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A skin-mimicking multifunctional hydrogel via
hierarchical, reversible noncovalent interactions

Xingkui Guo’, Songlin Zhangz*, Shubham Patel?, Xiaolu Sun?, You-Liang Zhu’®, Zechang Wei',
Rongguo Wang*, Xiaodong He*, Zuankai Wang®7*, Cunjiang Yu®*, Swee Ching Tan'*

Artificial skin is essential for bionic robotics, facilitating human skin-like functions such as sensation, communica-
tion, and protection. However, replicating a skin-matched all-in-one material with excellent mechanical proper-
ties, self-healing, adhesion, and multimodal sensing remains a challenge. Herein, we developed a multifunctional
hydrogel by establishing a consolidated organic/metal bismuth ion architecture (COMBIA). Benefiting from hier-
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archical reversible noncovalent interactions, the COMBIA hydrogel exhibits an optimal combination of mechanical
and functional properties, particularly its integrated mechanical properties, including unprecedented stretchability,
fracture toughness, and resilience. Furthermore, these hydrogels demonstrate superior conductivity, optical
transparency, freezing tolerance, adhesion capability, and spontaneous mechanical and electrical self-healing.
These unified functions render our hydrogel exceptional properties such as shape adaptability, skin-like perception,
and energy harvesting capabilities. To demonstrate its potential applications, an artificial skin using our COMBIA
hydrogel was configured for stimulus signal recording, which, as a promising soft electronics platform, could be

used for next-generation human-machine interfaces.

INTRODUCTION

Multiple arduous functions (i.e., mechanical robustness, self-healing,
proprioception, etc.) of biological skins have been well integrated
through evolution, and their unique multifunctional characteristics
can not only provide protection but also mediate interactions with the
world (I). Electronic skin (e-skin), which mimics the structures and
functions of biological skins, enables the realization of skin-like fea-
tures with extensive applications in human-machine interfaces, soft
robotics, and biomedical prosthetics (2). However, biological systems
are inherently intelligent, whereas electronic systems are artificially
intelligent. These two types of systems are fundamentally distinct and
incompatible. Considerable efforts have been made to recreate the
properties of biological skins (3, 4). Nevertheless, a convergent system
that has combined functions that are mutually exclusive (i.e., high
resilience/high toughness, self-adhesion/high toughness, and self-
healing/high toughness) still cannot be achieved with conventional
strategies that are physically or chemically complicated (5, 6). For in-
stance, physically compositing conductive materials (i.e., liquid met-
als, thin metal films, and arrays of organic field-effect transistors) with
polymer elastomers is associated with unsatisfactory interfaces or
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poor biocompatibility (7, 8). Chemically synthesized nanoconductive
materials (i.e., carbon nanotubes and graphene, metal nanowires, and
conducting polymers) suffer from structural heterogeneity or com-
plex in-line synthesis (9, 10).

Hydrogels are promising alternative e-skin materials owing to
their excellent biocompatibility, tunable conducting sensing chan-
nels, strong mechanical compliance, and low interfacial resistance
(11-13). Several advantages of biological skins are recreated via dif-
ferent hydrogel materials, including stretchability, self-healing, self-
adhesion, etc. Nevertheless, few of these studies are comparable to
the functions of biological skins as an all-in-one material, for in-
stance, suitable mechanical strength but poor toughness or resil-
ience, or high toughness but no antifreezing or self-adhesion or
self-healing ability (14-17). These limitations stem from the funda-
mental conflict between mechanical robustness and dynamic func-
tionality. High toughness typically relies on strong covalent or
physical cross-linking, which resists deformation but restricts net-
work reorganization, thereby impairing resilience, self-healing, and
adhesion (18, 19). Conversely, dynamic properties depend on weak
interactions that facilitate self-recovery but weaken overall tough-
ness (20). In addition, the introduction of dense cross-linking fur-
ther restricts molecular mobility, making it difficult to achieve a
synergistic balance of these properties (21). The use of metal ions
or ionic liquids as additives, which are among the most promising
strategies for recreating hydrogels with a unique combination of
functions, can endow hydrogels with increased conductivity, freez-
ing resistance, and mechanical performance. However, the intrinsic
limitations of traditional ion-polymer networks, such as opacity,
toxicity, leakiness, weak coordination, and poor miscibility, impede
their application in the production of multifunctional hydrogels
(22-25). Consequently, seamlessly integrating heterogeneous func-
tions into an all-in-one material similar to biological skins remains
an unresolved challenge.

Herein, we report a consolidated organic-metal ion architecture
within zwitterionic polymer networks (Fig. 1), constructed through
a facile supramolecular network manipulation process. Briefly, our
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Fig. 1. Schematic of the all-in-one COMBIA hydrogel. (A to C) Preparation of COMBIA hydrogels, including the COMBIA solution (A) and the transformation from a liquid
mixture to a solid freestanding hydrogel via a photopolymerization approach [(B) and (C)]. (D) Schematic of primary molecular interactions within the COMBIA architec-
ture. (E) A 2-mm-thick COMBIA hydrogel film (size: 4 cm by 5 cm) was placed on a blooming flower (scale bar, 1 cm). (F) FTIR spectra of the (i) control and (ii) COMBIA hy-
drogels. a.u., arbitrary units. (G) Binding energies of hierarchical interactions in the COMBIA architecture. (H to L) Schematic showing various properties of COMBIA
hydrogels, including mechanical robustness (H), self-adhesion (1), self-healing (J), freezing resistance (K), and self-powered sensing (L).

functional hydrogel was prepared by polymerizing an ammonium
hydroxide inner salt and an unsaturated acrylic-based monomer in
a water/glycerol binary solvent containing bismuth ions. Owing
to the hierarchical multiple reversible noncovalent interactions, hy-
drogels with a consolidated organic/metal bismuth ion architecture
(referred to as COMBIA) demonstrated a hierarchically dynami-
cally cross-linked network, ranging from low to high in energy
scale, among various functional groups (i.e., carboxyl, amino, and
zwitterionic groups) within neighboring polymer chains. Notably,
bismuth ions play a vital role in manipulating the structure of COMBIA
because of their unique structural and functional properties [i.e.,
colorlessness (26), nontoxicity (27), high coordination ability (28),
and excellent structural stability (29)]. Accordingly, the resultant
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hydrogel displayed ultrahigh stretchability (5417%), desirable tensile
strength (0.37 MPa), prominent fracture toughness (12.14 MJ m ™),
skin-like Young’s modulus (128.3 kPa), strong resilience (92.36%),
excellent adhesion (44.7 kPa), and spontaneous self-healing. Further-
more, the hydrogel also exhibited high ionic conductivity (7.52 S m™),
good antifreezing resistance (—32.27°C), great optical transparency
(>97.46% in visible light), and moisture preservation. Given these
merits, we configured a self-powered e-skin using our hydrogel that
demonstrated highly stable and reliable sensing signals. In summary,
this study elucidated the broad applicability of COMBIA as a single
homogeneous material platform, opening a promising avenue for
the fabrication of versatile gel platforms for more integrated intelli-
gent wearable sensors.
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RESULTS

Design of COMBIA hydrogels

The COMBIA hydrogel was designed by creating a bismuth ion-
coordinated supramolecular framework with hierarchical multiple re-
versible noncovalent interactions (Fig. 1, A to D). Specifically, we
developed a synthetic protocol based on the copolymerization of
[3-(methacryloylamino)propyl]dimethyl(3-sulfopropyl)ammonium
hydroxide inner salt (MH) and acrylic acid (AA) in the presence of
trivalent transition metal bismuth ions (Fig. 1, A to C). Among these
components, zwitterionic polymer chains produced by MH/AA co-
polymerization function as soft segments to provide abundant func-
tional sites (i.e., ~N*"(CHs)—, —SO3~, ~COO~, and -N-H). This
contributes to the formation of hierarchical multiple reversible phys-
ical interactions owing to their distinct cross-linking kinetics, thus
obtaining desirable properties. For instance, zwitterionic groups
along polymer chains can readily form negative and positive ion
channels, thus quickly promoting ion transport. Concomitantly, the
zwitterionic network endows the hydrogel with strong water-retaining,
adhesion, and self-healing properties as a result of the dynamic elec-
trostatic interactions between oppositely charged groups and hydro-
gen bonding (30-32). Furthermore, compared with the existing
metal ions used for hydrogel fabrication, metal bismuth ions are
used as hygroscopic and ionic cross-linking agents owing to their
superior advantages, such as transparency, harmlessness, and high
coordination capacity. Dynamic metal-ligand coordinate complexes
with high binding energies between bismuth ions and active sites
can form cross-linking points within polymer networks, substan-
tially enhancing the mechanical properties of the hydrogel. Notably,
the addition of bismuth ions also improves the ionic conductivity of
these materials. Their multiple dynamic binding energies were cal-
culated via density functional theory (DFT), indicating that, in gen-
eral, the binding energies within the supramolecular architectures
presented hierarchical characteristics across two orders of magni-
tude in the energy scale, ranging from several to hundreds of kJ/mol
(Supplementary Text 1). This feature results in distinctive bonding
and rebonding reactions within supramolecular systems during the
mechanical deformation process. Therefore, combining zwitterionic
polymer chains with kinetically distinct cross-links and bismuth-
ligand coordinate complexes can be used to construct COMBIA hy-
drogels via the manipulation of hierarchical multiple noncovalent
interactions (Fig. 1D). The unique reversible characteristics of these
interactions can facilitate efficient energy dissipation across multiple
scales, enhancing toughness while ensuring rapid recovery and high
resilience through the reversibility of the bonds, allowing the mate-
rial to return to its original state after deformation. Moreover, dy-
namic interfacial interactions allow for robust adhesion, even in
challenging environments like underwater conditions, by overcom-
ing interfacial water accumulation. The inherent reversibility of these
interactions also enables autonomous self-healing, allowing the net-
work to spontaneously reform bonds by coordinating the reforma-
tion of multiple types of bonds, thereby restoring both mechanical
strength and functionality without external intervention. This re-
sults in a hydrogel with an unprecedented balance of mechanical
strength, resilience, adhesion, and self-healing properties.

An optimal solution with a 1:1.66 MH:AA weight ratio and bis-
muth ion content of 0.6 wt % was prepared for the COMBIA hydrogel.
By increasing the bismuth ion content, the stretchability, toughness,
resilience, ionic conductivity, and freezing tolerance of the COMBIA
hydrogel can be enhanced. Water/glycerol binary solvents were used
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as the liquid phase to prevent Bi(NO3);-5H,0 precipitation and in-
crease the antifreezing ability. Consequently, an entangled supramo-
lecular architecture comprising metal-ligand coordination combined
with zwitterionic structures was readily formed, which is critical for
yielding a mechanically robust yet multifunctional COMBIA hydro-
gel. As shown in Fig. 1E and fig. S1, the COMBIA hydrogel was highly
transparent (up to 97.46% at 400 to 800 nm) because of its homoge-
neous microstructure, such as a uniform interconnected porous struc-
ture (pore size ranging from 10 to 50 pm; fig. S2). These interconnected
porous structures potentially prevent crack propagation and facilitate
the transfer of ions within the hydrogels, which can enhance ionic con-
ductivity of hydrogels (33).

The presence of coordination interactions between bismuth ions
and polymer chains was confirmed through changes in the chemical
environment of the ~COO™ and —SO;™ functional groups via Fourier
transform infrared (FTIR) spectroscopy (Fig. 1F and Supplemen-
tary Text 2). The red shift of the characteristic peaks at 1708.6 (C=O
stretching vibration), 1449.7 (-COO™ symmetrical stretching vibra-
tion), and 1037.8 cm™! (=SO;~ symmetrical stretching vibration)
indicated intermolecular metal-ligand coordination interactions be-
tween Bi’* and —COO™/-S0O;". Notably, the x-ray photoelectron
spectroscopy (XPS) results were consistent with the above findings
(fig. S3). On the basis of DFT calculations (Fig. 1G, fig. S4, and table
S1), hierarchical behaviors involving multiple reversible noncova-
lent interactions within the hydrogel were observed. Among them,
—C=0/-N-H (MH/AA) exhibited a low binding energy of 9 kJ/
mol, -C=0/-N-H (MH/MH) of 18 kJ/mol, -N*(CH3)—/-SO5"
(MH/MH) of 24 kJ/mol, -N*(CH;)—/~COO~ (MH/AA) of 42 kJ/
mol, and —C=0/—C—-OH (AA/AA) of 53 kJ/mol demonstrated me-
dium binding energies. The combination of medium and low binding
energies contributes to structural stability, dynamic tunability, and ion/
molecule transport. Upon coordination with bismuth ions, the net-
work system incorporated high binding energies of 297 (Bi’*/~S05")
and 304 kJ/mol (Bi**/~COO~), thereby establishing a strong polymer
framework with metal-ligand coordination bonds. High binding
energies are associated with increased strength, enhanced function-
ality, and improved durability. In summary, hierarchical multiple
reversible noncovalent interactions based on bismuth coordination
bonds synergistically contribute to the construction of a COMBIA
hydrogel with integrated functions of high mechanical robustness,
self-healing, self-adhesion, antifreezing, and self-powered sensing
properties (Fig. 1, H to L).

Mechanical properties of COMBIA hydrogels

The formation of the COMBIA structure resulted in markedly en-
hanced mechanical properties of our hydrogel, which is of consider-
able importance for its application as an advanced generation of
e-skin. The COMBIA hydrogel with a bismuth ion concentration of
0.6 wt % (i.e., y = 0.6) exhibited a tensile strength of 0.37 MPa, which
was eight times greater than that of the control hydrogel. Further-
more, elongation at break and toughness were improved by 3.5 times
and 39 times (5417% and 12.14 M] m™>), respectively (Fig. 2, A to C;
fig. S5; and movie S1). It is noteworthy that a higher bismuth ion con-
tent resulted in more metal-ligand coordinate complexes, necessitat-
ing greater energy to deform the polymer chains. This is evidenced by
the tensile modulus, with values for the samples at y =0, 0.2, 0.4, 0.6,
and 0.8 being 97.6, 104.3, 116.2, 128.3, and 145.4 kPa, respectively. In
Fig. 2C, we also note that low and medium interactions were primar-
ily prominent at small strains, whereas high interactions became
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Fig. 2. Mechanical properties of the COMBIA hydrogel. (A) Photos of the COMBIA hydrogel in the original state (A = 1) and highly stretched state (A = 51) (scale bar, 3 cm).
(B) Demonstration of the COMBIA hydrogel supporting a 0.5-kg mass (scale bar, 1 cm). (C) Effect of the bismuth ion content on the tensile properties of the COMBIA hydrogel films.
(D) Stress-strain curves of the COMBIA hydrogels at 25 and —20°C. (E) Cyclic stretching-releasing from 100 to 1000%. (F) Stress-strain curves of the control and COMBIA samples
via CG-MD simulation. (G) Snapshots of the molecular network of COMBIA at different testing strains (A). The insets display the polymer chain alignment effectatA=1, 2, 3,5,and
9. (H) Evolution of the value of Hof over the strain for COMBIA. (I) Density distribution of bismuth-based complexes (scale bar, 1 nm). (J) Corresponding ratios of regenerated com-
plex bonds from three stretching-releasing cycles of CG-MD results. (K) Comparison of the mechanical properties of the COMBIA hydrogel and other reported hydrogels reinforced
by different strategies, such as dual cross-linked (DC), interpenetrating network (IPN), nanocomposite (NC), double network (DN), and metal ion cross-linked (MC) methods. The
detailed data are summarized in table S2. (L) Mechanical properties of COMBIA compared to those of other metal ion cross-linked hydrogels reported in the literature (35-38).

more dominant at larger strains in the COMBIA hydrogel. These ex-
cellent performances were well maintained even at —20°C (Fig. 2D
and fig. S6). Two key factors were identified for the substantially in-
creased mechanical properties of the COMBIA hydrogel: cross-linked
density and effective energy dissipation at the molecular scale. For our
hydrogel with the COMBIA structure, the high cross-linking density

via metal-ligand coordination interactions facilitated elastic deforma-
tion or ductility at large strains by increasing the bismuth ion con-
centration (Fig. 2C). Both the FTIR spectra and DFT calculations
revealed the formation of hierarchical multiple reversible noncovalent
bonds within the supramolecular network (Fig. 1, F and G), which
contributed to the sufficient and reversible dissipation of energy when
Guo etal., Sci. Adv. 11, eadv8523 (2025)
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subjected to an external force (fig. S7). Moreover, the COMBIA hydro-
gel demonstrated high resilience (92.36% recovery at 100% strain),
which is comparable to that of well-known highly resilient materials,
including resilin in dragonfly tendons (92 to 97%), elastin in human
skin and arteries (~90%), and polybutadiene rubber (80%) (Fig. 2E
and fig. S8) (34). This is attributed to the spontaneous dissociation-
reformation of hierarchical reversible noncovalent interactions dur-
ing the extension-contraction of the COMBIA molecular network
associated with chain straightening and alignment (fig. S9).

The structural evolution of our robust and mechanically resilient
COMBIA hydrogels (Fig. 2, G to K; figs. S10 to S17; and Supple-
mentary Texts 3 and 4) was investigated at the molecular level via
coarse-grained molecular dynamics (CG-MD) simulations. As il-
lustrated in Fig. 2F and fig. S12, COMBIA exhibited substantially
enhanced performance compared to the control model and demon-
strated qualitative alignment with the experimental results present-
ed in Fig. 2C. Specifically, the polymer chain extension and sliding
when stretched to 800% accounted for the ultraelastic characteris-
tics of the COMBIA hydrogel (Fig. 2G and movie S2). Consequent-
ly, the polymer chain alignment was substantially improved, as
evidenced by the increase in Herman’s orientation factor (Hof) from
0.0397 for A = 2, whereas the value of H,¢ was 0.1673 for A = 9 (Fig.
2H). It was also observed that, during stretching, the density distri-
butions of the bismuth-based complexes at different strains were
negligible (Fig. 2I). This phenomenon is attributed to the dynamic
behavior of the bismuth coordination bond, where dissociation-
reformation events predominate during stretching. For instance,
nearly 60% of the bismuth coordination bonds are regenerated
when the sample is stretched to 200%, and this percentage increases
further for subsequent stretching-releasing cycles (Fig. 2J). These
results surpassed most of the previous results (Fig. 2K and table S2).
For further comparative purposes, the comprehensive mechanical
properties of hydrogels cross-linked with metal ions previously re-
ported in the literature (35-38) are summarized in Fig. 2L and table
S3. These findings suggest that the hierarchical multiple reversible
physical interactions within the COMBIA structure could unify the
different mechanical properties, introducing a powerful toolbox for
fabricating a versatile platform.

Electrical, antifreezing, and self-healing properties of
COMBIA hydrogels

The COMBIA hydrogels exhibited a conductivity as high as 7.52 S/m
(Fig. 3A). This phenomenon is attributed to the synergistic effect of
metal bismuth ions and an ion migration channel provided by the
zwitterionic segments of the polymer chain (Fig. 3B). As demon-
strated in Fig. 3 (C and D) and movie S3, the COMBIA hydrogel
functioned as a conductor (even under stretching) in a circuit to il-
luminate a light-emitting diode (LED). Notably, the high conductiv-
ity, mechanical flexibility, and optical transparency of the COMBIA
hydrogels were well maintained even at —20°C (Fig. 3A and fig.
S$18). This property is attributed to the low freezing point of the
COMBIA hydrogel (-32.27°C) (fig. S19). In addition, superior
moisturizing properties were observed for the hydrogel (fig. S20).
Subsequently, the mechanical and electrical self-healing properties
of the COMBIA hydrogel were examined. A key characteristic of
physically cross-linked hydrogels is that the soft matrix is cross-
linked by dynamic and reversible noncovalent interactions, gener-
ally enabling rapid self-healing with high efficiency (up to 100%).
This characteristic resulted in mechanical self-healing, as evidenced
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by comparing the stress-strain characteristics of the original and
damaged hydrogels after healing for various durations. The fracture
toughness of the original (g,;) and healed (g,) hydrogels was used to
evaluate the mechanical self-healing efficiency [8,,y;, which was cal-
culated as (g, / &,9) X 100%]. The mechanical self-healing property is
inherent to the zwitterionic network and is accomplished through
the reformation of electrostatic interactions and hydrogen bonds
(39). As presented in Fig. 3 (E to G), the COMBIA hydrogel demon-
strated autonomous recovery from physical damage (Fig. 3E), and
its healing efficiency reached 91.45% after leaving the cut-then-joint
hydrogel for 250 min, which closely approximated the initial me-
chanical properties (Fig. 3, F and G). This ability is attributed to the
rearrangement of entangled polymer chains to rebuild hierarchical
dynamic interactions. Furthermore, the electrical self-healing effi-
ciency [9¢py, given as 3¢y = (p./P) X 100%] of the COMBIA
hydrogel approached 100% (Fig. 3H and fig. S21). Note that p,, rep-
resents the electrical conductivity before cutting, whereas p, repre-
sents the electrical conductivity after self-healing. This is due to the
instantaneous rebuilding of the ion transport channels. Crucially,
analogous to human skin, the self-healing capability of our COMBIA
hydrogel was repeatable (Fig. 3I), which is advantageous for long-term
operation in practical applications. As a proof of concept, a battery-
powered circuit was constructed, which further demonstrated the
potential of electromechanical self-healing for electronic circuits
(Fig. 3] and movies S4 and S5). It is worth noting that the substan-
tially faster electrical healing compared to mechanical recovery is
rooted in the distinct mechanisms governing these processes. Al-
though electrical healing occurs almost instantaneously through rapid
ionic rearrangement and transport, mechanical healing is inherently
slower due to the time-dependent reentanglement of polymer chains
and reestablishment of noncovalent interactions (i.e., hydrogen bond-
ing, electrostatic interactions, and metal-ligand coordination). These
molecular diffusion and chain realignment processes are influenced
by polymer mobility, network density, and environmental factors (ie.,
humidity and temperature). Consequently, mechanical recovery re-
quires an extended timescale compared to the nearly instantaneous
electrical restoration (40-42).

Self-adhesive properties of COMBIA hydrogels

The COMBIA hydrogel demonstrated the ability to adhere con-
formably to a human finger, even under joint movement (Fig. 4A
and fig. 522). Notably, it exhibited reversible and strong adhesion to
various hydrophobic and hydrophilic surfaces, such as glass, wood,
poly(ethylene terephthalate) (PET), nylon, polyester, poly(methyl
methacrylate) (PMMA), carbon fiber, and polyvinyl chloride (PVC)
surfaces (Fig. 4B and movie S6). Through lap shear and 90° peeling
experiments (Fig. 4, C to E), the high shear strength of the COMBIA
hydrogel to various substrates was confirmed, ranging from 5.2 to
44.7 kPa. Furthermore, the adhesion strength of the COMBIA hy-
drogel was enhanced through in situ formation (fig. S23). For in-
stance, the value formed in situ for glass materials increased to ~77.6 kPa
from 44.7 kPa owing to the aggregation of abundant adhesive groups
at the interface. Notably, this excellent self-adhesiveness was main-
tained even after long-term storage, 40 cycles of peeling/adhering,
and washing with water (Fig. 4F and fig. S24). In addition, unlike the
commercial VHB film, which lost its ability to adhere to water, the
COMBIA hydrogel exhibited impressive underwater adhesion (fig.
S$25 and movie S7). The failure of VHB tape under underwater con-
ditions could be attributed to the formation of an interfacial water
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Fig. 3. Electrical, antifreezing, and self-healing properties of the COMBIA hydrogels. (A) Conductivity of COMBIA hydrogels at different temperatures. (B) Schematic
illustration of the ion migration channels of COMBIA hydrogels. (C) LED brightness changes with increasing elongation of the COMBIA hydrogels. (D) Resistance changes
of a hydrogel film conductor under axial stretching. (E) Macroscopic self-healing processes of the COMBIA hydrogel and then the stretching behaviors of the cut-then-
healed hydrogel (top left: scale bar, 1 cm; top right: scale bar, 50 um). (F and G) Stress-strain tests of initial and cut-then-healed COMBIA hydrogels at different healing times
(F) and the corresponding stress self-healing efficiency (G). The error bars indicate the SD, *P < 0.05; ***P < 0.001; n.s. (not significant) P > 0.05. (H) Resistance changes
occurring during the cutting-healing procedures. (I) Repeated electrical self-healing ability of the COMBIA hydrogel. (J) Demonstration of the electrical healing process

for a COMBIA hydrogel using a red LED indicator (scale bar, 1 cm; movie S4).

film and the lack of strong chemical interactions, which impeded
adhesion in wet conditions. In contrast, the COMBIA hydrogel ef-
fectively overcame these limitations by its high deformability and
adaptability, as well as the formation of dynamic noncovalent inter-
actions with the substrate, including hydrogen bonding, electrostatic
attractions, and metal-ligand coordination. These interactions effec-
tively displaced interfacial water and facilitated strong adhesion,
making the COMBIA hydrogel highly suitable for wet/underwater
environments (43-47). Figure 4G presents a comparison of the shear
strength between the results of the COMBIA hydrogels and those of
previous studies, revealing the advantages of our strategy. The high
shear strength can be attributed to the diverse chemical bonds within
the adhesive interfaces, including hydrogen bonds, cation-= interac-
tions, ion-dipole interactions, and electrostatic attractions (47-54),
as shown in Fig. 4H and fig. 526. These hierarchical multiple revers-
ible noncovalent interactions also confer upon the hydrogel a re-
markable ability to resist interfacial cracking.

Guoetal., Sci. Adv. 11, eadv8523 (2025) 16 May 2025

Multimodal self-powered sensing of the COMBIA e-skins

Given the optimal combination of multiple functions, including out-
standing mechanical and electrical properties, the sensory capacities
of the skin-like COMBIA hydrogel to external stimuli (i.e., strain,
vibration, pressure, and temperature) were investigated. First, the
sensitivity of COMBIA (fig. $27) increased considerably from 3.76
at 0 to 500% strain, 15.81 at 500 to 1600% strain, 57.74 at 1600 to
3100% strain, to 197.68 at 3100 to 5300% strain (Fig. 5A). Notably,
the sensitivity of COMBIA at high strains exceeded that of all previ-
ously reported hydrogel sensors (Fig. 5B and table S4). Second, the
sensing performance remained consistent across the applied strain
rates from 25 to 250 mm min~" under the same strain (150%; Fig.
5C), confirming the structural stability of COMBIA. Third, a sensing
response time (137-ms response time and 162-ms recovery time)
and a stable sensing signal at both small (0 to 6%) and large strains
(20 to 300%) were achieved (Fig. 5D and fig. S28). Furthermore, the
sensing stability was demonstrated by the negligible signal change
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Fig. 4. Self-adhesive properties of the COMBIA hydrogels. (A) COMBIA hydrogel film exhibited direct adhesion to fingers and demonstrated resistance to stretching
(scale bar, 1 cm). (B) Photos of COMBIA hydrogels adhered to glass, wood, PET, nylon, polyester, PMAA, carbon fiber, and PVC (scale bar, 1 cm). (C and D) Representative
curves of the lapping (C) and peeling (D) strength of the COMBIA hydrogel on different solid substrates. (E) Shear strength and interfacial toughness. The error bars indi-
cate the SD, n = 5 independent measurements. (F) Repeated adhesion to porcine skin through cycling in the adhering-stripping test. (G) Adhesive strengths of our
COMBIA in adhering glass compared with other values reported in the literature (36, 60-64). (H) Proposed adhesion mechanism between the COMBIA hydrogels and

various substrates.

over 6500 loading-unloading cycles, as shown in Fig. 5F. Excellent
sensing performance was maintained even at —20°C (Fig. 5E) or af-
ter the samples were cut and subsequently healed (fig. S29). For
comparative purposes, previous hydrogel sensors were comprehen-
sively reviewed and are summarized in Fig. 5L, fig. $30, and table S4.
The COMBIA sensor demonstrates superior performance compared
to most existing sensors, particularly in terms of combined sensing
features and multiple functions. For instance, a COMBIA hydrogel

Guoetal., Sci. Adv. 11, eadv8523 (2025) 16 May 2025

as an e-skin can be readily attached to the epidermal system, includ-
ing the finger, elbow, and face, to monitor movement and tempera-
ture (Fig. 5, G to ], and fig. S31). In addition, different hand gestures
can be recognized when the COMBIA sensor array is used (Fig. 5K),
indicating its potential in wearable devices.

A self-powered COMBIA e-skin was developed using tribo-
electric technology in the single-electrode mode (fig. S32). The
COMBIA film devices exhibited high transparency (96.05%) as well
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Fig. 5. Sensing performances of the COMBIA hydrogel e-skins. (A) Relative r

esistance variation (AR/Ro) and sensitivity of COMBIA hydrogels at different strains.

(B) Working range and sensitivity of this work compared with those reported in the literature in recent years. (C) Sensing signals under cyclic stretching-releasing at dif-
ferent motion speeds from 25 to 500 mm/min. (D) Response and recovery time of the COMBIA hydrogels to strain. (E) Sensing signals at subzero temperatures. (F) Sensing
stability after more than 6500 loading-unloading cycles at 150% strain. (G to J) Multiple monitoring methods using a hydrogel film sensor, including pulse vibration
(G), pressure (H), warming (1), and cooling (J). (K) Multichannel monitoring of gestures with five adhered COMBIA hydrogel e-skin sensors. (L) Comprehensive properties
of COMBIA hydrogel film sensors compared to those of other soft electronics reported in the literature (65-69).

as excellent stretchability and softness (figs. S1 and S33). With dimen-
sions of 33 mm by 38 mm, the electric output of the film device
showed a typical open-circuit voltage (Voc) of 233 V, short-circuit
current (Isc) of 14.6 pA, and short-circuit charge (Qsc) of 127 nC
(fig. S34A). The maximum output power density was calculated to
be 1.71 W/m? with a load resistance of 10 megohms (fig. $34B). This

Guoetal., Sci. Adv. 11, eadv8523 (2025) 16 May 2025

energy output capability is sufficient for charging capacitors to pow-
er commercial electronics (figs. S35 and S36 and movie S8). Fur-
thermore, a high electrical output was maintained even under high
stretching conditions (fig. $37), in cut-then-healed states (fig. S38),
and in low-temperature scenarios (fig. S39). The robustness of the
film devices was further validated by repeatedly tapping the device
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for over 15,000 contact-separation cycles (fig. S40). The durability of
the COMBIA film devices ensured their stable performance when
applied for the detection of human movement (fig. S41). In com-
parison to previous reports, our COMBIA film device simultane-
ously integrated multiple functions that have rarely been reported
before (fig. S42 and table S5). As detailed in figs. S43 and S44 and
tables S3 and S6, none of the previously reported hydrogels exhibit-
ed the aforementioned all-in-one properties.

DISCUSSION

This study demonstrated a human skin-like multifunctional hydrogel
via a facile manipulation process by creating a bismuth ion-coordinated
polymer framework with a zwitterionic supramolecular network.
Hierarchical, multiple reversible noncovalent interactions, such as
bismuth-based coordinations, hydrogen bonds, and electrostatic at-
tractions within the supramolecular network, endowed the COMBIA
hydrogel with an unparalleled combination of functional merits. This
unique combination, analogous to biological skin, is challenging to
achieve in its artificial analogs, including being highly stretchable
(5417% strain), highly mechanically rigid (12.14 MJ m™), skin-
analogously soft (128.3-kPa Young’s modulus), viscoelastic, sufficiently
self-adhesive (44.7 kPa), repeatedly electrically and mechanically self-
healing, and superiorly multimodal sensing. Notably, the bismuth
ions in the COMBIA hydrogel matrix not only enabled the construc-
tion of a desirable homogeneous network microstructure, leading to
high conductivity (7.52 S m™") and remarkable optical transparency
(97.46%), but also synergized with glycerol, enabling the hydrogel to
obtain high freeze tolerance (—32.27°C). A strain-sensing sensitivity
of 197.68 and an excellent output power density of 1.71 W/m?* were
simultaneously achieved for the self-powered COMBIA e-skin. Con-
sidering the optimized combination of optical transparency, adhe-
sion, and ambient stability, the COMBIA e-skin exhibits excellent
potential as a highly sensitive and durable sensor for application in
human-machine interfaces, intelligent robots, wearable devices, etc.
It is anticipated that the proposed concept may offer a potential ver-
satile platform that can be readily extended to prepare other soft con-
ductive materials with a set of functional combinations.

MATERIALS AND METHODS

Materials

MH, bismuth nitrate pentahydrate [Bi(NO3);-5H,0], 2-hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (HP), and glycerol were
supplied by Aladdin Chemistry Co. AA and poly(dimethylsiloxane)
(PDMSY) films were obtained from Tianjin Damao Chemical Reagent
Co. and Hangzhou Bald Advanced Materials Co., respectively. Dielec-
tric elastomer Very High Bond (VHB) 4905/4910 was obtained from
3M Co. Ultrapure water was used throughout the experiment.

Synthesis of freestanding COMBIA hydrogels

The COMBIA conductive hydrogel was synthesized as follows: Initial-
ly, various Bi(NOs);-5H,0 solutions were dissolved in a glycerol/water
cosolvent to form a homogeneous solution under vigorous stirring for
15 min, and a glycerol/water binary solvent was selected as the disper-
sion medium. In this study, the weight ratio, y, of Bi(NO3)3;-5H,O:MH/
AA was adjusted from 0.2 to 0.8, and the control sample was poly(MH-
AA) hydrogel (y = 0, namely, PMA). Subsequently, AA (2.53 g) and
MH (1.52 g) were added to the corresponding mixed solvent

Guo et al., Sci. Adv. 11, eadv8523 (2025) 16 May 2025

mentioned above and stirred for 25 min, after which the base concen-
tration compared with that of the glycerol/water cosolvent was fixed.
The photoinitiator HP (0.0135 g) was then added to the reaction sys-
tem, followed by stirring for another 30 min. Notably, all hydrogel fab-
rication processes were conducted inside a glove box filled with
nitrogen. To obtain freestanding COMBIA hydrogel films, the afore-
mentioned solution was blown with argon in an argon atmosphere to
remove dissolved oxygen. Subsequently, the solution was added to a
custom-made PMMA mold for photocuring under ultraviolet (UV)
light (365 nm, 35 W).

Self-powered COMBIA hydrogel e-skin

As a sensing material, the COMBIA hydrogels were cut into seg-
ments of desired lengths without any posttreatment for the fabrica-
tion of e-skins (fig. S27). Owing to their excellent tissue adhesiveness,
they could be directly adhered to the human epidermis, thereby en-
abling sensitive wearable electronics. In this study, the sensitivity of
COMBIA-based e-skins was defined as the slope of the relative resis-
tance variation [(R — Rg)/Rg] versus the strain curve, and human
motions, including finger bending, elbow flexion, cheek bulging,
and smiling, were also monitored by sensitive sensors. The resistance
changes of the film sensors during human motion were recorded us-
ing a multimeter (model 34461 A Keysight). For self-powered sens-
ing devices, a COMBIA film as the electrode was encapsulated with
PDMS layers, and its detailed structure is shown in fig. S32.

Characterization

A Nicolet IS50 attenuated total reflectance-FTR instrument (Ther-
mo Fisher Scientific, USA) and XPS (Escalab 250Xi, Thermo Fisher
Scientific Co., USA) were used to investigate the chemical structure
of the hydrogel samples. A Zeiss Supra 55 field-emission scanning
electron microscope (Carl Zeiss AG, Germany) was used to exam-
ine the surface morphologies of the freeze-dried as-prepared hydro-
gels. Differential scanning calorimetry (DSC 4000, PerkinElmer
Co., USA) was used to study the antifreezing properties of the as-
prepared hydrogels. A Lambda-950 UV-visible spectrometer (Perki-
nElmer Co., USA) was used to characterize the optical transmittance
of the samples in the visible light wavelength range (380 to 780 nm).
A WDW3100 mechanical tester (Changchun Kexin Co., China) was
used to test the tensile properties of the hydrogel samples. The sam-
ples were secured between the two clamps, with the top clamp ap-
plying a uniaxial stretching force. It is worth noting that tensile tests
were conducted following the ASTM D412 standard to evaluate the
mechanical properties of the COMBIA hydrogel (55-59). Dog bone-
shaped specimens with an overall length of 115 mm, a gauge length
of 25 mm, a narrow section width of 6 mm, and a thickness of 2 mm
were used. The tests were performed under controlled environmental
conditions of 25°C and 80% relative humidity to ensure consistency
and reproducibility. The conductivity was derived from electro-
chemical impedance spectroscopy data measured by an electro-
chemical workstation (CHI660E, CH Instruments Inc.). Optical
images were captured using a Digital Single Lens Reflex (Canon
EOS 200D2). When subjected to various strains, the resistance changes
(AR/Ry) of the hydrogel films were recorded using a multimeter (model
34461A Keysight). The electric output performances, including Voc,
Isc, and Qgc, of the self-powered COMBIA hydrogel film were in-
vestigated using a Keithley 6514 programmable electrometer. In-
formed consent was obtained from all participants, and the study
adhered to all relevant ethical regulations.
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