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Accurate and Reliable Detection of Dynamic
Electrophysiological Signals via In Situ Formation of
Epidermal Electrodes

Chubin He, Jing Zhang, Haifei Wang, Di Wu, Haoyu Zheng, Zhenan Guo, Juan Xie,
Wanhong Zhu, Moyi Xie, Jun Zhong, Yongfeng Liu, Zihao Li, Guanhua Lin,*
and Zhengchun Peng*

Accurate and reliable monitoring of dynamic electrophysiological signals is
essential for advancing human health. However, gaps and relative
movements between the detection electrodes and human skin can severely
interfere the accuracy and stability of acquired bioelectrical signals. Here, an
approach to rapidly form a stable bioelectronic interface through an in situ
self-catalytic reaction at the interface between an organogel electrode and the
epidermal tissue of skin, referred to as the epidermisgel interlocking electrode
(EGIE), is proposed. Significantly, the electrode with an interlocking structure
exhibits superior interfacial adhesion, excellent epidermal conformability,
outstanding mechanical stability, stable electrochemical performance, and
good biocompatibility. Accurate and reliable detection of electrocardiogram
(ECG) signals during walking, squatting, jogging, and post-sweating, as well
as electromyogram (EMG) signals during leg stretching exercises and running
activities, is achieved with a signal-to-noise ratio of 21.83 ± 0.12 dB. An
EGIE-enabled ECG wear is further developed for multi-parameter
physiological monitoring during dynamic human activities, which
demonstrates the promising application of the proposed method.

1. Introduction

With the development of wearable healthmonitoring devices and
smart medical technologies for human health, the demand for
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real-time, long-term dynamic monitoring
of bioelectrical signals is surging.[1] No-
tably, the reliability, stability, comfort, and
personalization of these devices are also
critical for monitoring bioelectrical signals
from people, due to interferences from
body movements, sweat, and other phys-
iological factors.[2] Therefore, developing
highly compatible, effective, and comfort-
able wearable health monitoring devices
for gaining reliable bioelectronic signals is
necessary, and becomes one of the most
daunting challenges in modern science and
technology.[3] In order to establish bioelec-
tronic communication between human tis-
sues and external electronic devices, bio-
compatible electrodes have been the most
commonly used terminals.[3a] During us-
age of these electrodes, two interfaces play
a key role, one is the biological inter-
face between tissues and electrodes, which
is used to transmit the potential differ-
ence signal generated by tissue stimulation.

The other is the physical connection interface between the elec-
trode and the external device, which is used to record the char-
acteristic signals from the physiological activities. To build an
excellent bioelectronic interface, the electrode material needs
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to meet the requirements of fine conductivity, low interface
impedance, and high tissue adhesion[4] and has excellent epi-
dermal conformability, mechanical stability, and biocompatibility
with tissue.[5]

In recent years, significant achievements have been made in
overcoming the limitations of traditional electrodes for physio-
logical signal detection through material design and structural
optimization.[6] For the material optimization, advanced materi-
als such as metal nanomaterials,[7] conductive polymers,[8] and
their composites[9] have demonstrated exceptional conductiv-
ity and tunable doping properties, making them ideal for flexi-
ble epidermal biosensors. These materials enable high-precision
electrophysiologicalmonitoring.[10] For instance, Hyeokjun Yoon
et al. developed a controllable patterning technique for metal
nanowires (e.g., Ag, Ag@Au core-shell, and Ag@(Au-Pt) on
electrospun nanofiber membranes, creating stretchable, breath-
able, and highly conductive epidermal devices for epicardial sig-
nal recording, biosensing, and customized electromyography.[11]

However, such electrodes remain vulnerable to sweat-induced
contact impedance changes, which degrade signal quality.[12] For
the electrode structure design, efforts to enhance electrode de-
sign have focused on engineered architectures[13] and micronee-
dle arrays,[14] which show significant advantages in real-time
monitoring and long-term wearing scenarios.[15] For example,
Jeong et al. reported a stretchable microneedle adhesive patch
with superior skin permeability and electromechanical stabil-
ity for reliable electrophysiological (EP) signal acquisition across
diverse skin conditions.[16] It should be noted that this mini-
mally invasive electrode needs to penetrate the surface of the
skin, which may cause discomfort or infection risks.[14a,17] De-
spitemany advantages,microneedle-based systems still face chal-
lenges, including complex fabrication, potential skin irritation,
and infection risks, which compromise user comfort. In addition,
most of the current electrode materials only achieve stable and
reliable monitoring signals under static condition by improving
flexibility, skin conformability, conductivity, and self-adhesion,
due to the reduction of interface impedance andminimization of
environmental noise and motion artifacts.[18] However, for real-
time monitoring of electrophysiological signals during complex
dynamic movements, there is still an enormous challenge to set
up the tissue-electrode-device connection loop through material
design and preparation technology for building an excellent bio-
electronic interface to acquire stable, high-quality electrophysio-
logical (EP) signals. This challenge is particularly acute in wear-
able health devices, where reliable dynamic signal monitoring is
both technologically demanding and clinically essential for ad-
vancing personalized healthcare.
Herein, we present a novel approach to in situ form a stable

bioelectronic interface between a conductive gel electrode and
human tissue, referred to as the epidermis-gel interlocking elec-
trode (EGIE) (Figure 1a), which is rapidly formed by a gel pre-
cursor with a certain viscosity painted onto the epidermal tissue.
Under a self-catalytic reaction, a stable interlocking structure is
formed at the interface between the gel electrode and the epider-
mal tissues. These EGIEs can ensure superior conformability to
epidermal tissue, minimizing motion artifacts caused by relative
displacement during movement, low interfacial impedance en-
suring high signal fidelity, excellent mechanical stability, strong
dynamic adhesion, stable electrochemical performance for

reliable long-term use, and outstanding biocompatibility. As
such, the EGIE can collect ECG and EMG signals with improved
signal-to-noise ratio (SNR) and stability during dynamic motion.
We demonstrate the significant application of our EGIE by inte-
grating it into smart clothes for long-termmonitoring ofmultiple
physiological parameters under various human motions.

2. Results and Discussion

2.1. Design and In Situ Formation of Epidermis-Gel Interlocking
Electrode (EGIE)

The EGIE was formed by an organogel undergoing in situ
self-catalytic reaction to create an interlocking structure with
the epidermal tissue. The organogel framework consisted of a
copolymer network of 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS), [2-(methacryloloxy) ethyl] dimethyl-(3-sulfopropyl)
(MAEDS), and acrylamide (AAm) (Figure 1b). The poly-AAm
chains provided elastic mechanical properties and structural sta-
bility, while the polyelectrolytes poly-AMPS and poly-MAEDS,
containing both positively and negatively charged groups as well
as hydrophobic functional groups, endow the organogel with ex-
cellent ionic conductivity and adhesion properties. Owing to the
use of citric acid and sorbitol as supramolecular solvent com-
ponents, the carboxyl and hydroxyl groups in these molecules
formed extensive hydrogen bonds upon dissolution in water,
which could simultaneously enhance solution’s viscosity and
maintain the precursor solution’s permeability. This process pro-
vided the essential basis for forming the bio-interfacial inter-
locking structure on the epidermis. Besides, non-covalent in-
teractions (e.g., hydrogen bonds, electrostatic forces) within the
supramolecular solvent further reinforced the gel’s mechanical
robustness. Moreover, silver ions (Ag+) were employed as the
catalyst for gel formation. The inclusion of Ag+ effectively acti-
vated ammonium persulfate (APS) and accelerated radical gener-
ation, consequently enable rapid in situ polymerization of vinyl-
functional monomers within seconds to minutes.[18b,c] Experi-
mental observations showed that precursor solutions containing
Ag+ have a much faster speed for the formation of gels than
solutions without Ag+ (Figure S1, Supporting Information), il-
lustrating that the APS supramolecular solution with silver ni-
trate can fastly generate sufficient free radicals to initiate the self-
polymerization of the organogel under ambient conditions. To
further verify their rapid gelation, we dropped the gel precursor
onto a PET film and displayed the reaction state at different re-
action times (Figure 1c). At the beginning, the precursor was in
a solution state and flowed easily. After 1 min of reaction, the
viscosity of the solution increased, leading to the generation of
filamentous polymers when the solution pulled up. Only 4 min
later, the solution was changed from a semi-gel state (3 min) to
an adhesive gel state (5 min). These results demonstrated that
the gel precursor solution could spontaneously conduct the poly-
merization reaction and quickly form a stable adhesive interface
at room temperature, thanks to the functions of the supramolec-
ular solvent and the catalytic effect of Ag+ ions.
Leveraging the rapid autocatalytic crosslinking, EGIE precur-

sors can be directly patterned onto complex biological surfaces
via brush-painting or syringe-injection, enabling customized
electrode geometry at desired locations on the human body.
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Figure 1. Design and Formation of EGIE. a) Schematic of dynamic detection electrophysiological signals for EGIE electrode (the permission to use the
image is obtained). b) Structure of the organogel. c) Photographs of direct painting gel precursor on PET film and in situ gelation on skin after 5 min.
d) a conformal EGIE with human skin. e) Photographs showing the superior attachment of button electrodes with different gel interfaces.
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Surprisingly, the painted precursor spontaneously underwent
gelation in less than 5 min and formed an epidermal electrode
with robust mechanical strength and excellent adhesion to skin
(Figures S2 and Movie S1, Supporting Information). Even un-
der complex mechanical deformations such as bending the fin-
ger 90°, stretching, compressing, twisting, and lifting heavy ob-
jects, no noticeable crevice was observed between the electrode
and skin (Figure 1d). Besides, EGIE can seamlessly interact with
the Ag/AgCl electrode due to the in situ gelation. As shown
in Figure 1e, the EGIE could anchor the Ag/AgCl electrode
to skin surface without requiring any additional physical fixa-
tion. This dual-interface optimization enables robust electrical
connections throughout the bioelectronic system, successfully
circumventing the delamination issue in the traditional metal-
hydrogel system. These results suggest that the EGIE can be used
to build reliable bioelectronic interface on human skin for high-
fidelity acquisition of physiological signals, such as ECG and
EMG.

2.2. Mechanical and Interfacial Properties of the Epidermal-Gel
Interlocking Electrode (EGIE)

Generally, an epidermal electrode should meet several require-
ments for achieving dynamicmonitoring. First, the elasticmodu-
lus and extensibility of the EGIE shouldmatch human skin (≈10–
100 kPa,>50% strain) to ensure conformal contact andminimize
detachment risks.[19] Second, the EGIE require excellentmechan-
ical stability, particularly in terms of anti-creep performance, low
stress relaxation, and fatigue resistance, to maintain interfacial
integrity during prolonged dynamic activity.[20] Thirdly, strong
adhesion prevents slippage and reduces motion artifacts, requir-
ing a balance between cohesive energy and surface bonding.[21]

In this work, we regulated the coexistence of mechanical proper-
ties and interfacial adhesion performance of the EGIE by intro-
ducing an elastic polymer network.
Figure 2a shows the stress-strain curves of EGIE with varying

acrylamide (AAm) concentration. By modulating AAm concen-
tration, the elastic modulus of the IEGIE was tunable from 8.97
± 4.1 kPa (1379.52 ± 150.2% fracture strain) to 42.63 ± 4.1 kPa
(≈900 ± 132% strain), spanning the mechanical range of epider-
mal tissue (Figure 2b). Besides, the introduction of elastic poly-
AAm network could endow the EGIE with a reversible stretch-
ability up to 300% (Figure 2c) and rate-dependent mechanical
adaptability (Figure S3, Supporting Information), as high stretch-
ability of the EGIE is critical for reducing the risk of delamina-
tion,maintaining dynamical stability of electrode-skin interfaces,
and long-termuse. In addition, the adhesion strength of the EGIE
was investigated through varying AAm content by 180-degree
peel tests. The results showed that the adhesion strength peaked
at 175 ± 4.5 N/m for a MAEDS: AMPS: AAm molar ratio of
1:1:3 (Figure 2d). Lower AAm content weakened cohesion, while
higher content enhanced energy dissipation via hydrogen bond-
ing, electrostatic interactions, and hydrophobic associations,[22]

which can increase the interfacial toughness and improve the
adhesion performance of the EGIE. Herein, the molar ratio of
MAEDS: AMPS: AAm has been fixed at 1:1:3 to prepare EGIEs
for achieving excellent comprehensive performances in our in-
vestigations.

It was worth noting that the addition of AgNO3 markedly im-
proved the adhesion strength of the IEGIE to ≈310 ± 15.2 N m−1

(Figure 2e). This phenomenon could be attributed to the follow-
ing factors. First, Ag+ ions catalyzed rapid polymerization, fos-
tering a densely crosslinked 3D network with robust structural
integrity.[18b,23] Second, the introduction of AgNO3 could enhance
the hydrogen bonding, ionic interactions, and van der Waals in-
teractions between the EGIE and human skin,[24] thus improv-
ing surface affinity of the EGIE. Beside, we tested the interfa-
cial adhesion of EGIE electrodes to the skin using a 90° peel test
(Figure 2f). The adhesion properties of the EGIE electrode to the
skin are enhanced by ≈50% over commercial pastes and adhe-
sive gel electrodes. The superior interfacial adhesion of EGIE was
highly beneficial for detecting physiological signals, as it greatly
facilitated the conformality between the EGIE electrode and the
epidermis. Besides, the EGIE exhibited exceptional stability in
storage and repeated usages. No significant reduction of per-
formance was observed even after 700 attachment/detachment
cycles (Figure S4, Supporting Information), and the EGIE can
maintain its adhesion strength for 14 days at room temperature
(Figure S5, Supporting Information). Additionally, the adhesion
force of the EGIE-Ag-film interface was more than twice that of
commercial conductive pastes (Figure S6, Supporting Informa-
tion). The strong GELE-Ag adhesion interactions allow overcom-
ing the traditional metal-hydrogel delamination challenges for
achieving excellent signal stability.
Moreover, the EGIE possess excellent anti-creep properties and

still maintains stable mechanical strain, under 0.2 N tensile load-
ing for 12 h (Figure 2g). In contrast, PMA gels exhibited a rapid
increase in mechanical strain after 6000 s of loading and frac-
tured at ≈10 000 s. Similarly, the EGIE sustained tensile stress
for nearly 40 000 s under 100% strain (Figure S7, Supporting In-
formation). Compared with PMA gels, the EGIE showed only a
10% reduction in stress, indicating significantly lower stress re-
laxation. Additionally, cyclic tensile tests of EGIE under different
strains and tensile rates for 1000 cycles revealed stable strength
retention (Figure 2h; Figure S8, Supporting Information). These
results demonstrated excellent mechanical stability and fatigue
resistance of the EGIE, attributed to the formation of an elastic
poly-AAm copolymer network within EGIE.
Furthermore, the EGIE also demonstrated exceptional bio-

compatibility. When adhered to the epidermis, the EGIE could
be firmly attached without causing redness or allergic reactions,
up to seven days (Figure 2i), which also demonstrates that these
EGIEs do not interfere with normal skin perspiration, as no
adverse reactions (e.g., redness or swelling) were observed on
skin. Besides, we rigorously evaluated EGIE’s biocompatibility
through in vitro cytotoxicity testing. Confocal microscopy im-
ages clearly demonstrated that the L929 cells in EGIE exhib-
ited comparable viability to those in control group (Figure S9a,
Supporting Information). And, the L929 cell viability remains
>99% after 144-h exposure to EGIE measured by the methyl thi-
azolyl tetrazolium (MTT) assay (Figure S9b, Supporting Infor-
mation), indicating their nontoxic nature. Interestingly, the EGIE
can be easily detached from skin by ethanol treatment, and the
adhesion performance is restored once the ethanol evaporated
(Figure S10, Supporting Information), which show great applica-
tion prospects in the field of medical diagnosis and treatment.
We proposed the potential mechanism of ethanol-mediated
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Figure 2. Mechanical and Interfacial Properties of EGIE. a) Stress–strain curves, b) Elastic modulus, and fracture strain of the EGIE with different
MAEDS:AMPS:AAmmole ratio. c) Images of the EGIE presenting little residual strain even after being stretched to 300% of strain. d) The adhesive force
of the EGIE with different MAEDS:AMPS:AAm mole ratio. e) The adhesive force of the EGIE with different AgNO3 content. f) The interfacial adhesion
of different electrodes to the skin. g) The anti-creep properties of the EGIE. h) Cyclic tensile tests of the EGIE under varying strains. i) Photographs of
the EGIE on skin with 7 days. Data in (C) and (D) are means ± SD, n = 3.

detachment: 1) ethanol may modulate the surface energy at
the EGIE-skin interface, consequently reducing adhesive forces;
2) as shown in Figure S11a (Supporting Information), ethanol
residues can form an insulating interfacial layer that prevents di-
rect electrode-skin contact, thereby diminishing adhesion. Fur-
thermore, the ethanol-mediated detachment process causes no
adverse effects on skin tissue, as no observed erythema or other
physiological reactions (Figure S11b and Movie S2, Supporting
Information).

2.3. Electrochemical Properties of the Epidermal-Gel Interlocking
Electrode (EGIE)

The electrochemical properties of EGIE were systematically char-
acterized to evaluate its efficacy as a bioelectronic interface
for high-fidelity signal transmission. Electrochemical impedance
spectroscopy (EIS) revealed that ionic conductivity of EGIE could
be precisely modulated by varying acrylamide (AAm) content
(Figure 3a; Figure S12, Supporting Information). Compared
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Figure 3. Electrochemical Properties of EGIE. a) The ionic conductivity of EGIE with different MAEDS:AMPS:AAm molar ratios. b) The interfacial
impedance between electrodes and skin with different electrodes. c) The current density of the EGIE and commercial Ag/AgCl electrodes with biphasic
pulse electrical stimulation at 10 Hz and ±500 mV. Red is the EGIE, and Blue is the commercial Ag/AgCl electrode. d) The electrical performance of the
EGIE after 10000 cycles biphasic pulse electrical stimulation. e) The electrical performance of the EGIE applied 10 Hz, 0.5 V sinewave pulse 1400 cycles.
f) The electrical performance of the EGIE under sinewave stimulation at different frequencies from 10 to 0.1 Hz. Data in (G) are means ± SD, n = 3.

with recently reported gel electrodes, the EGIEs possess su-
perior impedance performance (<450 ± 2.8 Ω) at physiolog-
ically relevant frequencies.[25] Moreover, we tested the inter-
facial impedance between different electrodes and the skin,
and the results showed that the EGIE exhibited ≈25% lower
electrode-skin impedance than commercial pastes and adhesive
gel electrodes (Figure 3b), leading to high-fidelity signal acqui-
sition. Furthermore, the impedance value of the EGIEs was de-
creased with the reduction in thickness (Figure S13, Supporting

Information), but their ionic conductivity was increased as the
temperature improved from −15 °C to 90 °C (Figure S14, Sup-
porting Information). To evaluate their dynamic detection capa-
bility for physiological signals, we performed the biphasic pulse
testing on the EGIEs to further characterize their interfacial elec-
trochemical performance. These EGIEs could generate higher
injection current density of approximately ≈81.52 ± 0.89 mA
cm−2 compared to the commercial Ag/AgCl electrodes (≈20.38
± 0.52 mA cm−2) at 10 Hz and ±500 mV biphasic pulse electrical
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stimulation (Figure 3c), which indicates that the EGIEs have
lower interfacial impedance performance. Moreover, the EGIE
maintained stable electrical performance (Figure 3d) even after
10000 charge-discharge cycles. And these EGIEs also have stable
electrical signal output performance during biphasic pulse test-
ing at various frequencies (Figure S15, Supporting Information).
When a 10 Hz, 0.5 V sinusoidal pulse was applied, the IEGIE
electrode maintained stable performance without signal attenua-
tion or distortion after 1400 cycles (Figure 3e). In contrast, com-
mercial gel electrodes exhibited the performance degradation un-
der identical testing conditions. These results highlighted their
practical applications owing to the exceptional durability and elec-
trical performance of the EGIEs during prolonged use. Further-
more, the electrical performance of the EGIEs under sinewave
stimulation at different frequencies was also tested (Figure 3f).
As the frequency decreased from 10 to 0.1 Hz, the current den-
sity output from the commercial electrodes gradually decreased,
while the output current density of EGIEs closely followed the
standard sinewave across all tested frequencies, which demon-
strated the reliable performance of the EGIE for acquiring high-
quality electrophysiological signals.

2.4. Low Noise and High Stability of EGIE in Static Physiological
Signal Acquisition

An ultra-conformal bioelectronic interface can significantly en-
hance the signal fidelity in dynamic eletrophysiological monitor-
ing system. The bioelectronic interface based on EGIE was pre-
pared by first painting the precursor solution onto the epider-
mis, after gelation a thermoplastic polyurethane (TPU) compos-
ite layer covered with a continuous silver thin film was encapsu-
lated onto the surface of EGIE (Figure S16, Supporting Informa-
tion). We conducted a systematic study by comparing EGIEs with
commercial Ag/AgCl electrodes in static ECG signal acquisition
(Figure 4a). The ECG signals collected based on EGIEs displayed
clear pulses of P wave, QRS wave, and T wave, which was equiv-
alent to commercial Ag/AgCl electrodes. The quality of the ECG
signal was evaluated by using the relative voltage ratio (T/R ratio)
between the T and R peaks.[26] The observed increase of T/R ratio
in EGIE primarily reflects improved signal of amplitude fidelity.
Optimal T/R ratios for high-quality measurements typically fall
between 0.14 and 0.5 in normal sinus rhythm, as ratios< 0.14will
increase the risk of T-wave misclassification, and ratios>0.6 may
indicate pathological conditions.[27] We used EGIEs to monitor
static ECG signals of different subjects. The results showed that
the T/R value of EGIE was between 0.17 ± 0.02 and 0.3 ± 0.035
(Figure 4b; Figure S17, Supporting Information), whichmeet the
requirements for high-quality monitoring of ECG signals. In ad-
dition, the sensitivity of EGIE in static ECG signal acquisitionwas
0.17 ± 0.02 (Figure 4b), which was higher than that of Ag/AgCl
electrodes (0.14 ± 0.02), providing better fidelity signals. We also
tested ECGs from EGIE with different thicknesses; the T/R ratio
of the ECG signal increased as the decrease of thickness of the
IEGIE (Figure S18, Supporting Information).
On the other hand, the surface electromyography (sEMG),

which recorded the electrical activity of muscles from skin sur-
face, become a promising technique in the field of human-
machine interaction owing to its non-invasiveness and ease of

operation. Here, the sEMG signals were recorded by the EGIE
and commercial Ag/AgCl electrode (Figure 4c). The signal-to-
noise ratio (SNR) of the sEMG signals recorded by the EGIE was
21.83 ± 0.12 dB, which was higher than that of the Ag/AgCl
electrode (9.357± 0.07 dB). The baseline potential represents
the noise level and can be used as another indicator of signal
quality.[26a,28] As shown in Figure 4d, the rootmean square (RMS)
of the baseline potential recorded by the EGIEwas 0.016± 0.0005
mV, lower than that of the Ag/AgCl electrode (0.069 ± 0.0005
mV). Even when the thickness of the EGIE reached 2.3 mm, the
RMS of the baseline potential was still two times lower than that
of the commercial Ag/AgCl gel electrode (Figure S19, Support-
ing Information). In summary, the high SNR and low baseline
potential indicated that the sEMG signals recorded by the EGIE
possess higher quality.
Besides, we conducted long-term testing of the EGIEs to as-

sess their potential applications in wearable devices. In a 3-day
ECG monitoring test, the EGIE did not experience detachment
or damage during daily activities, and the ECG signals could be
acquired with no baseline drift or peak loss throughout the en-
tire process (Figure 4e). Figure 4f shows the sensitivity of the
ECG signals recorded every day, which remained at a high level
of ≈0.22 ± 0.0114. Interestingly, the ECG signals recorded by the
EGIE remained stable after being reused ten times on skin, while
the commercial Ag/AgCl electrode exhibited T peak loss after
being reused four times (Figure S20, Supporting Information).
Besides, we placed the EGIEs on the flexor carpi ulnaris (FCU)
muscle belly of the subject to test long-term EMG signals. The
results showed that the EGIE displayed excellent performance,
maintaining an SNR level above 20 dB, while the Ag/AgCl elec-
trode’s SNRdropped to 20 dBwithin 6 h (Figure 4g). Significantly,
the total wearing time of the long-term test exceeded 10 days,
but the EGIEs did not cause any itching or irritation, demon-
strating their comfort of wearing, and demonstrating the excel-
lent long-term performance and stability of the EGIE. The sta-
ble sensing performance of EGIE was attributed to the incorpo-
ration of a supramolecular solvent system. To further evaluate
the stability of EGIEs, we systematically investigated their mass
variation and electrochemical impedance over time. As shown
in Figure S21 (Supporting Information), the electrode mass ini-
tially decreased before stabilizing, with a 10% loss of total mass.
Moreover, the impedancemagnitude at 1 KHz remained remark-
ably stable throughout prolonged testing. This outstanding sta-
bility arises from the robust hydrogen-bonding network formed
between water molecules and the abundant carboxyl/hydroxyl
groups derived from citric acid and sorbitol in the supramolec-
ular matrix. These molecular interactions significantly enhance
the water retention capability of the EGIE, thereby ensuring long-
term stability.
Based on the above, compared to the traditional ionogels or the

PMMA-based conductive ionogels[29] (Table S1, Supporting In-
formation), the EGIE exhibits better extensibility, anti-creep per-
formance, lower stress relaxation, fatigue resistance under vary-
ing strains and stretching rates, and an elastic modulus closer
to human skin. The measured interfacial adhesion was greater
than 310 ± 15.2 N m−1, and it’s stable over 600 cycling test. The
robust electrochemical performance of EGIE was demonstrated
with a charge injection capacity after more than 10000 biphasic
pulses. We also tested its biocompatibility by attaching it to skin

Adv. Funct. Mater. 2025, e09372 © 2025 Wiley-VCH GmbHe09372 (7 of 14)
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Figure 4. EGIE for Static Physiological Signal Acquisition. a) ECG signals and b) T/R values by EGIE and Ag/AgCl electrodes in static state. c) The sEMG
signal baseline and RMS value of EGIE and Ag/AgCl electrodes. d) The sEMG signals and SNR value of EGIE and Ag/AgCl electrodes. e) ECG signals and
f) T/R values by EGIE with 3 days. g) sEMG signals, RMS value, and SNR value recorded by EGIE and Ag/AgCl electrodes during the 10 days long-term
test. Data in (G) are means ± SD, n = 3.

for up to seven days, observing no allergic reaction or redness.
Thanks to their outstanding comprehensive performances, the
EGIE achieves high-fidelity ECG signal acquisition and signifi-
cantly improves the signal-to-noise ratio (SNR: 21.83 ± 0.12 dB)
in EMG monitoring during dynamic motion. Notably, the EGIE
maintains stable performance (SNR > 20 dB) even after 10 days
of continuous wear, demonstrating its durability.

2.5. Dynamic Monitoring of Physiological Signals Using EGIE

Due to the outstanding comprehensive performances, the EGIE
enables unprecedented signal fidelity during dynamic motion

monitoring. Especially, the EGIE show significant advantages in
ECG detection during physical activities such as walking, squat-
ting, and jogging. In the case of these physical activities, the P-
QRS-T peaks of the ECG signals by the EGIE could be clearly
distinguished, while the T peak by the Ag/AgCl electrode was
indistinguishable or severely disturbed due to interference from
motion artifacts (Figure 5a; Figure S22, Supporting Information).
Sweat-induced signal degradation remains a critical limi-

tation in wearable electrophysiology,[27c,30] causing impedance
fluctuations,[27c,31] adhesion failure,[32] andmotion artifact ampli-
fication. Therefore, we simulated the influence of human sweat-
ing on the EGIE performance to monitor ECG signals under
static conditions. These results showed that the EGIEmaintained

Adv. Funct. Mater. 2025, e09372 © 2025 Wiley-VCH GmbHe09372 (8 of 14)
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Figure 5. EGIE for Dynamic Monitoring of Physiological Signals. a) ECG signals and heart rate (HR) recorded by EGIE during physical activities such as
walking, squatting, and jogging. b) Interface states between the EGIE and commercial Ag/AgCl electrode and the epidermis at different motion states:
standing, jogging, and sweating, and resting for 60 min post-running. c) ECG signals and HR recorded by EGIE at different motion states from top to
bottom: i) standing, ii) jogging and sweating, and iii) resting for 60 min post-running. d) EMG signals recorded by EGIE during leg stretching exercises.
e) EMG signals recorded by EGIE during different running speeds.

a high-quality ECG signal output even on a wet skin surface,
while the commercial Ag/AgCl electrode exhibited T peak loss
(Figure S23, Supporting Information). To analyze the interfa-
cial structure between the EGIE and epidermis, we evaluated
the interfacial adhesion and impedance of the EGIE before and
after artificial sweat spraying. As shown in Figure S24a (Sup-
porting Information), the adhesion of the EGIE remained nearly
unchanged after sweat exposure. Meanwhile, the skin-contact

impedance of the EGIE was significantly lower than that of con-
ventional Ag/AgCl electrodes across electrophysiological signal
acquisition frequencies for both before and after sweat spraying
(Figure S24b, Supporting Information). Specifically, the zwitte-
rionic polymer in the EGIE, owing to its sulfonic acid groups,
canmitigate sweat effects by forming hydrogen bonds with water
molecules.[12a,27c,29e] Additionally, hydrogen bondings and elec-
trostatic interactions between the EGIE and skin contribute to a

Adv. Funct. Mater. 2025, e09372 © 2025 Wiley-VCH GmbHe09372 (9 of 14)
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soft, adhesive, and conformal interface, thereby reducing interfa-
cial impedance. These properties enable the EGIE to maintain
optimal performance under sweat exposure, ensuring a stable
electrode/skin interface. Based on this, we assessed the ability
of EGIEs to resist sweat interference by detecting ECG signals
at different dynamic states: standing, jogging and sweating, and
resting for 60min post-running. It has been found that the EGIEs
could form a stable interface with the epidermis throughout the
test, but the commercial Ag/AgCl electrode was easily detached
from skin with high sweat content (Figure 5b). Significantly, the
signals obtained by EGIEs at different states were almost unaf-
fected by sweat; they still could provide a clear and stable P-QRS-
T waveform after sweating during exercise, which showed better
resistance performance to sweat than commercial Ag/AgCl elec-
trodes (Figure 5c).
Meanwhile, the EGIE also displayed stable and distinguish-

able high-fidelity signal output for electromyography (EMG) de-
tection during various complex movements. At first, we placed
the EGIE on the flexor carpi ulnaris (FCU) muscle belly of the
subject’s arm, which successfully allow to acquire stable EMG
signals from different gripping forces and various finger move-
ments (Figure S25, Supporting Information). Next, the EGIE was
placed onto the vastus lateralis muscle of the volunteer’s right
thigh to monitor EMG signals during leg stretching exercises.
The recorded EMG signals exhibited excellent stability, and the
details of eachmovement were clearly distinguishable (Figure 5d;
Movie S3, Supporting Information). For instance, during a jump,
EMG signals were clearly recorded during takeoff and landing.
During squatting exercises with different speeds, the voltage am-
plitude of the EMG signal was varied too. Slow squatting pro-
duced a broad stimulation peak, while fast squatting resulted in
sharp high peaks. Additionally, subtle motion changes also could
be captured during deep squatting, such as when the toes of
both feet were raised or when both legs were stretched. Further-
more, the EGIE was placed onto the long toe flexor muscle of the
volunteer’s right calf to monitor EMG signals during different
running speeds. The EMG signals obtained at different running
speeds exhibited very low baseline noise and grew progressively
larger whilemaintaining excellent stability, as the increase of run-
ning speed (Figure 5e; Movie S4, Supporting Information). The
comprehensive performance comparison under various condi-
tions validated that EGIEs outperformed commercial electrodes
in daily physiological signal monitoring, especially during mon-
itoring daily dynamic movements.

2.6. An EGIE-Enabled ECG Wear for Multi-Parameter
Physiological Monitoring

Based on the outstanding dynamic monitoring capabilities of the
EGIE, we have developed a wearable multi-parameter physiolog-
ical monitoring system by integrating a distributed EGIE array,
an accelerometer, a temperature sensor, and a Bluetooth com-
ponent on a fabric carrier (referred to as the “ECG-Wear”), as
shown in Figure 6a. The distributed EGIE array converted the de-
tected physiological signals into electrical signals. These signals
underwent signal conditioning, processing, and transmission,
and were finally sent to amicrocontroller with computing and se-
rial communication capabilities, allowing to record physiological

signals during complex daily activities. Figure 6b illustrated a
volunteer wearing the ECG-Wear to continuously monitor phys-
iological signals such as 3-axis acceleration, heart rate, respi-
ratory rate, ECG, and body temperature, during various activi-
ties including standing, elliptical trainer, chest pressing, sitting
up, climbing stair, and running (Figure 6c). Due to the excel-
lent conformal ability and interface adhesion of the EGIE, the
distributed electrode array could be firmly attached to skin dur-
ing movement. During various activities, the ECG-Wear could
accurately and continuously monitor all physiological signals
(Figure 6c; Movie S5, Supporting Information). Thanks to the
exceptional mechanical, adhesive, and electrical performance of
the EGIE, the multiple biological signals obtained by the ECG-
Wear remained consistent and stable regardless of the activity or
exercise.
In addition, we also conducted the long-term measurements

for achieving real-time monitoring and acquiring high-fidelity
physiological parameter by using the ECG-Wear under daily life
conditions. We continuously monitored the heart rate and ECG
signals of volunteers over two days of daily activities. Figures 6d
shows the observed ECG signals during various normal daily ac-
tivities (e.g., personal computer (PC) work, walk, sleep, experi-
ment, and lunch) from 11:30 p.m. to 11:30 a.m. on Day 1, and
from 11:30 a.m. to 11:30 p.m. on Day 2. The magnified sections
in Figure 6d (i) clearly showed the ECG waveforms. We further
analyzed the average heart rate during different activities, such
as PC work on Day 1 [73 beats per minute (bpm)], walk (95 bpm),
sleep (70 bpm) and experiment (77 bpm), as well as lunch (88
bpm), sleep (70 bpm) and walk (98 bpm) on Day 2 (Figure S26,
Supporting Information). The ECG signals recorded on Day 2
also displayed similar characteristic peaks with excellent stabil-
ity (Figure 6d (ii) and Figure S26, Supporting Information). It
can be concluded that the ECG-Wear successfully achieved con-
tinuous high-fidelity ECG monitoring with outstanding stability
for three days under daily life conditions, thanks to the excel-
lent mechanical stability, dynamic skin conformity, stable electri-
cal performance, and superior dynamic monitoring ability of the
EGIEs. We believe that the proposed EGIE also displays poten-
tial applications in iontronic tactile sensors for achieving human-
machine interaction as well as monitoring other biosignals in-
cluding EEG (electroencephalogram), EOG (electro-oculogram),
and EDA (Electrodermal activity).[33]

3. Conclusion

In this work, we have successfully developed a novel method for
in situ formation of epidermis-gel interlocking electrode (EGIE)
for detecting physiological signals during dynamic motions. The
interlocking structure was formed with a self-catalytic reaction
between the organogel and subcutaneous tissue. The EGIE ef-
fectively addressed several inherent challenges in dynamic mon-
itoring of physiological signals by providing the following advan-
tages: excellent epidermal conformability (matching themodulus
of skin), outstandingmechanical stability, superior interfacial ad-
hesion (adhesion strength >300 Nm−1), reliable electrochemical
performance, clinical-grade biocompatibility (7-day wear without
irritation). Thanks to these exceptional properties, the EGIE sig-
nificantly enhanced the signal-to-noise ratio (SNR) ratio up to 21
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Figure 6. EGIE enabled ECG-Wear for multi-parameter physiological monitoring. a) An ECG-Wear with distributed EGIEs, sensors, and Bluetooth com-
ponents on a fabric carrier. b) Human wearing the ECG-Wear. c) Multi-parameter physiological monitoring under various human motions including
i) standing, ii) exercising on elliptical trainer, iii) chest pressing, iv) sitting up, v) climbing stair, and vi) running. From top to bottom: acceleration, ECG,
temperature, respiratory rate, and heart rate (HR). d) Long term test of the ECG-Wear i) from 11:30 p.m. to 11:30 a.m. on Day 1, and ii) from 11:30 a.m.
to 11:30 p.m. on Day 2.
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dB and maintained an SNR above 20 dB even after 10 days of
wear. With the superior SNR and stability, the EGIE can detect
physiological signals during dynamic human motions, includ-
ing ECG monitoring at walking, squatting, jogging, and post-
sweating, as well as electromyogram (EMG) monitoring during
leg stretching exercises and running activities. We believe that
this research not only play an important role in preparing gel ma-
terials, but also can advance related fields such as skin-attachable
sensor for medical diagnosis.

4. Experimental Section
Preparation of EGIE: [2-(Methacryloloxy)ethyl]dimethyl-(3-sulfopro-

pyl) ammonium (MAEDS), 2-Acrylamido-2-methyl-1-propanesulfonic acid
(AMPS), and Acrylamide (AAm) were selected as monomers, citric acid
(CA) and sorbitol (Sor) as supramolecular solvent components, silver ni-
trate (AgNO3) as the catalyst, N,N’-Methylenebisacrylamide (MBAA) as
the crosslinking agent, and ammonium persulfate (APS) as the initiator.
All chemical reagents were purchased from Aladdin Reagent Co., Ltd. Ad-
ditionally, the commercial Ag/AgCl electrodes, commercial paste, and ad-
hesive gel electrodes used in this study were purchased from 3M Red
Dot 2223CN, GREENTEK GT20, and HDF SNJ-3, respectively. The CA/Sor
supramolecular solvent (S) was prepared by ultrasonically dissolving 116.4
g of anhydrous citric acid and 144.8 g of sorbitol in 50 g of water, until
fully dissolved, resulting in a uniform and transparent viscous solution.
Specifically, AMPS and AAm monomers were first ultrasonically dissolved
in deionized water in an ice-water bath. Then,MAEDSwas added to the so-
lution and dissolved by ultrasound. Next, the CA/Sor supramolecular sol-
vent was added to the solution, which was sonicated in an ice-water bath
and evenly dispersed for 10 min. Subsequently, MBAA, APS, and AgNO3
solutions were added to the precursor solution, which was stirred thor-
oughly and degassed. Finally, by painting the gel precursor solution onto
the epidermis, the EGIE was formed on skin within a few minutes. The de-
tailed formulation was presented in Table S2 (Supporting Information). If
not otherwise specified, the EGIEs in this study were prepared with a mole
ratio of MAEDS:AMPS:AAm of 1:1:3.

Mechanical Properties Tests: Tensile strain tests for all samples were
performed at room temperature using a mechanical testing machine
equipped with a 50 N load cell. The reported statistics are from at least
three tests on the same sample. Unless otherwise stated, standard rectan-
gular test specimens (length ≈ 30–40 mm, width ≈ 10 mm) were clamped
on a tensile stage and stretched at a tensile speed of 50 mm/min. Step
loading-unloading tests were performed with multiple strains of 50%,
100%, 200%, 300%, 400% and 500%. Creep resistance was tested by ap-
plying a load of 0.2 N to the sample andmeasuring its deformation change
with time under this load. Stress relaxation experiments were performed by
stretching the sample to 100% strain and thenmeasuring its stress change
with time under this strain. Fatigue resistance tests were performed by
stretching the sample to different strains (25%, 50%, 100%, 250%, 500%
strain) at a tensile speed of 1 Hz and performing 1000 cycles of loading-
unloading tests.

Interface Adhesion Tests: The adhesion force of the EGIE was mea-
sured using a 180° peel test on a mechanical testing machine. Plasma-
treated PET film was used as the substrate. A EGIE film was formed on
the substrate, and another plasma-treated substrate was placed on top.
The sample dimensions were 8–10 mm in width and 60–80 mm in length.
A load-displacement curve test was performed using a tensile fixture at
a peel test speed of 50 mm min−1. The adhesion force was determined
by calculating the average peel force (F) and dividing it by the sample
width (w). To evaluate the adhesion stability of the EGIE, tensile testing
was conducted. A hydrophilic PMMA probe (10 × 10 mm) was attached
to the mechanical testing machine’s fixture. The probe was pressed onto
the EGIE film at a constant speed of 10 μm s−1 until the contact force
reached 1 N. This position was held for 5 s, followed by detachment from
the material’s surface at the same constant speed of 10 μm s−1. The corre-
sponding adhesion-detachment behavior curve was obtained. The adhe-

sion strength of the EGIE was calculated as the ratio of the peak peel force
to the PMMA probe’s surface area.

Electrochemical Properties Tests: For characterizing the impedance per-
formance of EGIEwith differentmole ratio, an electrochemical workstation
(CHI660E, Shanghai Chenhua Apparatus Shanghai Chenhua Co., Ltd.)
was used. In the electrochemical impedance spectroscopy, the measure-
ment frequency range was 20 Hz–150 kHz, a sine wave current with an
amplitude of 5 mV was used, and the test voltage was the open cir-
cuit voltage. When characterizing the electrochemical stability, the EGIEs
were connected in series with a signal generator (AFG1022, Tektronix)
to provide symmetrical two-phase voltage pulses (100 ms pulse width,
10 Hz pulse frequency, voltage input ±500 mV) between the pathways,
and a digital oscilloscope (TPS2012B, Tektronix) was used to receive the
signals.

In Vitro Biocompatibility Assessment of EGIEs: For cell imaging proto-
col, L929 cells were cultured in MEM medium within 24-well plates for
imaging and viability assays. The study comprised two groups. For the
Control: 1000 μL per well completemedium, and the EGIE: 1000 μL per well
electrode extract (prepared by UV-sterilizing 8-mmdiameter electrodes for
60 min per side, followed by 24-h immersion in complete medium at 1
piece/mL). Log-phase L929 cells were counted, diluted 1:50, and seeded
at 1 × 105 cells per dish in confocal dishes. After 24-h incubation (5% CO2,
37 °C), cells were rinsed with PBS to remove serum residuals, stained with
fluorescent dye (1 mL per dish, 15 min, dark), and imaged at 100 × mag-
nification after three PBS washes.

For cell viability assay (MTT), Log-phase L929 cells were seeded at 2
× 104 cells per well in 24-well plates and cultured overnight (5% CO2,
37 °C). Treatment groups included the Control: 1000 μL/well complete
medium, and the EGIE: 1000 μL per well electrode extract. After 144-h incu-
bation, cultures were replaced with MTT-containing medium (0.5 mg per
mL, 1000 μL per well, 4 h). Formazan crystals were dissolved in DMSO
(100 μL per well, 10 min shaking), and absorbance at 570 nm was mea-
sured. Relative viability (%) was calculated as:

Viability =

(
ODsample −ODblank

)

(ODcontrol −ODblank)
× 100% (1)

where ODblank represents DMSO-only absorbance.
Monitoring of ECG/EMG Signals: To assess the bioelectric communi-

cation performance at the tissue-electrode interface, the EGIE was used
to record electrocardiogram (ECG) and electromyogram (EMG) signals.
For ECG monitoring, three electrodes were placed on the left forearm,
right forearm, and left abdomen. The ECG signals were recorded using
an electrocardiograph (PC-80B, Heal Force). For EMG monitoring, three
electrodes were positioned at the ends of the flexor carpi ulnaris (FCU)
muscle on the forearm and near the elbow. The EMG signals were gen-
erated by gripping rings of varying weights to stimulate muscle activity.
Commercial Ag/AgCl electrodes were also used for comparison with the
EGIEs. EMG signals were recorded using the same digital oscilloscope
(TBS 1152B, Tektronix). For ECG-Wear monitoring system, the distributed
EGIE array was strategically positioned on specific areas of the body, in-
cluding both sides of the chest, the right abdomen, and both sides of the
waist. Once the ECG-Wear wasworn, the silver electrodes embedded in the
garment were closely adhered to the EGIE array, ensuring stable contact.
Subsequently, the communication accessory was connected to the ECG-
Wear, and the switch was activated until the green indicator light turns
on. The data acquisition device was then powered on and connected to
the ECG-Wear via Bluetooth. Upon establishing a successful connection,
data collection can be initiated, enabling real-time monitoring of multiple
physiological parameters from the body surface.

Statistical Analysis: All experiments in this paper were repeated three
times, and the experimental results were processed by statistical methods.
All results are presented as the mean ± standard deviation (SD). Data
distribution was assumed to be normal for all parametric tests, but not
formally tested, and no significant difference analysis was performed. The
processed data were plotted using Origin software.
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