mécanique 357, 163-182. https://doi.org/10.5802/
crmeca.148.

Larsen, R.J., Dickey, M.D., Whitesides, G.M., and Weitz, D.A. (2009).
Viscoelastic Properties of Oxide-Coated Liquid Metals. J. Rheol. 53,
1305-1326. https://doi.org/10.1122/1.3236517.

Khan, M.R., Trlica, C., So, J.H., Valeri, M., and Dickey, M.D. (2014). Influ-
ence of Water on the Interfacial Behavior of Gallium Liquid Metal Alloys.
ACS Appl. Mater. Interfaces 6, 22467-22473. https://doi.org/10.1021/
am506496u.

Muller, B.N., Feig, V.R., Colella, N.S., Traverso, G., and Hashmi, S.M.
(2024). Thiol Coordination Softens Liquid Metal Particles to Improve on-
Demand Conductivity. ACS Nano 18, 13768-13780. https://doi.org/10.
1021/acsnano.4c01988.

Lear, T.R., Hyun, S.H., Boley, J.W., White, E.L., Thompson, D.H., and
Kramer, R.K. (2017). Liquid Metal Particle Popping: Macroscale to Nano-

Matter 9, 102971, November 4, 2026

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Matter

scale. Extreme Mech. Lett. 13, 126-134. https://doi.org/10.1016/j.eml.
2017.02.009.

Jacob, A.R., Parekh, D.P., Dickey, M.D., and Hsiao, L.C. (2019). Interfacial
Rheology of Gallium-Based Liquid Metals. Langmuir 35, 11774-11783.
https://doi.org/10.1021/acs.langmuir.9b01821.

Bark, H., Tan, M.\W.M., Thangavel, G., and Lee, P.S. (2021). Deformable
High Loading Liquid Metal Nanoparticles Composites for Thermal Energy
Management. Adv. Energy Mater. 17, 2101387. https://doi.org/10.1002/
aenm.202101387.

Su, Y.C., Chen, G,, Lai, Y.J., Song, G.Z., Wu, T.L., and Yeh, Y.C. (2026).
Tailoring the Dynamic Nanocomposite Hydrogels through Surface-
Functionalized Nanomaterials and Interfacial Crosslinking Chemistry to-
ward Multifunctional Biomedical and Engineering Applications. Chem.
Soc. Rev. 55, 819-868. https://doi.org/10.1039/D5CS00975H.

Chen, F., Li, R, Sun, J., Lu, G., Wang, J., Wu, B., Li, J., Nie, J., and Zhu, X.
(2021). Photo-Curing 3d Printing Robust Elastomers with Ultralow Viscos-
ity Resin. J. Appl. Polym. Sci. 138, 49965. https://doi.org/10.1002/app.
49965.

Wang, M., Feng, X., Wang, X., Hu, S., Zhang, C., and Qi, H. (2021). Facile
Gelation of a Fully Polymeric Conductive Hydrogel Activated by Liquid
Metal Nanoparticles. J. Mater. Chem. A 9, 24539-24547. https://doi.org/
10.1039/D1TAQ07254D.

Li, W., Li, L., Liu, Z., Zheng, S., Li, Q., and Yan, F. (2023). Supramolecular
lonogels Tougher Than Metals. Adv. Mater. 35, 2301383. https://doi.org/
10.1002/adma.202301383.

Zhang, W., Hu, J., Tang, J., Wang, Z., Wang, J., Lu, T., and Suo, Z. (2019).
Fracture Toughness and Fatigue Threshold of Tough Hydrogels. ACS
Macro Lett. 8, 17-23. https://doi.org/10.1021/acsmacrolett.8b00788.
Song, H., Kim, T., Kang, S., Jin, H., Lee, K., and Yoon, H.J. (2020). Ga-
Based Liquid Metal Micro/Nanoparticles: Recent Advances and Applica-
tions. Small 16, 1903391. https://doi.org/10.1002/smll.201903391.

Yang, S., Zhang, H., Sun, X., Bai, J., and Zhang, J. (2024). 3D-Printed
Liquid Metal-in-Hydrogel Solar Evaporator: Merging Spectrum-
Manipulated Micro-Nano Architecture and Surface Engineering for Solar
Desalination. ACS Nano 78, 5847-5863. https://doi.org/10.1021/acs-
nano.3c12574.

Zhao, K., Liu, Y., Zhao, Y., Li, J., and Ye, C. (2026). Synergistic
Coordination-Driven Surface Reconciliation Enables Liquid Metals Inter-
connects with Strain-Insensitivity and Enhanced Adhesion. J. Colloid
Interface Sci. 706, 139586. https://doi.org/10.1016/}.jcis.2025.139586.
Song, Y., Chen, K., Chen, S., Zhang, L., Wang, Y., Wu, K., Xu, C., Li, B.,
Zhang, J., Liu, G., and Sun, J. (2025). Stretchable and Adhesive Bilayers
for Electrical Interfacing. Mater. Horiz. 12, 1981-1991. https://doi.org/10.
1039/D4MH01166J.

Liu, Y., Tian, G., Du, Y., Shi, P, Li, N, Li, Y., Qin, Z., Jiao, T., and He, X.
(2024). Highly Stretchable, Low-Hysteresis, and Adhesive TA@Mxene-
Composited Organohydrogels for Durable Wearable Sensors. Adv. Funct.
Mater. 34, 2315813. https://doi.org/10.1002/adfm.202315813.


https://doi.org/10.1021/jp807573g
https://doi.org/10.1038/s41467-024-47988-w
https://doi.org/10.1038/s41467-024-47988-w
https://doi.org/10.1016/j.progpolymsci.2024.101890
https://doi.org/10.1002/advs.202301713
https://doi.org/10.1002/adfm.202420839
https://doi.org/10.1002/adfm.202420839
https://doi.org/10.1002/adfm.202531648
https://doi.org/10.1039/D4MH01897D
https://doi.org/10.1039/D4MH01897D
https://doi.org/10.1002/adfm.202005804
https://doi.org/10.5802/crmeca.148
https://doi.org/10.5802/crmeca.148
https://doi.org/10.1122/1.3236517
https://doi.org/10.1021/am506496u
https://doi.org/10.1021/am506496u
https://doi.org/10.1021/acsnano.4c01988
https://doi.org/10.1021/acsnano.4c01988
https://doi.org/10.1016/j.eml.2017.02.009
https://doi.org/10.1016/j.eml.2017.02.009
https://doi.org/10.1021/acs.langmuir.9b01821
https://doi.org/10.1002/aenm.202101387
https://doi.org/10.1002/aenm.202101387
https://doi.org/10.1039/D5CS00975H
https://doi.org/10.1002/app.49965
https://doi.org/10.1002/app.49965
https://doi.org/10.1039/D1TA07254D
https://doi.org/10.1039/D1TA07254D
https://doi.org/10.1002/adma.202301383
https://doi.org/10.1002/adma.202301383
https://doi.org/10.1021/acsmacrolett.8b00788
https://doi.org/10.1002/smll.201903391
https://doi.org/10.1021/acsnano.3c12574
https://doi.org/10.1021/acsnano.3c12574
https://doi.org/10.1016/j.jcis.2025.139586
https://doi.org/10.1039/D4MH01166J
https://doi.org/10.1039/D4MH01166J
https://doi.org/10.1002/adfm.202315813

