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Abstract The development of high-performance ionotronics is currently hindered by the fundamental trade-off between mechanical robust-
ness (high modulus and toughness) and functional reliability (low hysteresis and high elasticity). Conventional toughening mechanisms that rely
on sacrificial bonds inevitably introduce significant energy dissipation and irreversible creep, leading to fatal signal drifts in long-term applica-
tions. Herein, we report a synergistic spring-entanglement network that achieves simultaneous optimization of the modulus, recovery, and ex-
tensibility via topological modulation. By utilizing a click-chemistry-derived covalent framework as a stiff athermal spring, the elastomer achieved
a skin-like modulus (approximately 1 MPa) and near-zero hysteresis (<0.51%). The strategic integration of ultra-high-molecular-weight polymer
entanglements introduces topological constraints that function as non-dissipative stress delocalisers, facilitating a fracture strain of 142% with-
out compromising the instantaneous restorative force. This architecture maintains low hysteresis and high elasticity over 10000 cycles, ensuring
impeccable signal fidelity and negligible baseline drift in multimodal sensing. This synergistic topological design provides a robust foundation
for reliably stable human-machine interfaces and precision ionotronics.
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INTRODUCTION

Biological tissues possess a finely tuned synergy of modulus, ex-
tensibility, and elasticity, enabling them to sustain dynamic de-
formation with minimal energy loss. Emulating this balance is
crucial for next-generation ionotronics, including human-ma-
chine interfaces, soft robotics, and wearable electronics, where
mechanical compliance, durability, and signal fidelity are simul-
taneously required.!'3 Among the emerging candidates, ion-
conductive elastomers are particularly promising owing to their
intrinsic softness and ionic conductivity. However, the develop-
ment of these materials is currently hindered by a fundamental
trilemma: the mutual exclusivity of high elastic modulus, large
stretchability, and ultra-low hysteresis, which stems from the in-
trinsic thermodynamic trade-off between segmental relaxation
dynamics and cohesive interaction density./!
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In a single-network architecture, the elastic modulus is typi-
cally enhanced by increasing cross-linking density. However,
according to the Lake-Thomas model, the energy required to
fracture a polymer network is proportional to the number of
bonds per unit volume that must be stretched to their limit,
and an increase in cross-linking density severely reduces the
length of polymer chains between junctions, leading to a pre-
cipitous decline in both extensibility and fracture energy.[®7]
To bypass this limitation, double-network (DN) strategies
have been developed, employing a rigid sacrificial network to
provide the initial strength and a flexible network to sustain
large deformations.[®! Although effective in elevating the
toughness, the mechanical performance of DN systems is fun-
damentally predicated on the irreversible rupture of sacrifi-
cial bonds. This energy-dissipative process inevitably induces
substantial mechanical hysteresis and hinders the rapid elas-
tic recovery.°19 Such sacrificial mechanisms cause structural
fatigue and cumulative signal baseline drift under cyclic load-
ing, thereby compromising the reliability of soft electronics.
Fundamentally, these limitations originate from the stochas-
tic and heterogeneous topology of conventional polymer
networks, where the uncontrolled spatial distribution of
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cross-links prevents precise engineering of an ideal elastic en-
ergy landscape.['"12 This randomness makes it nearly impos-
sible to achieve stiffness in the megapascal regime without
sacrificing the entropy-driven recovery required for high-fre-
quency sensing.

To overcome these long-standing trade-offs, we introduce
a synergistic spring-entanglement network that indepen-
dently modulates the elastic and dissipative responses via
topological engineering. By utilizing a high-efficiency thiol-
ene click reaction, we designed a homogeneous covalent
scaffold that functions as an athermal molecular spring, en-
suring a high skin-like modulus (approximately 1 MPa) and
near-zero hysteresis (<0.51%). Simultaneously, we integrated
high-molecular-weight polymer chains to form topologically
entangled domains. These domains function as non-dissipa-
tive stress distributors that alleviate stress concentration via
controlled segmental sliding, while their slower relaxation en-
sures that they do not interfere with the instantaneous
restorative force of the covalent network. This architecture
confers high elasticity through an ideal spring network,
whereas the incorporation of entanglement regions recon-
ciles the competing demands of load bearing and stress re-
distribution. Consequently, the synergistic spring-entangle-
ment ionic elastomer (S-SEIE) maintained mechanical stabili-
ty over 10 cycles, providing an approach for fatigue-resis-
tant, high-fidelity bio-integrated devices.

EXPERIMENTAL

The detailed experimental section can be found in the electron-
ic supplementary information (ESI).

RESULTS AND DISCUSSION

Design, Synthesis, and Architecture of the S-SEIE
Achieving simultaneous optimization of modulus, stretchability,
and elasticity in soft ionotronics remains a longstanding chal-
lenge, primarily because of the intrinsic structural and dynamic
coupling in conventional polymer networks. Stochastic free-
radical polymerization typically yields heterogeneous cross-link-
ing and structural disorder, which precludes precise modula-
tion of the elastic energy landscape (Fig. 1a)."*! To transcend
these topological limitations, we implemented a synergistic
spring-entanglement design. This strategy modularizes the me-
chanical response by integrating an ideal entropy-driven elastic
network with topologically entangled domains, allowing the in-
dependent regulation of elastic storage and strain accommoda-
tion without resorting to irreversible energy-dissipating mecha-
nisms, such as sacrificial bond rupture.

The construction of the synergistic network was initiated
by the synthesis of a highly uniform covalent scaffold using
thiol-ene click chemistry.l'Y The precise reaction between thi-
ol groups (from pentaerythritol tetrakis(3-mercaptopropi-
onate) (PETMP) and 2,2'-(ethylenedioxy)diethanethiol (ED-
DET)) and acrylate groups (from poly(ethylene glycol) diacry-
late (PEGDA)) creates a homogeneous covalent backbone
characterized by spring-like athermal elasticity (the elas-
tomer is called a spring-like elastomer (SE), Fig. 1b). The high
regioselectivity and efficiency of click chemistry minimize net-
work defects and dangling chains, effectively resolving the

stochastic topology issue typical of traditional elastomers
synthesized by free radical polymerization. The incorporation
of ionic liquids (1-ethyl-3-methylimidazolium bis(trifluo-
romethylsulfonyl)imide (EMIM TFSI) and 1-ethyl-3-methyllmi-
dazolium dicyamide (EMIM DCA)) yields a spring-like ionic
elastomer (SIE) that preserves the structural integrity and uni-
formity of the covalent scaffold. To introduce extensibility
while maintaining high elasticity, we strategically integrate
ultra-high-molecular-weight ~ polymer  chains  (poly-
vinylpyrrolidone (PVP) and poly(propylene glycol)-block-
poly(ethylene glycol)-block-poly(propylene glycol) (PPG-PEG-
PPG)) to form topological entanglements.['>) PVP mainly pro-
vides robust long-chain topological constraints and ionic-lig-
uid affinity, while PPG-PEG-PPG regulates interfacial compati-
bility, local chain mobility, and nanoscale phase
organization.['%'7] Their combination forms topological en-
tanglement domains that delocalize the stress without intro-
ducing substantial viscous dissipation (Fig. 1c).

Notably, the click reaction proceeded efficiently under am-
bient conditions even without a catalyst (Note S1 in ESI). This
robust reactivity enables the fabrication of S-SEIE via simple
co-extrusion and mixing of the two precursor solutions, by-
passing the need for conventional energy-intensive triggers
such as ultraviolet irradiation or thermal curing (Fig. 1d). The
thiol-ene click reaction was monitored using Fourier trans-
form infrared (FTIR) spectroscopy. Before the reaction, PEG-
DA showed the characteristic absorption of the acrylate C=C
bond at approximately 1635 cm-' (Fig. S1 in ESI). After gela-
tion, the characteristic C=C absorption largely disappeared,
indicating the consumption of the acrylate groups during the
click reaction. This result confirmed that the thiol groups re-
acted with the acrylate groups and formed a covalently
crosslinked elastomer network. Consequently, S-SEIE possess-
es exceptional processability, allowing it to be readily cast in-
to complex geometries (Fig. S2 in ESI). The resulting elas-
tomer was macroscopically homogeneous, semi-transparent,
and exhibited exceptional conformability, as demonstrated
by its ability to withstand arbitrary bending and twisting (Fig.
1e).

Rheological analysis of the polymer precursors confirmed a
marked transition into the entangled regime, supported by a
significant increase in viscosity from 16.9 mPa-s to 46.5 mPa-s
(Fig. S3 in ESI). The macroscopic semi-transparency of S-SEIE
suggests the formation of nanoscale spatial partitions. Atom-
ic force microscopy (AFM) phase imaging revealed a well-de-
fined nanophase separation consisting of bright (stiff) do-
mains and dark (soft) regions, which correspond to the entan-
gled domains and elastic scaffold, respectively (Fig. 1f). This
morphology is further corroborated by small-angle X-ray scat-
tering (SAXS) measurements, showing a domain spacing of
approximately 14 nm, which is consistent with the phase-re-
solved AFM observations (Fig. 1g, Fig. S4 and Note S2 in
ESI).l'8 This spatial distribution ensures that the load-bearing
covalent springs and stress-distributing entanglements occu-
py distinct topological environments, preventing dissipative
modes from interfering with the primary elastic recovery. In
contrast, the control samples (SE and SIE), which lacked long-
chain polymers, exhibited significantly more homogeneous
structures (Fig. S5 in ESI). This contrast confirms that the ob-
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Fig. 1 Topological modulation enables an S-SEIE. (a) Schematic of a conventional polymer network showing random, non-uniform cross-linking
due to stochastic polymerization. (b) Schematic of the engineered spring-like covalent network. Efficient thiol-ene click chemistry enables a
precisely controlled, homogeneous architecture. (c) Schematic of the final architecture of the S-SEIE. Long-chain polymers create topological
entanglement domains that function as non-dissipative stress delocalizers. (d) A photograph showing the facile one-step synthesis of the S-SEIE.
Red and blue dyes are added to the two precursor solutions only for visualizing the mixing process and are not included in the actual S-SEIE
samples used for characterization. Scale bar: 1 cm. (e) A photograph shows the excellent flexibility and mechanical robustness of the S-SEIE. Scale
bar: 1 cm. (f) An AFM phase image revealing well-defined nanophase separation. Bright and dark regions correspond to entangled domains and the
soft elastic matrix, respectively. Scale bar: 100 nm. (g) SAXS profile confirms a well-defined nanophase morphology. (h) Relaxation time spectrum.
The two discrete relaxation modes correspond to the kinetically differentiated responses of the covalent spring network and the physical
entanglements. (i) TTS master curves of the S-SEIE. The storage (G') and loss (G”) moduli across ten orders of frequency demonstrate robust

mechanical homeostasis.

served nanophase separation in S-SEIE originates from the
entangled PVP and PPG-PEG-PPG chains, validating our topo-
logical modulation approach.

This unique architecture translates into a differentiated ki-
netic landscape of mechanical responses. The relaxation time
spectrum derived from rheological measurements exhibited
two discrete modes (Fig. 1h). The fast relaxation mode (1; =
0.06 s) originated from the rapid entropic re-equilibration of
the uniform covalent scaffold, which served as the source of
high elasticity and near-zero hysteresis.'®! Conversely, a slow
relaxation mode (1, =5.05 s) corresponds to the cooperative
reptation and topological shuffling of entangled long
chains.[?0 Crucially, these entangled chains act as nondissipa-
tive stress distributors. They remain dynamically frozen dur-
ing rapid elastic recovery to maintain the modulus while be-
coming active under large-strain loading to prevent stress
concentration. The pronounced separation of these two re-
laxation modes directly evidences the kinetically differentiat-

ed response of the network, which underlies the rare combi-
nation of high modulus and high toughness.

To validate the mechanical stability afforded by our design,
we compared the dynamic behavior of S-SEIE with poly-
dimethylsiloxane (PDMS). Unlike PDMS, which shows fre-
quency-dependent increases in G’ and tand, S-SEIE maintains
a remarkably stable G’ and a near-constant, ultra-low tané
across the entire frequency range (Fig. S6 in ESI). Time-tem-
perature superposition (TTS) master curves further confirmed
this stability, with G’ remaining nearly independent of fre-
quency across ten orders of magnitude (10-6-10% Hz) (Fig. 1i).
The high apparent activation energy (E,=243 kJ-mol-') de-
rived from Arrhenius analysis indicates a high barrier to struc-
tural rearrangement, confirming the robust mechanical stabil-
ity of the click chemistry network (Fig. S7 and Note S3 in
ESI).121

Mechanical Responses of the S-SEIE
To validate the independent dynamics of the synergistic design,
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specifically that the introduction of physical entanglements
does not compromise the mobility of the elastic matrix, we per-
formed "H low-field nuclear magnetic resonance (LF-NMR) anal-
ysis (Figs. 2a and 2b). The transverse relaxation time (T,) pro-
vides a sensitive probe of local proton dynamics and segmental
activity.” In SE, the click-chemistry network exhibited a short T,
value (0.5 ms), reflecting severe topological constraints im-
posed by dense covalent cross-linking. Remarkably, the click-
chemistry network in S-SEIE with physical entanglement ex-
hibits an even higher T, value of 1.2 ms. This increase indicates
that the introduction of high-molecular-weight polymers does
not hinder the activity of the primary elastic network. In addi-
tion, S-SEIE exhibits two additional peaks at 21.5 and 200.9 ms,
which are assigned to ionic-liquid-rich environments with dif-
ferent degrees of activity. The peak at 21.5 ms corresponds to a
more constrained ionic liquid that interacts more strongly with

the click-chemistry network, whereas the peak at 200.9 ms aris-
es from a less constrained, more mobile ionic liquid. These
strong interactions ensure the effective confinement of the ion-
ic liquids within the network, thereby suppressing their leakage.
Spatial partitioning ensures that the entangled domains and
elastic matrix occupy distinct regions, where the entangle-
ments contribute to the average dynamics without hindering
the entropic freedom of the network. This finding provides evi-
dence that S-SEIE successfully incorporates stress-redistributing
pathways while preserving the fast-relaxing and athermal na-
ture of the ideal elastic network.

The macroscopic consequences of the synergistic design
were further evaluated through mechanical tensile testing
(Fig. 2c and Note S4 in ESI). As predicted by the Lake-Thomas
model, both the SE and SIE exhibit brittle failure with fracture
strains below 51%, regardless of the modulus (approximately
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Fig.2 Experimental and computational validation of topological modulation and mechanical homeostasis in the S-SEIE. (a) The low-field "H-NMR
spectra of SE and S-SEIE; (b) The corresponding T, values of SE and S-SEIE; (c) A comparison between experimental measurements and FEA
simulations, highlighting the increased stretchability of the S-SEIE without modulus degradation; (d) Statistics of the modulus of the SE, SIE, and S-
SEIE, obtained from both experimental measurements and theoretical simulations; (e) FEA stress evolution maps and numerical contour
distributions at peak loading for the SE; (f) FEA stress evolution maps and numerical contour distributions at peak loading for the SIE; (g) FEA stress
evolution maps and numerical contour distributions at peak loading for the S-SEIE; (h) LAOS tests comparing the S-SEIE and PDMS, illustrating the
ultra-low energy dissipation and superior elasticity of the S-SEIE; (i) Stress relaxation profiles at 1% shear strain, showcasing the near-ideal elastic
retention of the S-SEIE; (j) The creep curves of the PDMS and the S-SEIE at a shear stress of 100 Pa.
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4.8 and 1.3 MPa). Their premature failure is ascribed to the
lack of stress-redistribution pathways, leading to stress local-
ization at topological defects. In contrast, S-SEIE maintains a
high Young's modulus (>1 MPa) while extending the fracture
strain to 142%. It should be noted that S-SEIE contains ap-
proximately 50 wt% ionic liquids, and its formulation-based
polymer/network fraction is comparable to that of the SIE
control sample. Therefore, this enhanced stretchability origi-
nates from the nanophase-separated entangled domains
rather than a simple increase in the polymer content, as these
domains provide a distributed pathway for stress energy
without resorting to sacrificial bond rupture. Accordingly, S-
SEIE is selected as the optimized architecture because it
achieves a balanced combination of MPa-level modulus, en-
hanced stretchability, and near-zero hysteresis.

Notably, the ionic elastomer exhibited exceptional lineari-
ty in its true stress-strain curve up to 142% strain, providing a
stable mechanical foundation for quantitative ionotronic
sensing. This performance was further corroborated by finite
element analysis (FEA), where the simulated curves closely
matched the experimental results (Fig. 2d). Furthermore, frac-
ture energy measurements show a toughening effect for S-
SEIE (350 J-m=2) compared to SIE (250 J-m~2) (Fig. S8 and Note
S5 in ESI). This increase indicates that the topological entan-
glements function as non-dissipative stress delocalisers, ef-
fectively enhancing the toughness without introducing heavy
hysteresis.

To visualize this reinforcement mechanism at the meso-
scopic level, FEA was employed to map the stress evolution
across the three architectures (Figs. 2e-2g). In the SE and SIE
models, the absence of stress-redistributing components led
to rapid elastic energy accumulation at topological defects,
triggering immediate stress localization and brittle rupture
(Figs. 2e and 2f). In contrast, in the S-SEIE architecture, the
physical entanglement domains functioned as highly effec-
tive stress delocalizers (Fig. 2g). Under loading, these do-
mains facilitated controlled segmental sliding and stretching,
diffusing the stress intensity across the entire material vol-
ume. This multiscale redistribution of stress explains the near-
ly threefold increase in stretchability, confirming that the syn-
ergy of the elastic scaffold and stress-distributing domains is
the key to bypassing the classical stiffness-stretchability
trade-off.

The elasticity of S-SEIE was then compared to PDMS, which
is a benchmark for ideal elasticity, through a large-amplitude
oscillatory shear (LAOS) experiment (Fig. 2h and Note S6 in
ESI).1231 Under a periodic sinusoidal alternating strain (1%), the
dissipated energy (AW) for PDMS and S-SEIE are 4.1x10-7 and
1.3x1077 J, respectively. The lower AW of S-SEIE definitively
confirms its exceptional elasticity, validating that the homo-
geneous click-chemistry network functions as an ideal ather-
mal molecular spring.

The robust mechanical stability afforded by this elastic net-
work was further demonstrated through a comparative
stress-relaxation study (Fig. 2i). Over time, the relaxation
modulus G(t) gradually decreased and reached a plateau, re-
flecting the time-dependent viscoelastic behavior.2*! Howev-
er, the G(t)/G, value for S-SEIE remained remarkably high at
0.99, even outperforming the PDMS control (0.95). This indi-

cates that the long-range topological constraints of the cova-
lent click network effectively locked the transient entangle-
ments over extended periods, preventing macroscale struc-
tural flow despite the presence of slower relaxation modes.
To ensure a reliable sensor performance, the material must be
fundamentally creep-free and leakage-free. Under a contin-
ued load for 1 h, S-SEIE exhibited a small strain change,
whereas the PDMS control showed a large strain increase of
up to 1.5 times its initial value (Fig. 2j). Simultaneously, S-SEIE
demonstrated excellent long-term stability against ionic lig-
uid leakage. This combination of structural and electrochemi-
cal stability provides the ultimate barrier against functional
signal drift, establishing S-SEIE as a prime candidate for high-
precision and ultra-low-drift ionotronic sensing.

Excellent Elasticity and Fatigue Resistance of the S-
SEIE

The hierarchical spring-entanglement design endows S-SEIE
with robust mechanical stability, which is definitively confirmed
by cyclic tensile and compressive tests across various strains and
rates. When subjected to cyclic tensile deformation over a broad
strain range of 20% to 100%, S-SEIE consistently demonstrated a
nearly hysteresis-free mechanical response (Fig. 3a). Notably,
the mechanical properties exhibited striking rate insensitivity.
Even within a broad strain rate range of 0.08-0.42 s™', the mate-
rial retains an almost constant Young's modulus (1.0-1.1 MPa)
and an ideal linear stress-strain relationship (Fig. 3b and Fig. S9
in ESI). This linear relationship establishes a mechanical basis for
high-accuracy and high-fidelity sensing over a broad strain
range.

To quantify the elastic efficiency, we evaluated the hystere-
sis during the cyclic tensile tests, which is defined as the ratio
of the energy dissipated to the energy input during loading.
Even at a high strain rate of 0.42 s71, the hysteresis of S-SEIE
remains remarkably low at <0.51% (Note S7 in ESI).[25] This ul-
tra-low value indicates minimal irreversible energy dissipa-
tion during dynamic deformation. This ideal elastic behavior
originates from the synergistic effect of the architecture. The
click-derived covalent scaffold provides instantaneous en-
tropic recoil, whereas topological entanglements mediate lo-
cal stress redistribution without inducing the viscous drag
typically associated with sacrificial bonds. During continuous
compression up to 60% strain, the residual strain after the
stress release remained below 0.46% (Fig. 3c). Moreover, un-
der cyclic compression at varying strain rates (8.3x10-3 to
3.5%1072 s71), the stress-strain curves of the first and tenth cy-
cles overlapped almost perfectly (Fig. 3d, Figs. S10 and S11 in
ESI).

Moreover, we compared S-SEIE with state-of-the-art elastic
gels and elastomers (Fig. 3e and Table S1 in ESI). Convention-
ally, low hysteresis has been achieved primarily by reducing
the crosslinking density, which minimizes energy dissipation
during deformation. However, despite the hysteresis being as
low as 0.13%-13.5%, this strategy inevitably compromises
network stiffness, resulting in a relatively low modulus of on-
ly 15-90 kPa.[26-301 To overcome this limitation, highly entan-
gled networks have been explored as an alternative route to
improve the modulus without substantially increasing hys-
teresis.21-371 Nevertheless, enhanced entanglement is associ-
ated with a higher density of polymer chains. The trade-off
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Fig. 3

Exceptional elasticity, rate-insensitive mechanical homeostasis, and long-term fatigue resistance of the S-SEIE. (a) Cyclic tensile true

stress—strain curves of the S-SEIE at varying strains (20% to 100%), demonstrating a nearly hysteresis-free elastic response; (b) Cyclic tensile curves at
100% strain under varying strain rates, highlighting the rate-insensitive nature of the entropy-driven covalent scaffold; (c) Cyclic compressive
stress—strain curves at incremental strains, showing minimal irreversible energy dissipation and extremely low residual strain; (d) Ten continuous
compressive cycles at 60% strain and a strain rate of 8.3x1073 57!, confirming rapid and fully reversible structural recovery; (e) The comparison of the
Young's modulus and hysteresis of the S-SEIE with state-of-the-art elastic gels and elastomers. The S-SEIE uniquely breaches the classical stiffness-
elasticity ceiling. (f) Long-term cyclic tensile fatigue evaluation over 1.2x10* cycles at 100% strain, exhibiting impeccable mechanical stability with
negligible stress attenuation; (g) Long-term cyclic compressive fatigue evaluation over 1.2x10* cycles at 40% strain, underscoring the non-
destructive load-bearing capability of the hierarchical topological network.

between the modulus and high elasticity was only partially al-
leviated, and the resulting modulus remained limited to
37-440 kPa. On the other hand, double-network architec-
tures can dramatically increase the modulus to 1x10-2-1.7
MPa.['438-441 However, the incorporation of sacrificial net-
works introduces additional energy dissipation, typically lead-
ing to hysteresis values above 1%. In contrast, S-SEIE main-
tains an ultra-low hysteresis (<0.51%) even at 100% strain
while simultaneously achieving a Young's modulus of >1
MPa, which is an order of magnitude higher than that of typi-
cal low-hysteresis gels or elastomers. This effectively breach-
es the classical stiffness-elasticity ceiling and establishes a
benchmark for high-performance soft elastomers.

The structural robustness of S-SEIE is further underscored
by its impressive fatigue resistance during long-term cyclic
measurements. In cyclic tensile tests up to 100% strain for
1.2x10% cycles, S-SEIE maintained high mechanical stability,
exhibiting a peak stress variation of <1% (Fig. 3f). This remark-

able durability is evident under cyclic compression. After
1.2x10% compression cycles at 40% strain, S-SEIE exhibited a
negligible residual strain (<0.7%) and minimal stress attenua-
tion (<5%) (Fig. 3g). Such outstanding fatigue resistance aris-
es from the non-destructive nature of topological reinforce-
ment. Because the entangled structure accommodates strain
without breaking covalent bonds, the material avoids the ac-
cumulation of microdamage that plagues dissipative double-
network elastomers. Consequently, S-SEIE successfully trans-
lates its mechanical homeostasis into long-term durability,
ensuring highly stable and reliable performance for demand-
ing human-machine interfaces.

Sensitive and Ultra-low-drift Sensing Performance of
the S-SEIE

The presence of an ideal entropy-driven elastic network en-
dows S-SEIE with ultralow mechanical hysteresis, making it a
promising candidate for high-fidelity flexible sensors. The mate-
rial exhibits a high electrical conductivity of 0.4 Sm~' at room
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temperature (Fig. S12 and Note S8 in ESI). As ion migration and
interfacial charge accumulation dictate the capacitive response,
this intrinsic ionic conductivity provides an essential electro-
chemical foundation for device fabrication.”*”!

Leveraging its exceptional elasticity, we constructed a
sandwich-structured capacitive sensor using S-SEIE as a de-
formable active layer. Surface microstructures with a thick-
ness of 500 um were fabricated on a 2 mm-thick S-SEIE film,
which was then sandwiched between two carbon cloth elec-
trodes (Fig. S13 in ESI). In this configuration, S-SEIE functions
as an ion conductor and carbon cloth as an electronic con-
ductor. Upon contact, mobile ions accumulate at the inter-
face, forming a nanometer-thick electric double layer (EDL)
that functions as a giant capacitor.[“?! Because the total capac-
itance is highly dependent on the interfacial contact area, this
microstructured design yields a highly sensitive sensor that
exhibits three distinct pressure-response regimes (Fig. 4a). In
the low-pressure regime (<0.1 MPa), the sensor achieves a re-
markable sensitivity of 0.19 kPa~! (Note S9 in ESI). This high
sensitivity arises from the initial deformation of the surface
microstructures, which rapidly maximizes the effective EDL
contact area between the electrode and S-SEIE. In the inter-
mediate-pressure range (0.1-0.4 MPa), the sensitivity decreas-
es to 0.08 kPa~" as the microstructures progressively collapse.
Ultimately, in the high-pressure regime (0.4-0.62 MPa), the
sensitivity declines to 0.04 kPa-'.

Crucially, the high elasticity of S-SEIE minimizes energy dis-
sipation, ensuring rapid and synchronous establishment and
relaxation of the EDL interface. When a sudden pressure of

5000 200 6000

0.007 MPa was applied and maintained for 5 s, the sensor ex-
hibited perfectly symmetrical response and recovery times of
only 200 ms (Fig. 4b). During the hold phase, the signal dis-
plays absolute stability without observable drift, which is a
macroscopic consequence of the leakage-free and creep-free
mechanical stability of S-SEIE. Furthermore, the sensor deliv-
ered accurate and highly repeatable capacitive responses un-
der cyclic compression across various stress levels (0.024-0.62
MPa) and compression rates (0.0051-0.025 s-'), underscoring
the rate-insensitive and almost drift-free nature of the mi-
crostructured S-SEIE (Fig. 4c and Fig. S14 in ESI). Remarkably,
even after 10* compression cycles at 0.14 MPa, the sensor ex-
hibited ultra-low signal drift (0.95%) and no observable mi-
crostructural damage, confirming unparalleled compressive
sensing stability (Fig. 4d and Fig. S15 in ESI). These results col-
lectively indicate that the entropy-driven recoil of the click
network ensures highly reversible structural recovery, trans-
lating directly into high-fidelity and ultralow-drift sensing.

In addition to robust capacitive sensing under compres-
sion, S-SEIE is a highly reliable resistive strain sensor under
tensile deformation, demonstrating the versatility of the syn-
ergistic network across distinct mechanical modes. The strain
sensitivity, evaluated via the gauge factor (GF), revealed a
near-ideal linear correlation between the relative resistance
change (AR/R,) and the applied tensile strain (Fig. 4e).*71 As
the strain increased from 0% to 100%, AR/R, increased linear-
ly to 224%, corresponding to a constant GF of approximately
2.24. This broad-range linearity fundamentally originates
from the linear true stress-strain response of the underlying
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Fig. 4 Sensitive, ultra-low-drift, and multimodal electromechanical sensing performance of the S-SEIE. (a) Relative capacitance change of the
microstructured S-SEIE sensor as a function of compressive pressure, exhibiting three distinct sensitivity regimes due to interfacial contact area
variation; (b) Rapid, symmetrical response and recovery times (200 ms) under a step compression of 7 kPa for 5 s, demonstrating the non-dissipative
elastic response; (c) Dynamic capacitive responses to cyclic compression at escalating applied pressures, showcasing high sensitivity and signal
reproducibility; (d) Long-term cyclic compressive stability test for 10* cycles at 0.14 MPa, highlighting the structural fatigue resistance and ultra-low
baseline drift; (e) Relative resistance change of the S-SEIE versus tensile strain, revealing a broad-range, highly linear electromechanical correlation
(Gauge factor of about 2.24); (f) Ultrafast resistive response and recovery times under a 5% step tensile strain for 5 s; (g) Reversible and highly
repeatable resistive responses under continuous cyclic tensile loading at incremental strains; (h) Long-term cyclic tensile durability test for 10*
cycles at 100% strain, confirming the robust mechanical stability and signal fidelity of the synergistic network under extreme deformation.
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S-SEIE. This direct synchronized mapping between macro-
scopic strain and electrical resistance eliminates the need for
complex calibration algorithms and establishes a reliable me-
chanical basis for high-accuracy quantitative analysis.

This superior tensile elasticity was further validated by its
ultrafast temporal response. Upon applying and holding a 5%
step strain for 5 s, the sensor exhibited rapid, symmetric re-
sponse, and recovery times of 200 ms (which is close to and
limited by the sampling frequency of the instrument) (Fig. 4f).
Because this rapid recovery is driven by instantaneous en-
tropic chain recoil rather than slow dynamic bond reforma-
tion, it is entirely nondissipative. Consequently, the AR/R,
output of the sensor remained exceptionally stable and rate-
insensitive across a broad dynamic range (0.083-0.333 s7')
(Fig. S16 in ESI). Most critically, the tensile sensor maintained
excellent durability and signal fidelity. Under continuous
cyclic testing at escalating strains (40%, 60%, 80%, and 100%),
the sensor generated highly reproducible waveforms with-
out baseline drift (Fig. 4g). Even after enduring 10* cycles at
100% strain, the sensor delivered an unwavering signal out-
put with near-zero attenuation (Fig. 4h). This outstanding sig-
nal reproducibility was the ultimate validation of the syner-
gistic spring-entanglement design. An ideal covalent scaffold
guarantees rapid, fully reversible structural recovery, main-
taining intact ionic transport pathways, and stable interfacial
contact. Such unprecedented signal repeatability and ultra-
low-drift performance make S-SEIE a transformative material
platform for advanced soft robotics and high-precision bio-in-
tegrated devices.

High-fidelity Pulse Monitoring and Vibro-acoustic
Sensing

Benefiting from the stable and highly sensitive response of the
microstructured S-SEIE, we demonstrated its utility in detecting
ultra-weak physiological and environmental signals. First, we
noninvasively monitored subtle pulse fluctuations at the hu-
man wrist to evaluate real-time cardiovascular health. When a

miniaturized S-SEIE capacitive sensor was securely attached to
the wrist, it clearly captured the three critical characteristic
peaks of the arterial pulse wave: systolic peak (P;), reflected
wave peak (P,), and diastolic peak (Ps) (Figs. 5a and 5b). The res-
olution of these features is paramount for assessing cardiovas-
cular conditions (Note S10 in ESI).*®! The ability to sharply re-
solve these high-frequency, transient features stems directly
from the rapid and hysteresis-free electromechanical response
of the covalent click network. Because the sensor's recovery
speed significantly surpasses the pulse rate, it achieves a high
temporal accuracy without signal smearing or baseline drift.

Furthermore, owing to the exceptional sensing reliability
and structural durability of S-SEIE, the sensor stably monitors
the pulse activity over extended periods. As shown in Fig.
5(c), each pulse beat over a continuous recording was flaw-
lessly resolved into three characteristic peaks, demonstrating
the capability to capture complex cardiovascular dynamics
with high resolution (Movie S1 in ESI). Statistical analysis over
three consecutive days revealed an average heart rate of ap-
proximately 83 beats per minute, falling within the normal
physiological range (Fig. S17 in ESI). Remarkably, despite the
minute capacitance variations (AC/C,) induced by the weak
pulse pressure, the sensor delivered a highly sensitive and
strictly stable detection. This unwavering signal stability pro-
vides the ultimate validation of the nondestructive, creep-
free mechanical stability afforded by our hierarchical topolog-
ical design. Consequently, S-SEIE enables the reliable quanti-
tative extraction of cardiovascular metrics, such as the P,/P,
amplitude ratio, which is a clinically relevant parameter for ar-
terial stiffness.

Beyond physiological monitoring, the microstructured S-
SEIE functioned as an exceptional vibro-acoustic transducer,
exhibiting high-fidelity acoustic perception (Movie S2 in ESI).
As shown in Fig. 5(d), an acoustic monitoring setup was as-
sembled to evaluate the response of the sensor to airborne
sound waves. The sensor demonstrated acute sensitivity to
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Fig. 5 High-fidelity physiological pulse monitoring and vibro-acoustic sensing enabled by the microstructured S-SEIE. (a) A photograph showing
the conformal attachment of the microstructured S-SEIE sensor to the human wrist for pulse monitoring. Scale bar: 1 cm. (b) High-resolution relative
capacitance profile of a single arterial pulse wave, precisely resolving the systolic (P;), reflected (P,), and diastolic (P;) characteristic peaks without
signal smearing. (c) A photograph of the experimental setup displaying the real-time acquisition of the pulse signal, demonstrating the stable
monitoring of complex cardiovascular dynamics. Scale bar: 4 cm. (d) A photograph of the vibro-acoustic testing setup, with the S-SEIE positioned 3
mm away from a loudspeaker to capture airborne sound waves. Scale bar: 1 cm. (e) Distance-dependent capacitance response of the
microstructured S-SEIE, highlighting the extreme sensitivity to air-pressure fluctuations. (f) Sound-intensity-dependent capacitance response (at a
fixed 1 mm distance) of the microstructured S-SEIE. (g) High-fidelity acoustic discrimination of sequentially played piano keys across varying musical
scales (C3 to B3). (h) Precise phonological recognition resolving the distinct syllabic patterns of monosyllabic ("May"), disyllabic ("July"), and
trisyllabic ("September") words. (i) A photograph of the experimental setup for acoustic monitoring measurements during music playback. Scale

bar: 2 cm. (j) The corresponding real-time capacitance variations recorded during music playback.

variations in the acoustic pressure. Among the different oc-
tave notes A (A1, A2, and A3), A2 induced the strongest vibra-
tional response and was therefore selected for detailed mea-
surements (Fig. S18 in ESI). We observed a precise, positive
correlation between the capacitance change and acoustic in-
tensity, which can be modulated by either decreasing the
source distance (6 to T mm) or increasing the decibel level
(101.2 to 106.7 dB). This confirms that the surface microstruc-
tures effectively captured minute air pressure fluctuations
(Figs. 5e, 5f, and Fig. S19 in ESI).

Crucially, the entropy-driven elastic network ensures ul-
tralow energy dissipation and ultrafast segmental recoil un-
der dynamic acoustic deformation, granting the sensor ex-
ceptional signal fidelity and real-time responsiveness. These
attributes enable a sophisticated phonological recognition.
The sensor not only discriminates between distinct piano
keys (C3 to B3) but also precisely resolves complex syllabic
patterns in human speech (Fig. 5g and Fig. S20 in ESI). For in-
stance, the sensor accurately identified the number of sylla-
bles in a spoken word using the corresponding number of
distinct capacitance peaks (Fig. 5h). The monosyllabic word
"May" produced a single sharp peak, whereas the trisyllabic
word "September" generated a primary peak flanked by two
distinct shoulder peaks. Additionally, the pronunciation dura-
tion recorded by the sensor (1.04 s) aligned almost perfectly
with the actual audio duration analyzed by the software (1.13
s) (Fig. S21 and Table S2 in ESI). This negligible temporal lag
confirms that S-SEIE underwent zero viscous retardation,
even under high-frequency acoustic loading.

The device demonstrated a high signal-to-noise ratio (SNR),
effectively isolating meaningful vocal signals from back-
ground interference. During audio playback, the sensor re-
mained unresponsive to continuous background music, yet
synchronously and exclusively captured the sharp capaci-
tance peaks corresponding to human vocals (Figs. 5i, 5j, and
Movie S3 in ESI). Collectively, this extraordinary capability to
capture, discriminate, and temporally resolve complex acous-

tic information highlights that the hierarchical spring-entan-
glement design completely circumvents the traditional vis-
coelastic limitations. By translating topological mechanical
stability into impeccable sensory fidelity, S-SEIE paves the
way for next-generation wearable auditory interfaces and
precision biointegrated electronics.

CONCLUSIONS

In summary, we resolved the intrinsic trade-off between seg-
mental relaxation dynamics and cohesive interaction density in
ion-conductive elastomers through a synergistic spring-entan-
glement network. By synergistically integrating a spring-like co-
valent network with topological entanglement domains, the re-
sulting elastomer achieved an exceptional combination of
Young's modulus (approximately 1 MPa), ultra-low hysteresis
(<0.51%), and reliable extensibility (142%). We demonstrated
that these superior mechanical properties are a physical prereg-
uisite for high-fidelity ionotronic sensing. By incorporating sur-
face microstructures, the elastomer enables the precise sensing
of cardiovascular pulse waves and vibro-acoustic signals with ul-
tralow baseline drift. The ability to maintain mechanical stability
for over 10* cycles ensures long-term functional integrity. This
study establishes a versatile methodological framework for de-
signing durable and high-performance soft materials for ad-
vanced bio-integrated electronics.
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A synergistic spring-entanglement network combines the click-derived covalent network with topological stress delocal-

ization, yielding a stretchable, low-hysteresis ion-conductive elastomer with rapid recovery and stable drift-free perfor-
mance over 10* cycles.
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