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Bead-on-String Ag/AgCI Heterostructures Enable Nonpolarizable Stretchable
Dry Electrodes for Long-term, High-Fidelity Electrophysiological Interfaces

Bioinspired bead-on-string architecture
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Abstract

Wearable electrophysiological interfaces demand bioelectrodes that combine low-
impedance, stable ion-electron transduction with high mechanical deformability, yet these
requirements remain fundamentally incompatible in existing systems. Here, we present a
nonpolarizable stretchable dry electrode based on a bead-on-string Ag/AgCl
heterostructure, in which AgCl nanoparticles (NPs) are selectively assembled along
percolated silver nanowire networks embedded within an elastomer matrix. This
architecture spatially decouples Faradaic reaction sites from conductive pathways,
constructing abundant, mechanically robust Ag/AgCl heterointerfaces for efficient ion-
electron transduction while preserving continuous electron transport under large
deformation. By systematically tuning the size of AgCl NPs (50-800 nm), the spatial
distribution and interfacial length scale of Faradaic domains are optimized to maximize
electrochemical performance. The resulting electrode achieves ultralow interfacial
impedance (49 kQ, 10 Hz), stable electrode potentials, and tolerance to severe mechanical
deformation (¢ > 370%), with minimal degradation over 500 stretch cycles. It enables
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low-noise, high-fidelity signal acquisition in the low-frequency regime, effectively suppressing motion artifacts and
maintaining stable operation over 120 days of storage in air. When integrated with a spatiotemporal neural network
for electrooculography decoding, the system achieves 98% accuracy in hands-free game control, demonstrating a
robust paradigm for next-generation wearable bioelectronics.

INTRODUCTION

Continuous and reliable acquisition of physiological signals is a cornerstone of emerging mobile healthcare
systems and human-machine interfaces!*.. With the rapid progress of wearable electronics and artificial
intelligence*), increasing efforts have been devoted to developing flexible and wearable sensing systems
capable of operating stably under dynamic'”, real-world conditions® without compromising signal quality.
Among these modalities, electrophysiological monitoring places particularly stringent demands on the
electrode-skin interface because weak bioelectric signals must be converted into stable electronic outputs
with minimal noise and motion-induced fluctuation*'". The simultaneous realization of high-fidelity signal
transduction, long-term stability, environmental adaptability, and mechanical compliance remains a critical
challenge for next-generation wearable bioelectronics.

In clinical practice, Ag/AgCl electrodes are widely regarded as the gold standard for electrophysiological
recording due to their intrinsically non-polarizable Faradaic interfaces'>"”. These interfaces enable efficient
ion-electron transduction through reversible redox reactions, thereby ensuring low interfacial impedance
and high signal fidelity"***.. However, this favorable interfacial behavior intrinsically relies on the presence of
hydrated electrolytes, typically in the form of conductive gels or hydrogels, to maintain sufficient ionic
coupling with the skin"***'”l. Such gel layers not only require cumbersome skin preparation and may induce
skin irritation, but they also suffer from rapid dehydration during prolonged use, leading to severe signal
degradation and reduced recording reliability!"*'*). Consequently, these inherent material and operational
constraints significantly limit the applicability of conventional Ag/AgCl electrodes in long-term, wearable,
and highly dynamic scenarios.

To circumvent the limitations of gel-assisted electrodes, various dry electrodes based on metals'***, carbon
nanomaterials”***, and conductive polymers® >’ have been extensively explored. However, unlike the non-
polarizable Ag/AgCl interface, most dry electrodes rely on capacitive coupling to bridge the skin-electrode
interface. Such polarizable interfaces inherently suffer from high contact impedance and severe signal
attenuation, particularly in the low-frequency bands critical for electrooculography (EOG) and
electrocardiography (ECG), rendering them highly susceptible to motion artifacts'"?. To impart non-
polarizable Faradaic properties to dry electrodes, recent efforts have focused on integrating silver
nanomaterials into soft elastomers, followed by conventional electrochemical chlorination to form an AgCl
layer™ 2l While this approach improves ion-electron transduction, it introduces a critical structural
contradiction. The in situ grown AgCl layers are intrinsically brittle and exhibit weak interfacial adhesion
with the underlying silver network®”. Under dynamic stretching or repeated mechanical deformation, these
rigid AgCl coatings are prone to severe cracking and delamination”***, which disrupts the conductive
pathways and drastically increases electrical resistance. Therefore, developing a stretchable dry electrode that
simultaneously maintains a robust Faradaic interface, continuous electron transport, and long-term cyclic
durability under high strain remains a persistent challenge.
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Here, we report a nonpolarizable, intrinsically stretchable dry electrode based on a bead-on-string Ag/AgCl
heterostructure, composed of silver nanowires (AgNWs) and pre-synthesized AgCl nanoparticles (NPs)
embedded within a poly(styrene-ethylene-butylene-styrene) (SEBS) elastomer matrix, denoted as
AgNWs/AgCl/SEBS (AAS), for long-term, high-fidelity electrophysiological interfacing [Figure 1A]. This
architecture spatially decouples Faradaic ion-electron transduction domains from conductive pathways,
where discretely distributed AgCl NPs provide abundant electrochemical interfaces, while percolated AgNW
networks ensure continuous electron transport and mechanical integrity under large deformation. By tuning
the size of AgCl NPs (50-800 nm), the spatial distribution and interfacial length scale of Faradaic domains
can be precisely regulated, enabling optimized ion-electron transduction capabilities. As a result, the AAS
electrode exhibits ultralow skin-electrode impedance (49 kQ at 10 Hz), stable electrode potentials, and robust
electrical performance under large strain (up to 400%), with minimal degradation under repeated
deformation. It enables low-noise, high-fidelity signal acquisition in the physiologically relevant low-
frequency regime, maintaining stable operation over 120 days and outperforming commercial gel electrodes
under dynamic conditions. When integrated with deep-learning (DL)-assisted EOG decoding, the system
achieves 98% accuracy in hands-free interactive control. Overall, this work establishes a materials-to-systems
paradigm for wearable bioelectronics that require stable ion-electron transduction, mechanical deformability,
and long-term operational reliability.

EXPERIMENTAL

Materials

Poly(styrene-ethylene-butylene-styrene) (SEBS, G1651) was purchased from Kraton Co., Ltd. The AgNWs
dispersion in ethanol (20 mg/mL, average diameter of 70 nm, length of 20-60 pm) was obtained from
XFNANO Co., Ltd. Polyvinylpyrrolidone (PVP, Mw~55000) was purchased from Aladdin. Ag/AgCl gel
electrodes were supplied by Cons Medical Equipment Co., Ltd. NIH/3T3 mouse embryonic fibroblasts (1 x
10° cells/T25) were purchased from APExXBIO Technology LLC. All other materials, solvents, and reagents
were obtained from commercial sources and used without further purification.

Preparation of AgCl NPs

AgCl NPs were synthesized by using a modified reported method”. 425 mg of AgNO, (~50 mM) and
415 mg of PVP (~75 mM) were dissolved in 50 mL of ethylene glycol. After mixing the solution with a
magnetic stirrer for 5 min, 6 mL of HCI (~72 mM) was added. The solution was then heated to 150 °C. The
reaction was carried out at this temperature for 3-20 min. After the solution cooled to room temperature, 150
mL of deionized (DI) water was added, and the mixture was centrifuged at 7,000 rpm for 10 min. The
resulting precipitates were white powder. This rinsing process was repeated three times. The sample was
collected after vacuum freeze-drying.

Fabrication of AAS, AgNWs/SEBS, electrochemically chlorinated films

AgCl NPs with different loadings were incorporated into an ethanolic dispersion of AgNWs (45 mg-mL™"),
yielding inorganic phase dispersions with AgCl concentrations of 15, 30, and 45 mg-mL". The mixtures were
ultrasonicated until a uniform dispersion was obtained. Separately, SEBS powder was dissolved in toluene to
afford an organic-phase dispersion at a concentration of 30 mg-mL". The organic and inorganic dispersions
were then mixed at a 5:1 (organic: inorganic) volume ratio and ultrasonicated to obtain a homogeneous
precursor solution. Subsequently, 1.2 mL of the precursor solution was cast into a polytetrafluoroethylene
(PTFE) mold and covered with aluminum foil. After 24 h of solvent evaporation, a uniform, self-supporting
AAS film was obtained. AgNWSs/SEBS (AS) films were prepared following the same procedure as for AAS
films, except that no AgCl NPs were added to the AgNWs dispersion. Electrochemically chlorinated (EC)
films were obtained in a three-electrode configuration using the AS film as the working electrode, with
potentiostatic chlorination in 1 M KCl aqueous solution at 0.5 V for 4 min.
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Figure 1. Bioinspired AAS electrode design and performance. (A) Schematic illustration of the AAS electrode for multimodal epidermal
electrophysiological monitoring; (B) Bioinspired design concept of bead-on-string architecture inspired by the droplet-on-fiber of spider
silk; (C) Structural comparison between electrochemical chlorination (top: EC) and the self-assembly strategy (bottom: AAS), including
schematic illustration (left) and corresponding SEM images (right) (scale bars: 500 nm for EC and 100 nm for AAS); (D) Photographs of
the AAS electrode under 0% and 400% tensile strain (scale bar: Tcm); (E) Skin-electrode contact impedance at 10 Hz for AAS and EC
electrodes before and after 500 stretching cycles. The error bars indicate the SD obtained from repeated tests (n = 3); (F) Performance
comparison of the AAS electrode with recently reported dry electrodes; detailed references are provided in Supplementary Table 1. AAS:
AgNWs/AgCl/SEBS [AgNWs: silver nanowires, SEBS: poly(styrene-ethylene-butylene-styrene)]; EC: electrochemically chlorinated; SEM:
scanning electron microscope; SD: standard deviation; EEG: electroencephalogram; EOG: electrooculography; ECG: electrocardiography;
EMG: electromyogram; AgNWs: silver nanowires; NPs: nanoparticles; SEBS: poly(styrene-ethylene-butylene-styrene); PEG-CTH:
polyethylene glycol-tert-Butylcalix arene tetrahydrazide; PEDOT:PSS: poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonic acid); PVA:
polyvinyl alcohol; PU: polyurethane; PDMS: polydimethylsiloxane; BAP: bistable adhesive polymer; NFM: nanofibrous membrane; SESA:
supramolecular, elastic, self-healing, and adhesive; CNT: carbon-nanotube; EG: ethylene glycol.

Characterization

The morphology of all samples was examined via scanning electron microscope (SEM; G500, Carl Zeiss,
USA). The particle size distribution of AgCl NPs was measured using a laser particle size analyzer (Nano
7590, Malvern Panalytical, UK) with DI water as the solvent. X-ray photoelectron spectroscopy (XPS; AXIS
Ultra DLD, UK) was used to determine the chemical composition of all samples. The sheet resistance was
measured by using a four-probe resistance tester (ST22584, Jingge, China).

Measurement of electrical properties

A three-electrode system was employed to study the electrochemical properties of AS, EC, and AAS
electrodes using an electrochemical workstation (CHI650E, Chenhua, China). The tested sample (1 cm x
1 cm), platinum plate (1 cm x 1 cm), and Ag/AgCl electrodes were employed as working, counter, and
reference electrodes, respectively. Phosphate-buffered saline (PBS) was employed as an electrolyte. For cyclic


https://file.oaecenter.com/published/pdf/4bacda587d5b0040c098b3f58dc0b69b/1783503560/ss6097-SupplementaryMaterials.pdf

Shang et al. Soft Sci. 2026, 6, 63 Page 5 of 21

voltammetry (CV) measurements, the electrochemical window was set to -1~1 V (vs. Ag/AgCl) with a scan
rate of 50 mV-s™. Electrochemical impedance spectroscopy (EIS) were obtained with 5 mV amplitude in a
frequency range of 10°-0.1 Hz. For skin-electrode contact impedance testing, electrodes (1.5 cm x 1.5 cm)
were attached to the forearm skin, with a spacing of 5 cm between electrodes. The frequency range was
10°-0.1 Hz.

Measurement of mechanical properties

The tension limit test was performed using a universal testing machine (34TM-50, Instron, USA).
Rectangular specimens with a width of 25 mm and a gauge length of 10 mm were stretched at a crosshead
speed of 15 mm-min™. Cyclic tensile tests were carried out on a mechanical fatigue system for flexible
electronic devices (FlexTest-TM-L, Nanoupe, China), where samples with an initial gauge length of 8§ mm
were subjected to a tensile loading mode at a stretching speed of 2 mm-s™. In both types of tests, the samples
were electrically contacted using copper wires and connected to a source meter (2612A, Keithley, USA) to
continuously record variations in resistance during deformation.

Biocompatibility test

The in vitro cytotoxicity of AAS was assessed using NIH/3T3. Prior to cell seeding, AAS (1 cm x 1 cm) were
rinsed with ethanol and PBS. NIH/3T3 cells were seeded onto the films placed in culture plates and cultured
in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
and 100 U-mL" penicillin-streptomycin at 37 °C in a humidified atmosphere containing 5% CO,. For the
solvent control group, complete medium containing an equal volume of solvent was added to the cells and
incubated under identical conditions. Cell viability after 12 and 24 h of culture was evaluated by confocal
laser scanning microscopy. Commercially available NIH/3T3 mouse embryonic fibroblasts were purchased
and used. No primary cells, animal experiments, or human-derived biological samples were involved.

Electrophysiological signal recording

For noninvasive electrophysiological monitoring, the flexible electrodes were conformally attached to the
skin surface at the target recording sites and connected via lead wires to a wireless biosignal amplifier
(NeuSen W, Neuracle, China). The acquired signals were transmitted in real time to a laptop computer over
Wi-Fi for data acquisition and subsequent processing. All studies involving human participant was
conducted in accordance with the relevant guidelines and regulations. Written informed consent was
obtained from the volunteer prior to the experiment. The participant reported healthy
neurological, psychological, and dermatological status and participated in tests voluntarily. All
electrophysiological experiments involved only non-invasive skin-surface signal monitoring using
wearable electrodes and did not include invasive procedures, biological sample collection, or sensitive

personal data. Signal-to-noise ratio (SNR) was calculated by root mean square (RMS) as: SNR = zologm%_

RESULTS AND DISCUSSION

Bioinspired design concept of the AAS electrode

As illustrated in Figure 1B (top), the AAS electrode is rationally designed following a bioinspired bead-on-
string architecture, abstracted from the droplet-on-fiber water-collecting behavior of spider silk. In natural
spider silk, periodically distributed spindle-knot structures generate gradients in surface energy and Laplace
pressure, driving condensed microdroplets to migrate and localize at energetically favorable sites along the
fiber. This configuration enables discrete droplets to be organized on a continuous filament, ensuring
efficient water collection while preserving structural continuity and mechanical robustness”*”. Notably, this
architecture operates within a size-dependent stability window, where droplets remain stably pinned only
within an optimal size regime, thereby maintaining an ordered and dynamic distribution along the fiber.
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Importantly, this bioinspired strategy represents a functional translation rather than a simple morphological
analogy. The spider-silk system resolves a fundamental challenge: integrating discrete functional units along
a continuous transport pathway without disrupting transport continuity. A similar trade-off exists in
stretchable Ag/AgCl electrodes, where high-density electrochemical active sites are required for efficient ion-
electron transduction, yet continuous conductive pathways are essential for stable electrical performance.
However, random distribution or aggregation of AgCl typically interrupts electron transport and reduces
interfacial efficiency.

Guided by this principle, we construct an analogous architecture within a flexible SEBS matrix, as shown in
Figure 1B (bottom). The AgN'W network serves as a continuous electron-conduction pathway, while AgCl
NPs act as discrete Faradaic active sites. When appropriately sized and selectively anchored along the AgNW
backbone, the AgCl NPs form a bead-on-string heterostructure that establishes abundant and spatially
regulated Ag/AgCl heterointerfaces without compromising network connectivity. This architecture
simultaneously maximizes interfacial activity and preserves transport continuity, thereby enhancing ion-
electron transduction efficiency and enabling stable electrophysiological interfacing under deformation.

In addition, compared with conventional electrochemical chlorination, our strategy enables the formation of
structurally well-defined and spatially regulated Ag/AgCl heterointerfaces while preserving the integrity of
the conductive network [Figure 1C]. In electrochemical chlorination, an AS film is immersed in a KCI
electrolyte under bias, where Ag is oxidized to Ag" and reacts with Cl to form AgCl in situ. As the reaction
proceeds, AgNWs are progressively consumed while sheath AgCl domains grow continuously, yielding an
EC film. The generated insulating Ag/AgCl sheath layer disrupts the percolated network, intrinsically
inducing structural degradation: oxidative corrosion, which leads to local discontinuity and non-uniform
AgCl formation [Supplementary Figure 1]. Moreover, the kinetically governed growth results in randomly
distributed, oversized, and electrically insulating AgCl domains, which impede electron transport and
compromise mechanical integrity under deformation.

In contrast, our solvent-evaporation-driven self-assembly strategy enables the formation of uniformly
distributed AgCl NPs selectively anchored along the AgNW backbone. This bead-on-string architecture
establishes abundant and spatially regulated Ag/AgCl heterointerfaces while maintaining continuous
electron-conduction pathways, thereby enhancing interfacial electrochemical activity and ensuring structural
stability under mechanical deformation.

Such a bioinspired architecture endows the electrode with both mechanical robustness and stable interfacial
electrical performance. The AAS electrode sustains large mechanical deformation up to 400% strain [Figure
1D]. To evaluate its dynamic durability, we measured the skin-electrode contact impedance of AAS and EC
electrodes before and after 500 stretching cycles at 100% strain [Figure 1E]. The EC electrode exhibits a ~2.1-
fold increase in impedance after cyclic deformation, whereas the AAS electrode shows only a minimal ~1.2-
fold change, maintaining a stable, low interfacial impedance. When benchmarked against state-of-the-art dry
electrodes [Figure 1F and Supplementary Table 1], it exhibits both superior stretchability and stable electrical
performance, highlighting its strong potential for next-generation bioelectronic interfaces.

Structure-regulated assembly and interfacial engineering

To construct the targeted AgCl/AgNWs bead-on-string architecture, high-aspect-ratio AQNWs were
employed as the conductive scaffold, while AgCl NPs were synthesized via a hydrothermal method"”. By
controlling the reaction time, AgCl NPs with tunable sizes (average edge lengths of 50, 100, 300, and 800 nm)
were obtained [Figure 2A and Supplementary Figure 2]. Notably, both AgNWs and AgCl NPs are capped
with PVP ligands from their respective synthesis processes, imparting hydrophilic surface characteristics to
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Figure 2. Size-dependent self-assembly of the AgCl/AgNWs heterostructure. (A) SEM images of AgCI NPs with controlled average sizes
(50, 100, 300, and 800 nm). Scale bars: 200 nm; (B) HSP space showing SEBS (blue sphere), PVP-Ag (orange sphere), and co-solvents
(dots); (C) Schematic of solvent-evaporation-driven self-assembly. AgNWs and AgCl NPs are initially dispersed in ethanol/toluene with
dissolved SEBS; preferential ethanol evaporation alters the solvent solubility, driving AgCl NPs to assemble along AgNWs, followed by
SEBS solidification to solidify the heterostructure; (D) SEM images of AAS electrodes with AgCl NPs with different sizes (50-AAS, 100-
AAS, 300-AAS, and 800-AAS), showing size-dependent assembly. Scale bars: T um; (E) Sheet resistance of AAS electrodes with varying
AgCl sizes compared with the EC electrode. The error bars indicate the SD obtained from repeated tests (n = 5); (F) CV curves of AAS
electrodes and the EC electrode, highlighting Ag/AgCl interfacial electrochemical activity; (G and H) High-resolution XPS spectra of 100-
AAS, AgCI NPs, and AgNWs. AgNWs: Silver nanowires; SEM: scanning electron microscope; NPs: nanoparticles; HSP: Hansen solubility
parameter; SEBS: poly(styrene-ethylene-butylene-styrene); PVP: polyvinylpyrrolidone; AAS: AgNWs/AgCl/SEBS [AgNWs: silver
nanowires, SEBS: poly(styrene-ethylene-butylene-styrene)]; EC: electrochemically chlorinated; SD: standard deviation; CV: cyclic
voltammetry; XPS: X-ray photoelectron spectroscopy.

the nanostructures” [Supplementary Figure 3]. When incorporated into a hydrophobic SEBS elastomer
matrix, this intrinsic hydrophilicity leads to pronounced thermodynamic incompatibility, resulting in poor
dispersion and uncontrolled aggregation [Supplementary Figure 4]. To address this challenge and enable the
formation of the desired bead-on-string structure, a rationally designed solvent system was developed. This
solvent system ensures homogeneous co-dispersion of the organic and inorganic components at the initial
stage and provides a thermodynamically driven assembly pathway during solvent evaporation, thereby
guiding the selective anchoring of AgCl NPs along the AgNW backbone.
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Therefore, Hansen solubility parameters (HSP) were employed to guide solvent selection. HSP provides a
quantitative framework for evaluating intermolecular interactions and predicting miscibility among
polymers, solvents, and hybrid fillers'*"*). Within the HSP framework, the traditional Hildebrand total
solubility parameter (d,) is decomposed into three types of interaction contributions: dispersion force
parameter (4,,), dipole force parameter (J,), and hydrogen bonding force parameter (,,), which satisfy the

following'*:

62 = 6% + 6% + 6% (1

To quantify the similarity between two substances in HSP space, the Hansen distance R, is defined*:

RZ = 4(6p1 - 6p2)® + (5p1 — 6p2)® + (Om1 — Om2)* (2)

Based on this principle, HSPiP software was used to determine the solubility spheres of SEBS and PVP-
coated Ag species (denoted as PVP-Ag) [Supplementary Table 2]. The corresponding three-dimensional
HSP mapping [Figure 2B] reveals that although the solubility spheres do not fully overlap, they are in close
proximity, indicating the feasibility of identifying a solvent system that can simultaneously dissolve SEBS and
stabilize PVP-Ag dispersions.

Among various candidates, a binary solvent system of toluene and ethanol was selected for its
complementary solvating capabilities and distinct vapor pressures. Toluene effectively dissolves SEBS via
nonpolar interactions, whereas ethanol stabilizes PVP-Ag through polar interactions and hydrogen bonding.
Notably, the compositional line between toluene and ethanol passes through the overlapping region of the
two solubility spheres at an ethanol/toluene volume ratio of approximately 1:5 [Supplementary Table 3],
enabling homogeneous co-dispersion of organic and inorganic components.

During solvent evaporation, the dynamic change in solvent composition provides a thermodynamic driving
force for the selective assembly of AgCl NPs along the AgNW backbone. This mechanism is further
supported by experimental observations, in which uniform precursor solutions are obtained only at the
optimized solvent ratio, whereas deviations lead to either poor polymer dissolution or NP aggregation
[Supplementary Figures 5 and 6].

The AAS electrode was fabricated by casting a homogeneous precursor solution into a PTFE mold, followed
by solvent-evaporation-induced self-assembly [Figure 2C]. During evaporation, the preferential removal of
ethanol continuously shifts the solvent composition toward a toluene-rich regime in HSP space,
progressively reducing the compatibility with PVP-Ag species. This evolving solvent environment
destabilizes the dispersed NPs and nanowires, driving their assembly to minimize interfacial free energy.
Consequently, AgCl NPs preferentially aggregate and anchor along the AgN'W backbone, forming a bead-
on-string architecture. Meanwhile, the increasing concentration of SEBS during solvent evaporation
promotes polymer chain entanglement and phase consolidation, which immobilizes the assembled
nanostructures. After complete removal of the solvent, a uniform, self-supporting AAS electrode is obtained.
The resulting bead-on-string structure extends throughout the film, forming a three-dimensional percolated
network with abundant Ag/AgCl heterointerfaces [Supplementary Figure 7].

The assembly of AgCl NPs within the composite is governed by a size-dependent balance between
thermodynamic stability and geometric compatibility with the AgNW (with an average diameter of 70 nm)
network [Figure 2D]. Accordingly, the samples are denoted as 50-AAS, 100-AAS, 300-AAS, and 800-AAS
based on the average edge length of AgCl NPs. Experimentally, distinct assembly behaviors are observed. In
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100-AAS and 300-AAS, AgCl NPs preferentially localize near AgNWs, with 100-nm-diameter particles
exhibiting the most ordered alignment along the nanowire network, forming a characteristic beads-on-string
structure. In contrast, 50-AAS shows severe NP aggregation, while 800-AAS is dominated by isolated
particles dispersed in the polymer matrix with minimal association to AgNWs.

This size-dependent morphology can be qualitatively interpreted from a thermodynamic perspective. The
dispersion stability is governed by the free energy of mixing (AG,, )"

AGpix = AHyix — TAS pix 3)

Where AG, ., AH

mix> mix>

When AG,,,, < 0, the system tends to remain in a uniformly dispersed state. For nanophases (AgNWs and

and AS, . denote the mixing values of Gibbs free energy, the enthalpy, and the entropy.

AgCl NPs) and polymer (SEBS), the contribution of AS, is limited because their characteristic dimensions
are much larger than those of solvent molecules*”). As a result, the stability of the system is governed
primarily by the enthalpic term. According to Flory-Huggins theory'**, the enthalpy of mixing can be
expressed as:

AHpix = x$102kT [vo 4)

Where y is the interaction parameter, ¢, and ¢, are the volume fractions of the two components, k is the
Boltzmann constant, and v, is the molecular volume of the solvent. For NPs, it has been suggested that
surface energy is more appropriate for predicting their dispersibility rather than cohesive energy!*°.
Gardebjer™™ proposed the following expression:

2VO

Xs = rk_T(éT,Nano - 6T,Sol)2 (5)

Where r is the particle radius, 6 and ¢, , are the Hildebrand solubility parameters of the NP and the

T,Nano

solvent. This equation indicates that, under the same change in solvent parameters, smaller dispersed NPs
exhibit a larger y, and consequently a higher AH, .

Based on these considerations, the observed assembly morphology is consistent with a size-dependent self-
organization model. Small AgCl NPs (~50 nm) exhibit high interfacial energy, leading to thermodynamic
instability and pronounced homo-aggregation. In contrast, excessively large particles (~800 nm) show
reduced instability but are geometrically incompatible with the ~70 nm-diameter AgNWs, hindering
effective anchoring and resulting in isolated dispersion within the matrix. At intermediate sizes
(100-300 nm), the interfacial energy is sufficiently moderated to suppress self-aggregation, while maintaining
strong affinity to the AgNW network, enabling ordered bead-on-string assembly. Notably, AgCl NPs with a
size of ~100 nm achieve the optimal balance, exhibiting the most uniform distribution and effective
interfacial integration. Therefore, an intermediate particle size represents an optimal regime in which the
thermodynamic driving force and geometric matching are balanced, enabling the formation of a well-defined
AgCl-AgNW heterointerface. This structure establishes continuous electron transport through AgNWs and
efficient ion-electron transduction at Ag/AgCl interfaces, forming integrated mixed-conduction pathways
throughout the flexible matrix [Supplementary Figure 8].

To correlate structural features with electrical performance, the effects of AgCl NP incorporation on the
conductive percolation network and interfacial charge-transfer behavior were evaluated using four-point
probe measurements and CV. The results show that incorporating AgCl NPs, regardless of size, preserves the
AgNW percolation network [Figure 2E]. The sheet resistances of 50-AAS, 100-AAS, 300-AAS, and 800-AAS
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are 0.87, 0.49, 0.55, and 0.71 Q-sq’', respectively, remaining comparable to that of the pristine AS film
(0.39 Q-sq"), indicating minimal disruption to electron transport pathways. In contrast, the EC electrode
exhibits a markedly boosted sheet resistance up to 28 times (10.9 Q-sq"). This conductivity degradation is
attributed to the formation of discontinuous, brittle AgCl domains during electrochemical chlorination,
which disrupt inter-nanowire electrical junctions and impede charge transport.

Incorporation of AgCl NPs enhances the interfacial reactivity of the composite films while preserving high
electronic conductivity [Figure 2F]. Among all samples, the 100-AAS electrode exhibits the largest CV area
and the highest peak current density, indicating enhanced interfacial charge-transfer efficiency"**. The 50-
AAS and 300-AAS electrodes show slightly reduced current responses but retain broad redox features,
suggesting effective ion-electron coupling across the Ag/AgCl heterointerfaces. The proposed interaction
mechanism between AgCl NPs and AgNWs is illustrated in Supplementary Figure 9, where discrete AgCl
domains anchored on the AgNW scaffold form distributed Ag/AgCl interfaces capable of reversible
reactions, thereby enabling efficient ion-electron transduction. In contrast, the 800-AAS electrode displays a
markedly lower current density, even below that of the EC electrode, reflecting a reduced density of effective
Ag/AgCljunctions due to geometric mismatch between oversized AgCl NPs and the AgNW framework.
This trend is consistent with skin-electrode impedance measurements [Supplementary Figure 10].
Collectively, these results identify ~100 nm AgCl NPs as optimal for constructing efficient Ag/AgCl
heterointerfaces.

The formation of Ag/AgCl heterojunctions was confirmed by XPS analysis of 100-AAS. As shown in Figure
2G, the Ag 3d spectra display two characteristic doublets corresponding to metallic (367.71 and 373.70 eV)
and Ag’ species derived from AgCl (367.02 and 373.02 V)" Compared with the reference spectra of pure
components (AgNWs and AgCl NPs), the Ag’ peaks shift positively (+0.11 eV), while the Ag® peaks shift
negatively (-0.21 eV), indicating interfacial charge redistribution with electron transfer toward AgCl.
Consistently, the Cl 2p spectra exhibit a negative shift relative to pristine AgCl [Figure 2H], further
evidencing electronic coupling at Ag/AgCl interfaces. Such interfacial charge coupling facilitates electron
transfer across the heterojunction and accelerates ion-exchange kinetics, thereby enabling efficient and
reversible redox processes during operation.

Interfacial electrical properties and stability

Efficient physiological signal acquisition requires not only high conductivity but also optimized interfacial
properties at the electrode-electrolyte-skin interface, where ionic currents must be effectively transduced into
electronic signals'**?. This process is governed by interfacial parameters such as charge transfer resistance,
capacitive coupling, and electrode polarization, which collectively determine impedance, signal fidelity, and
stability within the physiological frequency range (typically 0.1-1,000 Hz).

Owing to the self-assembled and highly coupled AgNWs/AgCl heterointerfaces, the AAS electrode exhibits
significantly enhanced interfacial contact properties compared with the AS electrode. To elucidate the role of
AgCl content, electrochemical impedance spectroscopy (EIS) was conducted in PBS to simulate physiological
conditions. The interface was modeled using an equivalent circuit comprising solution resistance (R)),
double-layer capacitance (C,), and charge transfer resistance (R_) [Figure 3A]. As shown in the Nyquist plots
[Figure 3B], increasing AgCl content leads to a continuous decrease in the diameter of the high-frequency
semicircle, indicating a progressive reduction in R . This result demonstrates that incorporating AgCl
facilitates interfacial charge transfer and accelerates ion—electron transduction. Notably, as the AgCl loading
increases from 25 wt% to 50 wt%, the decrease in R, gradually approaches saturation, suggesting a limited

benefit beyond an optimal loading level.


https://file.oaecenter.com/published/pdf/4bacda587d5b0040c098b3f58dc0b69b/1783503560/ss6097-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/4bacda587d5b0040c098b3f58dc0b69b/1783503560/ss6097-SupplementaryMaterials.pdf

Shang et al. Soft Sci. 2026, 6, 63 Page 11 of 21

10 _ 80
R, R, W, “owt% p—rs
We—— gl = 25wt% - oswt%
N %60\ 40 wt%
CPE(C,) S 6 50 wt% - S o
2 =R+ Wy b @ 40
D=t S GataRo® N 4 2 \
i i . < / \
R,: Solution resistance ol - o 20 : | \
R,: Charge transfer resistance 2 oy . ~\
C,: Double-layer capacitance 0 ﬂ SN

0°10"102 10% 10410°

=0

0 .
W,: Warburg impedance 0 2 4 6 8 10 10°10'102 10% 10*10°

F Z'(Q) G Frequency (Hz) H Frequency (Hz)
1500, 80
‘ —_
<EC 100 - 260
; =1000} G - g
%/Skln glo00 ce el - €
WE: Working electrode £ | :ig m,;: S\ @
RE: Reference electrode © 900} 50 wi% .45.0,..1.0.0 150 & 20

/ CE: Counter electrode X
7 A

—EC

p i
7 ., 0
0 500 1000 1500 10°10'102 10° 10*10° 10°10'102 10° 10 10°
Z' (kQ) Frequency (Hz) Frequency (Hz)
I 300 J 60 K 60 L60
AAS —0h—3h AS —O0h 3h - AS
A\ s 8h——13h N —8h —13h| S |<=AAS
200t Eaq0 ——72h E 40 & E40
5 T = k<] ] T PN
& 100t S 220 g L2
N o o o
0 0 0 0
AS 25 40 50 0 100 200 300 400 0 100 200 300 400 0 20 40 60
AgCl content (wt%) Time (s) Time (s) Time (h)

Figure 3. Interfacial electrical properties and stability of the AAS electrode. (A) Schematic illustration of the three-electrode configuration
and corresponding equivalent circuit model; (B) Nyquist plots of AS and AAS electrodes with varying AgCl content; Bode plots showing
(C) Phase angle and (D) Impedance magnitude as a function of frequency; (E) Schematic illustration of the skin-electrode impedance
measurement configuration and the corresponding equivalent circuit model; (F-H) Skin—electrode impedance characteristics: (F) Nyquist
plot, and (G and H) Bode plots of phase angle and impedance magnitude; (1) Extracted R, values obtained from equivalent circuit fitting; (J
and K) Open-circuit potential stability of (J) AAS and (K) AS electrodes; (L) Long-term potential drift comparison between AS and AAS
electrodes. AAS: AgNWs/AgCl/SEBS [AgNWs: silver nanowires, SEBS: poly(styrene-ethylene-butylene-styrene)]; AS: AgNWs/SEBS;
CPE: constant phase element; EC: electrochemically chlorinated.

Bode plots provide further insight into the frequency-dependent interfacial impedance [Figure 3C and D].
With increasing AgCl content, the phase angle across 0.1-1,000 Hz progressively shifts toward 0°, while the
impedance magnitude (|]Z|) decreases significantly. A phase angle approaching 0° indicates a transition
toward resistive-dominated behavior, suggesting effective suppression of capacitive and polarization effects
at the electrode-electrolyte interface!™. This feature is critical for bioelectrical signal acquisition, as a more
resistive interface minimizes direct current (DC) offsets and baseline drift"’), thereby improving signal
fidelity and reproducibility, particularly for low-frequency recordings. Meanwhile, the reduction in |Z|
further confirms a decrease in interfacial resistance, enabling more efficient ion-electron transduction across
the interface.

Compared with liquid electrolyte systems, the skin-electrode interface is inherently more complex due to
limited and non-uniform electrolyte availability, the high resistance of the stratum corneum, and variable
contact conditions"”"”.. To evaluate performance under realistic dry-contact conditions, EIS was conducted
using AS, AAS, and EC electrodes on the forearm [Figure 3E]. As shown in the Nyquist plots [Figure 3F], the
pristine AS electrode exhibits the highest R , indicating inefficient ion exchange and weak electronic

coupling at the interface. In contrast, the incorporation of AgCl NPs markedly reduces R ,, demonstrating

ct?
that the Ag/AgCl heterointerface effectively facilitates ion-electron transduction under skin-contact
conditions. Notably, the AAS electrode exhibits impedance characteristics superior to commercial gel

electrodes and the EC electrode.
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The relatively high impedance of the EC electrode is attributed to the non-uniform distribution of AgCl
formed during electrochemical chlorination, which hinders charge transfer. In contrast, the self-assembled
Ag/AgCl heterointerfaces in AAS provide uniform and stable ion-electron coupling while maintaining
conformal and compliant contact with the skin, thereby suppressing interfacial polarization. With increasing
AgCl content (25-40 wt%), the phase angle shifts toward 0° and the impedance magnitude decreases [Figure
3G and HJ, indicating a more resistive interfacial response and more efficient charge transfer. However,
further increasing the AgCl content to 50 wt% results in a slight increase in R [Figure 31 and Supplementary
Table 4], suggesting that excessive AgCl begins to disrupt the percolated AgNW network.

In addition to low impedance, the AAS electrode exhibits excellent potential stability. As shown in Figure 3],
its open-circuit potential remains nearly constant after three days of immersion in PBS, rapidly reaching
equilibrium with minimal fluctuation. In contrast, the AS electrode exhibits pronounced potential drift,
particularly during the first 100 s, indicating sluggish ion exchange and an unstable interfacial equilibrium
[Figure 3K]. Over an extended operation, the AS electrode further exhibits significant potential fluctuations
after 13 h, whereas the AAS electrode maintains a highly stable and reproducible potential [Figure 3L]. These
results demonstrate that the incorporation of AgCl establishes a reversible Ag/AgCl redox couple, which
stabilizes the interfacial potential by suppressing polarization, thereby reducing drift and improving the
reliability of the electrode in practical applications.

Electromechanical stability under strain

An ideal epidermal electrode must retain its electrical performance under mechanical deformation to ensure
reliable physiological signal acquisition during body motion. Benefiting from its self-assembled architecture,
the AAS electrode exhibits superior mechanical robustness compared with the EC electrode [Figure 4A]. In
AAS, AgCl exists as discrete NPs anchored along the AgN'W network, allowing interfacial freedom that
enables local sliding and relative displacement under strain. This mechanism effectively dissipates stress and
preserves network integrity. In contrast, the EC electrode contains rigidly formed AgClI clusters at nanowire
junctions, which hinder stress relaxation and induce localized stress concentrations, leading to network
fracture under deformation.

Post-deformation SEM images further support this mechanism [Figure 4B]. The 25 wt% AAS film retains an
intact, well-defined AgNW network after stretching, with AgCl NPs uniformly distributed along the
nanowire surface. In contrast, the EC film exhibits severe network fracture and residual AgCl clusters,
indicating substantial structural degradation. Similarly, oversized AgCl NPs exhibit behavior analogous to
that of clustered AgCl in EC electrodes, leading to network failure upon stretching [Supplementary Figure
11].

We further examined the AAS electrode with 25 wt% AgCl under tensile deformation [Figure 4C]. SEM
observations reveal that upon stretching, the AgNW network deforms, while AgCl NPs anchored to the
nanowires undergo relative sliding, thereby dissipating local stress. This behavior is analogous to the bead-
on-string configuration in spider silk, which mitigates mechanical damage and preserves network integrity.
At the macroscopic level, the film maintains structural integrity up to 400% strain [Figure 4D]. These results
indicate that discretely distributed AgCl NPs not only provide interfacial functionality but also enhance
mechanical resilience by enabling interfacial sliding under deformation.

Although increasing AgCl content improves interfacial charge transfer and reduces impedance, excessive
loading compromises mechanical integrity. To elucidate this trade-off, the mechanical properties of AAS
with varying AgCl contents were systematically investigated [Figure 4E]. The pristine AS film exhibits an
elongation at break of ~600%. Upon incorporation of AgCl NPs, the Young’s modulus increases due to the
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Figure 4. Mechanical and electromechanical performance of the AAS electrode. (A) Schematic illustration of the deformation mechanisms
of AAS and EC electrodes under stretching bias; (B) SEM images of the 25 wt% AAS electrode and the EC electrode after stretching. Scale
bars: 1 um; (C) SEM images of the AAS electrode network without strain and under applied strain. Scale bars: 2 um; (D) Photographs of
the electrode under different tensile strains. Scale bars: 1cm; (E) Stress-strain curves of the AS, AAS electrodes with different filler
contents and the EC electrode; (F) Relative resistance change (AR/Ro) as a function of strain for the different electrodes; (G) Photographs
of the experimental setup for cyclic stretching tests of the AAS electrode at 100% strain. During testing, the electrode was connected to
an external source meter via copper wires to record resistance in real time. Scale bars: 1cm; (H) AR/Ro of AAS electrode during cyclic
stretching at 100% strain. The inset shows a magnified view highlighting the periodic changes in resistance of the AAS electrode during
cyclic stretching; (1) Impedance spectra of 25 wt% AAS electrode and EC electrode before and after cyclic stretching. AAS:
AgNWs/AgCl/SEBS [AgNWs: silver nanowires, SEBS: poly(styrene-ethylene-butylene-styrene)]; EC: electrochemically chlorinated; SEM:
scanning electron microscope; AS: AgNWs/SEBS.

rigid filler effect, while extensibility decreases. At 25 wt% loading, the film retains a high elongation at break
of ~400%. However, further increasing the AgCl content leads to a sharp increase in stiffness and a dramatic
loss of stretchability, with elongation reduced to ~40% at 50 wt%. This behavior is attributed to the
disruption of polymer chain entanglement and reduced stress dissipation at high filler concentrations.

Notably, the EC electrode shows a modulus comparable to that of AS but significantly reduced stretchability
(~300%), due to irregular AgCl formation that induces stress concentrations under deformation. Strain-
dependent resistance measurements further support this trend [Figure 4F]. The 25 wt% AAS electrode
maintains stable resistance up to ~370% strain, outperforming the EC electrode (~260%). In contrast, higher
AgCl loadings (40-50 wt%) result in fragile conductive networks, leading to a rapid increase in resistance and
premature failure beyond ~100% strain. Together with interfacial impedance results, these findings identify
25 wt% AgCl as the optimal composition, achieving a balanced combination of electrical conductivity,
interfacial performance, and mechanical compliance.
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To evaluate reliability under repetitive deformation, cyclic stretching-relaxation tests were performed at
100% strain for 500 cycles [Figure 4G]. The AAS electrode exhibits excellent fatigue resistance and electrical
stability [Figure 4H]. During the initial 1,000 s, the resistance nearly fully recovers after each cycle. With
continued cycling, only a slight increase is observed, with the resistance ratio (AR/R,) reaching ~1.1 after
4,000 s (500 cycles), indicating a highly resilient conductive network. In contrast, the EC electrode shows
pronounced resistance fluctuations during deformation, with AR/R, increasing to ~5.7 after 500 cycles
[Supplementary Figure 12]. Moreover, AAS electrodes lacking a uniform bioinspired structure display
unstable electrical responses under cyclic strain [Supplementary Figure 13], highlighting the importance of
the bead-on-string architecture. Under deformation levels more representative of daily skin motion, the AAS
electrode also maintained stable electrical performance during repeated stretching cycles [Supplementary
Figure 14].

Notably, the Ag/AgCl heterointerfaces in AAS remain functionally active after repeated deformation, as
evidenced by only a slight increase in skin-electrode impedance over the 0.1-100 Hz range [Figure 4I]. This
result confirms stable ion-electron transduction under dynamic mechanical conditions. Collectively, these
results demonstrate that the bioinspired AAS architecture enables robust electromechanical stability by
simultaneously preserving the integrity of the conductive network and interfacial functionality under cyclic
deformation.

High-fidelity multimodal electrophysiological signal acquisition

To demonstrate its capability for electrophysiological signal acquisition, the AAS electrode was used to
record representative signals, including ECG, electromyogram (EMG), electroencephalogram (EEG) and
EOG. The low and stable skin-electrode impedance [Supplementary Figure 15], together with favorable
biocompatibility [Supplementary Figure 16], enables reliable long-term, conformal signal acquisition. All
measurements were performed using a wireless signal amplifier for real-time data acquisition and
transmission.

The electrode configuration for ECG acquisition is shown in Supplementary Figure 17. Clinically, ECG
analysis primarily relies on the identification of characteristic P, Q, R, S, and T waves complexes to evaluate
cardiac electrical activity and rhythm"*. Therefore, maintaining clear waveform morphology together with
low baseline noise and minimal drift is critical for reliable physiological interpretation. The ECG
performance was first evaluated under both static and dynamic conditions, as shown in Figure 5A. During
motion, relative displacement at the skin-electrode interface induces impedance fluctuations, leading to
motion artifacts and waveform distortion. Under these conditions, the AS electrode exhibits severe signal
degradation, with indistinguishable ECG features, consistent with its high interfacial impedance and lack of a
stable Faradaic interface. The commercial gel electrode also shows noticeable noise during movement. In
contrast, the AAS electrode preserves clear, well-resolved P, Q, R, S, and T waveforms, reflecting stable, high-
fidelity cardiac signal acquisition even during locomotion. Meanwhile, from a quantitative perspective, the
AAS electrode was also able to maintain an excellent SNR during walking [Supplementary Figure 18]. This
performance arises from the synergistic coupling of the conformal AgNW network with an anchored
Ag/AgCl interface, enabling efficient ion-electron transduction and suppressing interfacial polarization
fluctuations. Upon returning to a stationary state, the AAS electrode delivers well-defined ECG signals,
whereas the AS and gel electrodes exhibit more pronounced baseline noise. Under static conditions, the
signal quality of the AAS electrode is comparable to that of the commercial electrode [Figure 5B].

The long-term signal stability of the electrodes was further evaluated. After 48 h, the commercial gel
electrode exhibited an obvious degradation in ECG quality [Supplementary Figure 19], characterized by an
unstable baseline and a marked decrease in SNR from 23.9 to 15.4 dB [Figure 5C], primarily due to gel
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Figure 5. Electrophysiological signal acquisition using the AAS electrode. (A) ECG signals recorded using the AS, AAS, and commercial
Ag/AgCl gel electrodes under walking and relaxed conditions; (B) Enlarged ECG waveforms recorded in the relaxed state by different
electrodes. Characteristic P, Q, R, S, and T waves are clearly identified from both the AAS electrode and the gel electrode; (C) SNR of ECG
signals recorded by the AS, AAS, and gel electrodes at O and 48 h. The error bars indicate the SD obtained from repeated tests (n = 5); (D)
Long-term storage stability of the AAS electrode was evaluated by ECG recording after storage in air for 1, 30, 60, 90, and 120 days. Insets
show enlarged ECG waveforms with well-preserved signal features; (E) EMG signals recorded and (F) SNR values. The error bars indicate
the SD obtained from repeated tests (n = 5); (G) EOG signals recorded while looking to the right and (H) SNR values. The error bars
indicate the SD obtained from repeated tests (n = 5); (1) The AAS electrode was placed on the forehead to record EEG signals from the
prefrontal cortex; (J) EEG signals and (K) corresponding spectrograms recorded using the AAS electrode from a subject with eyes closed
(0-6 s) and eyes open with concentration (6-12 s) while awake. AAS: AgNWs/AgCl/SEBS [AgNWs: silver nanowires, SEBS: poly(styrene-
ethylene-butylene-styrene)]; ECG: electrocardiography; AS: AgNWs/SEBS; SNR: signal-to-noise ratio; SD: standard deviation; EMG:
electromyogram; EOG: electrooculography; EEG: electroencephalogram.

dehydration and the associated deterioration of interfacial ion transport. In contrast, the AAS electrode
retained high-quality ECG acquisition after 48 h, with only a negligible change in SNR (23.3 dB). To further
assess storage durability, the AAS electrode was tested after prolonged storage in air. As shown in Figure 5D,
even after 1, 30, 60, 90, and 120 days, the electrode consistently captured stable ECG signals with well-
preserved waveform features. This stability is consistent with the low, stable skin-electrode impedance
observed after long-term storage [Supplementary Figure 20], indicating that the AgNW/AgCl
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heterostructure remains both electrochemically active and mechanically robust. This further suggests that the
AAS electrode can serve as a reusable non-polarizable epidermal electrode without significant performance
degradation after repeated use and long-term storage. Overall, these results demonstrate the excellent
operational stability and storage durability of the AAS electrode, highlighting its suitability for both
immediate use and long-term electrophysiological signal acquisition.

The AAS electrode also demonstrates excellent performance in EMG recording. For forearm EMG
measurements, electrodes were attached to the target muscle while the subject performed controlled muscle
activation [Supplementary Figure 21]. As shown in Figure 5E, the AAS electrode produces EMG signals with
higher amplitude and a more stable baseline than both the AS and commercial gel electrodes. Quantitative
analysis further reveals that the AAS electrode achieves the highest SNR of 19.3 dB [Figure 5F],
outperforming AS (15.8 dB) and the gel electrode (17.0 dB).

EOG signals originate from the intrinsic dipole of the eyeball, where the cornea is relatively positive, and the
retina is relatively negative, forming a stable potential difference”® [Supplementary Figure 22]. Eye
movement alters the dipole orientation, generating potential variations around the orbital region. For EOG
acquisition, electrodes were placed at the inner and outer canthi, and the subject was instructed to perform
lateral gaze. As a low-frequency (quasi-DC) signal, EOG requires stable, non-polarizable interfaces. The
polarizable AS electrode exhibits significant baseline drift, obscuring DC components and capturing only
transient peaks [Figure 5G]. In contrast, both the AAS and gel electrodes successfully record step-like eye
movement signals, with the AAS electrode delivering a higher average amplitude (~470 pV) and an SNR of
16.5 dB [Figure sH].

EEG monitoring is a noninvasive technique for recording brain activity, arising from the synchronized
electrical activity of neuronal populations that generate weak potential fluctuations on the scalp surface*>”.
Among characteristic EEG rhythms, the o band (8-13 Hz) is prominent during relaxed states with closed
eyes, whereas the g band (14-30 Hz) is associated with alertness and cognitive engagement”***!. These
features can be effectively captured from the frontal scalp [Figure 5I].

Regarding EEG acquisition, the AAS electrode was placed on the forehead, with reference and ground
electrodes positioned on the earlobe [Supplementary Figure 23]. Representative EEG signals were
successfully recorded under both eyes-closed and eyes-open conditions [Figure 5]]. To elucidate the spectral
characteristics, time-frequency analysis was performed to obtain the power spectral density distribution
[Figure 5K]. During the eyes-closed state, the a band (8-13 Hz) exhibited consistently elevated power,
whereas upon eye opening, increased activity emerged in the p band (14-30 Hz). Fast Fourier transform
(FFT) analysis further revealed a distinct spectral peak within the o band under eyes-closed conditions
[Supplementary Figure 24]. These results demonstrate that the AAS electrode can reliably resolve EEG
frequency features associated with different cognitive states, highlighting its potential for electrophysiological
signal acquisition in brain activity studies and brain-computer interface applications.

Deep learning-enabled human-machine interaction

Building on its high-fidelity and stable EOG signal acquisition, the AAS electrode enables robust, hands-free,
and wearable human-machine interaction [Figure 6A]. EOG signals corresponding to upward, leftward,
downward, and rightward gaze were recorded and defined as four control commands. The raw signals were
preprocessed via filtering, denoising, and segmentation to suppress noise and environmental interference.
The processed data were then fed into a DL model based on a hybrid convolutional neural network-
bidirectional long short-term memory (CNN-BiLSTM) architecture for the automatic classification of eye-
movement directions. The recognized outputs were mapped to directional commands (up, left, down, right)
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Figure 6. EOG-based human-machine interaction. (A) Schematic illustration of EOG acquisition, signal preprocessing, and deep learning-
based command prediction for real-time Pac-Man control; (B-E) Processed EOG signals corresponding to four directional commands (up,
left, down, and right); (F) CNN-BiLSTM architecture with an attention mechanism for feature extraction and classification; (G) t-SNE
visualization of signal features before and after deep learning-based feature extraction; (H) Normalized confusion matrix for four-class
eye-movement recognition; (I) Demonstration of real-time control of a Pac-Man game using EOG signals. EOG: Electrooculography; CNN-
BiLSTM: convolutional neural network-bidirectional long short-term memory; t-SNE: t-distributed stochastic neighbor embedding; ACC:
accuracy.

to control a Pac-Man game, establishing an EOG-based human-machine interaction system.

Figure 6B-E present representative EOG signals corresponding to the four directional commands. A CNN-
BiLSTM architecture with an attention mechanism was employed for feature extraction and classification
[Figure 6F]. The CNN module captures local temporal features, while the BILSTM learns bidirectional
temporal dependencies. The attention mechanism further enhances sensitivity to informative signal
segments, improving classification performance.

To evaluate feature separability, t-distributed stochastic neighbor embedding (t-SNE) was performed on the
features before and after model training [Figure 6G]. In the raw-input state, the signals exhibit partial overlap
among classes, indicating limited separability. After feature extraction by the CNN-BiLSTM model, the data
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form well-separated clusters, demonstrating that the model effectively learns discriminative representations
for different eye-movement directions. The normalized confusion matrix [Figure 6H] demonstrates high
classification accuracy, reaching 98%, with minimal interclass confusion. As a result, the subject can reliably
control the Pac-Man character in real time through directional eye movements [Figure 6I]. It should be
noted that the current model was trained and evaluated on data from a single subject; therefore, the reported
accuracy reflects a personalized eye-movement recognition result. This capability highlights the potential of
the AAS electrode for intuitive and hands-free human-machine interaction. Such systems may enable
applications in assistive communication, wearable electronics, and immersive virtual interfaces.

CONCLUSION

In summary, we have developed a bioinspired, intrinsically stretchable AAS dry electrode featuring a unique
bead-on-string architecture. This design elaborately integrates discrete AgCl/AgNWs Faradaic
heterointerfaces into a continuous, deformable conductive network. By effectively resolving the trade-off
between electrical transduction and mechanical compliance, the electrode achieves an ultralow skin-
electrode impedance (49 kQ at 10 Hz) alongside exceptional electromechanical stability. Remarkably, it can
withstand severe mechanical strain of up to 400%, showing only a 1.1-fold increase in resistance after
repeated stretching cycles. Consequently, the AAS electrode ensures the high-fidelity acquisition of
multimodal electrophysiological signals (ECG, EMG, EOG, and EEG) with robust immunity to motion
artifacts. It demonstrates minimal signal degradation during 48 h of continuous operation and maintains
outstanding long-term reliability over 120 days. Furthermore, by coupling this hardware with deep learning
algorithms, we realized a highly accurate (98%), hands-free human-machine interface based on EOG signal
recognition. Ultimately, this materials-to-systems engineering approach establishes a versatile and robust
platform for next-generation wearable bioelectronics and intelligent interactive technologies. Further
optimization of breathable electrode architectures and patterned interfacial designs is underway to advance
the practical applicability of wearable bioelectronic systems.
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