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Abstract

As the primary skin-contact interface in wearable electrocardiograph (ECG) devices, epidermal electrodes play a pivotal role in determining
both signal quality and biocompatibility. With continuous advancements in materials science and structural engineering, next-generation
flexible and stretchable bioelectrodes have emerged, enabling long-term ECG monitoring and offering superior signal-to-noise ratios
compared to conventional clinical electrodes. Their performance in ensuring reliable signal acquisition and user comfort is primarily
governed by key interfacial mechanical and electrical properties, including mechanical compliance (i.e., flexibility and stretchability),
interfacial adhesion (i.e., conformability and adhesion strength), and electrical characteristics (i.e., contact impedance). In recent years,
significant progress has been made in enhancing the signal acquisition capabilities of flexible and stretchable bioelectrodes by optimizing
these critical interfacial attributes. This review highlights the latest advances in conformable epidermal electrodes, encompassing traditional
wet electrodes, flexible dry electrodes, novel dry electrodes based on organic electrochemical transistors, and integrated wearable systems.
We systematically examine strategies for improving skin-electrode interface performance in ECG monitoring. Finally, we discuss ongoing
challenges and future directions to advance epidermal electrode technologies for next-generation wearable healthcare applications.
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1. Introduction

As one of the vital signs, electrophysiological signals provide key clinical clues to an individual's health status and play a crucial role
in assessing various aspects of physical activity. The electrocardiograph (ECG) signal reflects the regular changes in heart activity and
offers valuable information for predicting and diagnosing cardiovascular diseases such as arrhythmia and atrial fibrillation!!-31,
Efficient and accurate detection of ECG signals is highly significant for cardiology research, clinical diagnosis, treatment of heart
disease, and exercise analysis!*®l. To promptly understand heart conditions, continuous recording of ECG signals for real-time
monitoring of physical health is essential. This continuous monitoring is important for the timely and accurate diagnosis of early or
subtle cardiovascular diseases. Wearable ECG monitoring devices, characterized by lightweight design, continuous monitoring
capability, and real-time data transmission, are important tools for achieving continuous ECG signal detection. Compared to
traditional ECGs, wearable ECG devices enable prolonged tracking of cardiac activity with high comfort and portability. These devices
hold great value for predicting and diagnosing cardiovascular diseases (e.g., atrial fibrillation, myocardial ischemia) by analyzing
long-term trends. Additionally, they assist physicians in identifying high-risk patients, optimizing personalized treatment, and
reducing the likelihood of acute cardiac events.

As a key component of wearable ECG devices, flexible bioelectrodes or electronic devices have revolutionized the acquisition of
electrophysiological signals through their conformal skin interfaces!’-*l. Advances in flexible and stretchable electrode materials and
interfacial designs have enabled robust yet soft contact between these devices and the skin, allowing continuous, long-term, and
accurate sensing while maintaining skin compatibility!’l. Significant progress in the development of epidermal electrodes and
electronic devices has been achieved in recent years by improving interfacial adhesiveness, skin conformability, signal amplification,
and mechanical flexibility and stretchability. Here, we introduce recent developments in soft, flexible, and stretchable skin-like
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bioelectrodes or electronic devices that conformally contact the epidermis specifically for ECG signal monitoring. Figure 1 illustrates
examples of diverse flexible electrodes and electronic interfaces developed for ECG monitoring on the human body. For instance,
robust soft metal electrodes are now used in the latest generation of commercial wearable ECG devices, replacing traditional rigid
metal disc electrodes. Regarding traditional wet electrodes, recent efforts have focused on novel adhesive gel electrodes with good
biocompatibility to improve skin friendliness and stability. The advances in flexible and stretchable dry electrodes are also detailed,
particularly improvements in skin conformability and interfacial adhesiveness. The integration of bioelectrodes with flexible or
stretchable electronics, commonly referred to as “electronic skin” or “epidermal electronics”, is a growing trend aimed at developing
multifunctional and powerful devices for health diagnostics, smart prosthetics and rehabilitation, and human-machine interfaces.
Additionally, a new class of flexible ECG electrodes based on organic electrochemical transistors (OECTs) is summarized due to their
unique properties of signal amplification and high sensitivity.
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Figure 1. The classification of flexible and stretchable electrode and electronic for wearable ECG detection. Republished with permission from®*'], ECG: electrocardiograph;

OECT: organic electrochemical transistors.

We review the latest developments specifically related to epidermal electrodes for wearable ECG detection from the perspectives of
materials, devices, and skin-integration strategies. This review focuses on the interfacial mechanical and electrical properties of
electrodes and electronic devices that enable high signal-to-noise ratio, stability, and user comfort. Although many review papers
have addressed flexible wearable electrodes or electronics for biopotential detection, they primarily concentrate on material
innovation and the engineering of integrated flexible devices. Few reviews specifically discuss the interfacial mechanical and
electrical properties of electrodes or electronic devices essential for high-performance ECG signal recording. The interface between
electrodes or electronic devices and the skin significantly affects signal-to-noise ratio, motion artifacts, skin compatibility, and
long-term stability. This review aims to promote the advancement of high-performance ECG electrodes and devices. Finally, the
paper concludes with an overview of current challenges and possible future directions, including seamless skin integration, device
power supply, and artificial intelligence-assisted data analysis.
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2. The ECG Signal Acquisition with Epidermal Electrode

The ECG signal is generated by the weak electrical currents produced during myocardial excitation. These currents propagate from
the heart to the limbs and torso, creating measurable potential differences across the body surface. By placing electrodes at specific
anatomical locations, these potential differences can be recorded, forming the characteristic waveforms of an ECG!>%l, In the early
20th century, Willem Einthoven pioneered the first practical electrocardiograph, enabling systematic recording of cardiac electrical
activity as waveforms. Decades later, Norman Holter developed the ambulatory ECG monitoring system, revolutionizing continuous
cardiac assessment. These innovations laid the foundation for modern electrocardiography, transforming both clinical diagnostics
and cardiovascular research!!”). An ECG machine detects the heart’s electrical activity through electrodes placed on the body surface.
The raw ECG signals captured by surface electrodes are inherently weak (0.05-5 mV amplitude, 0.05-125 Hz bandwidth) and require
sophisticated conditioning. The acquisition module first amplifies these signals and applies bandpass filtering (0.05-150 Hz) to
suppress noise from motion artifacts (0.1-10 Hz), powerline interference (50/60 Hz), and baseline drift (< 0.5 Hz). The conditioned
analog signals are then digitized by an analog-to-digital converter in the main control unit, achieving a sampling rate of 250-1,000 Hz
for clinical-grade resolution. These digital signals are wirelessly transmitted to a paired smart device via Bluetooth (Figure 2).
Through signal processing, the system reconstructs these measurements into interpretable ECG waveforms. Modern ECG devices
further employ specialized algorithms for automated analysis, enabling real-time diagnosis of cardiac abnormalities(!®!%l. This
integrated system architecture supports continuous cardiovascular monitoring while maintaining signal fidelity throughout the
acquisition, processing, and transmission chain.
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Figure 2. Frame diagram of ECG signal acquisition device. ECG: electrocardiograph; ADC: analog-to-digital converter.

As skin-contact sensing interfaces, epidermal electrodes play a critical role in acquiring high-quality ECG signals, especially in
wearable monitoring applications. These electrodes adhere directly to the skin surface and must maintain stable electrical contact
while minimizing motion artifacts and noise interference to ensure reliable signal acquisition during continuous monitoring. The
interfacial electromechanical performance of epidermal electrodes, particularly their elastic modulus and interfacial adhesion
strength, critically determines their conformability to skin and contact stability. These mechanical properties, together with the
electrode-skin interfacial impedance characteristics, directly influence the noise levels in ECG recordings. Therefore, the interfacial
electrical and mechanical properties of epidermal electrodes or electronic devices are highly significant for recording high-quality
ECG signals. Currently, Ag/AgCl gel electrodes are widely used as cost-effective wet electrodes for ECG signal detection due to their
good skin contact and high signal-to-noise ratio. However, a prominent drawback of gel electrodes is their poor long-term stability
caused by solvent volatilization in the conductive paste or gel electrolyte. Moreover, the electrolyte in gel electrodes can easily
trigger skin irritation. Consequently, traditional gel electrodes are not optimal for long-term wearable ECG monitoring. In contrast,
dry electrodes, which provide a stable sensing interface and good biocompatibility, represent an excellent alternative for long-term
wearable ECG applications!!*2%], The skin contact behaviors of wet and dry electrodes can be analyzed through interfacial equivalent
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circuit models (Figure 3). The main difference between the equivalent models lies in the medium layer between the electrode and the
epidermis. Wet electrodes rely on conductive gel to maintain good electrical contact with the skin, whereas dry electrodes attach to
the skin through an air gap. Specifically, in gel electrodes, the series resistance R, represents the effective resistance at the gel
electrode-skin interface (Figure 3a). The underlying epidermal layer behaves as a parallel circuit of resistance Rs and capacitance Cs.
The dermis and subcutaneous layers generally act as pure resistances Ry,;,. For dry electrodes, the air gap replaces the gel electrolyte
function. The electrode-skin interface can be modeled as a contact resistance R; and contact capacitance C, in parallel (Figure 3b),
resulting in higher contact impedance compared to gel electrodes!?!l.
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Figure 3. The equivalent circuit of the electrode-to-skin interface for both the gel (a) and dry (b) electrodes.

3. The Requirements for Epidermal Electrodes

The dynamic and multimodal mechanical deformations of human skin, including bending, stretching, compression, and torsion,
impose stringent requirements on epidermal bioelectronics. To maintain stable functionality during long-term continuous ECG
monitoring, an ideal skin-interfaced electrode must simultaneously provide robust yet comfortable adhesion, tissue-like
stretchability (greater than 30% strain tolerance), and mechanical durability. The following sections systematically discuss these
critical features for high-performance epidermal electrodes, focusing on key interfacial properties such as flexibility and
stretchability design, skin adhesion, breathability, and biocompatibility.

3.1 Flexibility/stretchability

The mechanical flexibility and stretchability of epidermal electrodes are key factors determining user comfort and device portability.
These properties enable conformal adhesion to the skin and reliable signal acquisition during dynamic movements, which explains
the increasing global research interest in developing advanced skin-conformal electrode materials and architectures. For wearable
ECG signal detection, epidermal electrodes or wearable devices are inevitably exposed to various mechanical stresses and
deformations. Therefore, it is essential for epidermal electrodes to maintain their functionality under such conditions. Wearable
electrodes or devices with good flexibility and stretchability can conform closely to the body. Even on deformable skin during
movement, flexible or stretchable electrodes maintain stable contact interfaces, ensuring consistent signal quality. Recent years have
witnessed significant advancements in intrinsically stretchable functional materials and sophisticated geometric engineering to
achieve flexible and stretchable electrodes.

In addition to flexible and stretchable elastomer substrates, intrinsically stretchable conductive materials include metallic and
carbon-based nanomaterials (such as metal nanoparticles, carbon nanotubes, and graphene), conductive polymers, organic
semiconducting polymers, and nanocomposites. These conductive components are incorporated into elastomeric polymer
substrates, forming deformable and conductive pathways within the composites that exhibit high conductivity and reversible
deformation capabilities. Using these materials, intrinsically stretchable skin-like electrodes with a high degree of durability and
conformability can be fabricated. Soft conductive electrodes conform well to the skin, increasing the contact area and user comfort.
They also improve the electrode’s resistance to motion artifacts. However, it should be noted that these conductive composites often
involve a trade-off between mechanical and electrical properties. High loading of conductive fillers can enhance conductivity but
may compromise stretchability. To achieve better flexible or stretchable electrodes with good mechanical softness, intrinsically
stretchable ionic electrode materials are employed to prepare soft epidermal electrodes. For example, a poly(ionic liquid) gel (PILG)


https://doi.org/10.70401/bmeh.2025.0004

BME Horiz. 2025;3:202510 | https://doi.org/10.70401/bmeh.2025.0004 Page 5 of 23

electrode was developed via photoinitiated polymerization of the ionic vinyl monomer 1-vinyl-3-butylimidazolium
bis(trifluoromethyl sulfonyl)imide and a cross-linker in an ionic liquid medium. The resulting PILG exhibited exceptional ionic
conductivity and good mechanical resilience. Notably, the electrode demonstrated rapid shape recovery after deformation and
maintained stable stretchability and conductivity underwater, highlighting its suitability for dynamic environments such as aquatic
ECG monitoring??l. However, the potential skin irritation caused by ionic electrolytes remains a concern, especially for long-term
usel?3L

On the other hand, to achieve stretchability with rigid materials such as metals or brittle silicon, appropriate deformable geometry
designs can be employed to create stretchable structures, including net-shaped, island-bridge, serpentine, and out-of-plane buckles.
For example, a stretchable metal dry electrode with hexagonal spring-like structures was developed by optimizing the mechanical
and electrical performance of the meander geometry. Compared to conventional circular or rectangular designs, the hexagonal
multi-track meander electrode architecture increases surface area, reduces interfacial stress concentration, and effectively
suppresses electrode buckling and skin detachment during stretching. Experiments also demonstrated lower impedance and a high
signal-to-noise ratio (88 dB) comparable to wet electrodes (87 dB), along with superior resistance to motion artifacts?!l. Additionally,
second-order serpentine structures offer a new paradigm for highly stretchable electronics. A stretchable
carbon nanotube (CNT)-based smart electronic tape (SET) with second-order serpentines was fabricated on biocompatible substrates.
Mechanical simulations revealed that, compared to linear or first-order serpentine patterns, the multi-curve geometry homogenizes
stress distribution, achieving a resistance change rate below 40% at 100% strain and significantly reducing low-frequency baseline
noise during deformation. This deformable structure enables SET to achieve over 300% stretchability while maintaining stable
electrophysiological signal acquisition?>.

3.2 Skin adhesion

During body movement or skin deformation, fluctuations in the electrode-skin contact area generate dynamic noise, which
negatively affects ECG signal acquisition, recognition, and interpretation. This dynamic noise at the bioelectric electrode-skin
interface poses a major challenge for wearable ECG devices. Skin electrodes or electronics ideally possess robust skin adhesion and
good mechanical durability to ensure stable functionality during long-term, continuous biopotential monitoring. Sufficiently thin and
flexible materials and devices can adhere to human skin through pure van der Waals forces. Such self-adhesive thin electrodes can
bond to the skin without the need for adhesive gels or external forces. For example, a thin-film tattoo dry electrode approximately
5 um thick has been reported to self-adhere to human skin for long-term ECG and electromyography (EMG) monitoring. The quality
of the recorded ECG signals is comparable to that of adhesive Ag/AgCl gel electrodes/?l. However, self-adhesive electrodes with very
thin films inevitably face a trade-off between mechanical durability and adhesiveness.

For long-term wearable ECG monitoring, adhesive epidermal electrodes with good mechanical robustness, are essential due to the
constant and dynamic motions of the skin. Recently, advanced materials and innovative structures have been developed to enhance
skin adhesiveness without compromising mechanical durability. For example, a self-adhesive stretchable Ag
nanoparticles/polyurethane dry electrode featuring biomimetic hook-like structures inspired by burdock fruits has been developed
to increase the contact area and interfacial adhesion between the electrode and the skin!?’l. Compared to planar electrodes, these
adhesive electrodes with microstructures exhibit a higher dynamic friction coefficient, offering excellent resistance to hair
interference and motion artifacts during body movement. They can stably record high-quality ECG signals with low noise levels
during dynamic activities. Similarly, some dry electrodes with micro- or nano-pillar array structures have been fabricated using
templated methods to enhance microscale interfacial interactions between the electrode and skin!?®l. These microstructured dry
electrodes not only conform well to human skin but also show improved signal quality and stability, which is particularly beneficial
for dynamic ECG measurements by reducing motion artifacts. To improve adhesion on hairy skin, viscoelastic soft electrodes have
been developed using semi-fluidic or highly stretchable materials that facilitate penetration through hair>’l. By conformally adapting
to the microscale topography of hairy skin, these electrodes maintain low interfacial impedance even during dynamic motion,
demonstrating applicability for hairy skin and long-term wearable monitoring. This significantly reduces motion artifacts and enables
stable wearable ECG monitoring.

3.3 Breathability

While most flexible epidermal bioelectronics use impermeable substrates for device stability, optimal wearable ECG monitoring
requires breathable interfaces that maintain skin homeostasis. Such interfaces should balance permeability to air, water vapor, and
liquid perspiration while preserving electrical performance, a critical but often underexplored design paradigm for long-term
biocompatibility. Breathable electrodes or electronic devices improve skin compatibility by reducing the risk of irritation. Porous
textile architectures and nanofiber networks offer exceptional breathability (air permeability > 1000 L/m?/s) and tunable mechanical
properties, making them ideal substrates for gas-permeable epidermal electrodes in wearable bioelectronicsl*’l. Textile-based
electrodes have gained prominence due to their structural versatility (knitted, woven, or nonwoven configurations), inherent skin
compatibility, and natural moisture management. Through controlled deposition of conductive inks such as
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) or silver nanowires, these substrates maintain high gas
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permeability (over 80% of the bare fabric) while achieving sheet resistance below 1 Q/sq. This enables comfortable long-term ECG
monitoring without compromising signal quality. For instance, a knitted textile electrode (PT-ECGE) was developed by successive
surface coatings with conductive MXene, silver nanowires, and PEDOT:PSSP*!l. The resulting textile electrode retains the porous
nature of textiles and high conductivity, yielding low contact impedance (84.8 kQ/cm?). Moreover, the dense 3D pile architecture of
the textile surface enhances conformal skin contact through multi-point interfacial coupling, effectively reducing motion artifacts
compared to flat textiles. Optimal conductivity is achieved by regulating conductive material types, concentrations, and textile
substrate properties. The PT-ECGE demonstrates durability against washing and multidirectional bending, enabling long-term
wearable ECG detection. To achieve a stable conductive coating on textile fibers, pyrrole monomer and AgNO; solutions were coated
on textiles by cold atmospheric plasma deposition!®?l. After in-situ polymerization and concurrent reductive reaction, conductive
polypyrrole and silver nanoparticles (96 wt% pyrrole/4 wt% AgNPs) were firmly formed on the textile surface. This in-situ surface
modification ensures uniform, conformal attachment of the conductive coating onto textile fibers without compromising fabric
flexibility or breathability. The prepared textile electrodes exhibited continuous ECG monitoring capability for 10 days with only 3.46%
signal-to-noise ratio (SNR) degradation, surpassing gel electrodes. Additionally, an electronic textile yarn electrode was fabricated by
coating conductive silver/silver chloride (Ag/AgCl) ink on textile yarns through a roll-to-roll printing process. This Ag/AgCl-coated
yarn provides a more stable, flexible, and breathable alternative compared to traditional rigid or flexible film-based electrodes. Such
dry textile electrodes deliver ECG signal quality comparable to standard gel electrodes, while featuring lower polarization potential
and impedance, making them ideal for cardiac activity detection!®3l.

On the other hand, breathable electrodes or electronics can be fabricated using nanofiber networks as porous substrates.
Electrospun polymer nanofibers are among the most commonly used materials for breathable electrodes or electronics due to their
excellent permeability, tunable configurations, and superior mechanical properties. With appropriate material composition, surface
functionalization, and architectural design, polymer composite nanofibers can be employed to fabricate breathable electrodes with
excellent skin conformability and adhesiveness!*!l. For example, Guo et al.’*! proposed a sandwich-structured breathable electrode
using polypropylene electrospun nanofiber films as the substrate and semi-liquid metal as the conductive component. This
breathable and stretchable nanofiber film electrode conforms well to the skin and provides good comfort, enabling continuous
24 hours ECG signal measurement. The ECG signals recorded by these breathable electrodes exhibit higher quality than those from
commercial Ag/AgCl electrodes. To achieve breathable electrodes with continuous perspiration capability, a Janus textile electrode
with differing surface wettability was fabricated using superhydrophilic hydrolyzed polyacrylonitrile nanofibers and
superhydrophobic polyurethane/Ag nanowires composite nanofibers. This all-nanofiber-based Janus epidermal electrode features
two opposing wettability surfaces, an asymmetric hydrophilic upper layer and a hydrophobic bottom layer, which allows the
electrode film to effectively transport sweat to the upper surface while maintaining good breathability. The daily water loss of the
Janus textile electrode is significantly higher than that of commercial gel electrodes, and its water vapor transmission rate (WVTR)
reaches 1748.09 g-m2-d ™!, far exceeding both the WVTR of human skin and values reported in existing literature. This demonstrates
superior breathability without causing skin irritation or allergic reactions during long-term wearl*°l. Eskandarian et al.l’” used a 3D
knitting machine to weave conductive elastic fibers (CEF) into dry textile electrodes, seamlessly integrating them into garments for
long-term, comfortable ECG monitoring. The optimized CEF electrode exhibits a WVTR of 20.05 g'm >'h"!, surpassing the natural WVTR
of skin and ensuring high breathability. Prototypes of smart underwear and headbands demonstrated stable ECG signal recording
with an average SNR of 18.32, indicating both good wearing comfort and signal accuracy.

3.4 Biocompatibility

Biocompatibility is a crucial design criterion for wearable ECG electrodes and devices due to their prolonged contact with the skin,
especially in long-term monitoring applications. Significant efforts have been dedicated to the development of biocompatible
conductive materials, stretchable substrates, and encapsulation layers!**.. To minimize skin irritation, biodegradable materials or
natural polymers are commonly employed in electrode fabrication*]. For instance, Hu et al.l"] developed a biocompatible electrode
patch using ductile poly(methyl vinyl ether-alt-maleic acid) (PMVEMA), a water-soluble polymer with excellent biocompatibility and
adhesive properties. This allows the electrode to adhere to various surfaces autonomously and significantly improves the interfacial
stability and quality of signal acquisition. In addition, the incorporation of biocompatible glycerin acts as a plasticizer, enhancing
flexibility and reducing solvent evaporation, thereby maintaining stable electrical performance. This formulation effectively addresses
both mechanical adaptability and long-term operational stability while maintaining skin compatibility. The resulting electrodes are
capable of recording high-quality ECG signals with a SNR exceeding 20 dB, clearly distinguishing the P wave, QRS complex, and
T wave to ensure accurate signal capture. Natural materials such as potato peel and silk protein have also been explored as
biocompatible substrates for skin-contact electrodes. Potato peel is non-irritating and possesses antibacterial and antioxidant
properties. Its moist inner surface can be directly applied to the skin to create innovative natural electrodes, offering performance
comparable to that of conventional Ag/AgCl electrodes.[*!]. Natural silk fibroin (SF), a natural protein, has emerged as a promising
material for hydrogel-based epidermal electrodes due to its excellent conformability and biocompatibility. When electrospun into
nanofibers, SF forms a three-dimensional microporous network that supports breathability, moisture management, and close skin
adhesion. For instance, a soft, wet-adhesive SF nanofiber film electrode was prepared using a three-layer structure composed of
polytetrafluoroethylene nanofibers, silver nanowires, and SF nanofibers. These fabric electrodes demonstrated high conductivity
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(approximately 3.58 £2/sq), excellent breathability (51.5 mm/s), and a water vapor transmission rate of 2,553 grams per square meter
per day at 35 °C, along with good adhesion to moist skin. The electrodes maintained firm contact without causing noticeable
irritation and provided a stable skin-electrode interface, enabling continuous ECG monitoring with high signal
quality (SNR around 23 dB) and reduced signal noisel*?l.

4. Flexible/Stretchable Epidermal Electrodes for Wearable ECG Signal Detection

ECG monitoring, as a fundamental technology for diagnosing cardiovascular diseases and enabling real-time health surveillance, is
highly dependent on electrode performance to ensure high-quality signal acquisition. The development of wearable ECG monitoring
has shown a clear evolution from wet electrodes to dry electrodes and eventually to fully integrated devices (Figure 4). Wet
electrodes, initially adopted as the clinical standard, rely on conductive gel to minimize interfacial impedance. However, they present
several limitations, including gel dehydration during prolonged use and the risk of skin irritation or allergic reactions!*’l. To address
these issues, next-generation dry electrodes have been designed using advanced material structures and surface engineering
approaches that eliminate the need for hydrogels, thereby supporting long-term usability?’28], Modern dry electrodes now exhibit a
wide range of architectures. They have evolved from early flexible metallic films to more sophisticated stretchable designs
incorporating serpentine microstructures. These metallic dry electrodes show greatly improved conformability and stability at the
skin interface. Their structural reliability also allows for direct integration with electronic components, enabling the development of
multifunctional wearable systems capable of simultaneous biosignal acquisition, signal processing, and wireless transmission. Among
recent advancements, the most cutting-edge dry electrodes are fabricated from intrinsically stretchable conductive polymers with
mechanical properties closely matched to human skin. These next-generation electrodes combine key attributes such as tissue-like
compliance, optimized interfacial adhesion, and intrinsic noise reduction, which together facilitate reliable, long-term ECG
monitoring with minimal interference from motion artifacts. Beyond material-level improvements, current research efforts are
increasingly focused on system-level integration. The goal is to develop lightweight, stretchable wearable systems with multimodal
sensing capabilities, including ECG, temperature, biochemical signals, and modules for biomedical diagnosis or treatment. Enabled by
advanced fabrication techniques, these integrated platforms support comprehensive health monitoring through synchronized,
multi-parameter detection using highly functional electrodes!*’\.

Rigid metal Flexible Stretchable/wearable Integrated wearable
electrode dry electrode dry electrode system

b o Y . | )

Stretchable

Rigid Ag/AgCl
electrode Gel electrode epidermal electronic OECT Wearable OECT

Ag/AgCl

Figure 4. The development timeline of wearable epidermal electrodes and devices for wearable ECG monitoring from 2000 to 2025 year. Republished with permission from!

44 ECG: electrocardiograph; OECT: organic electrochemical transistor.

Recently, an emerging type of ECG sensor based on OECTs has been developed, showing strong potential for use in lightweight,
low-power, and flexible wearable ECG devices. OECT-based sensors utilize the ion-to-electron coupling mechanism of organic
semiconductors to amplify biosignals, thereby enhancing sensitivity through high transconductancel*’l. Future developments are
expected to focus on improving signal accuracy, enhancing adaptability to dynamic environments, and deeply integrating Al
algorithms with multi-sensor platforms to enable real-time diagnostics and personalized health management. In the following
sections, we review recent advances in various types of epidermal electrodes and devices used in wearable ECG monitoring.
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4.1 Gel electrode

Conventional wet electrodes, exemplified by Ag/AgCl hydrogel electrodes, offer excellent signal-to-noise ratio and signal stability
during short-term monitoring by converting ionic signals to electronic signals through conductive hydrogels. Currently, these gel
electrodes remain the clinical standard. However, their inherent limitations restrict their suitability for prolonged continuous
monitoring. Water evaporation leads to hydrogel dehydration, which significantly reduces conductivity and results in signal
attenuation or even electrode failurel*’l. In addition, the electrolytes in ionic conductive hydrogels can cause skin irritation and, in
some cases, allergic contact dermatitis. Recent research aims to address these challenges through innovations in materials and
structural design. The goal is to develop next-generation wet electrodes that combine enhanced biocompatibility, mechanical
compliance, and sustained hydration. These advancements seek to ensure high-fidelity ECG signal acquisition while creating flexible,
skin-conforming interfaces that better accommodate the dynamic nature of human skin.

To address concerns about the limited interfacial biocompatibility of synthetic polymer hydrogels, natural biomaterials such as silk
fibroin and gelatin have emerged as promising alternatives for biocompatible hydrogel electrodesl®l. Silk fibroin, a natural
biopolymer derived from silk, offers excellent biocompatibility, unique mechanical properties, tunable degradation rates, and easy
solution processability. Conductive nanomaterials or polymers can be incorporated into silk fibroin to fabricate skin-friendly
electrodes. Recently, a silk fibroin-based double-network hydrogel (PAM-SF/Fe®) with ionic conductivity was fabricated using a metal
chelation and hydrogen-bonding self-assembly strategy, achieving excellent biocompatibility and wet-tissue adhesion. This hydrogel
demonstrated cell proliferation comparable to blank controls, confirming its low toxicity and biosafety. As a stretchable and adhesive
interfacial electrode, it adhered stably to the skin under sweat conditions and delivered ECG signals with clear PQRST waveforms
equivalent to commercial Ag/AgCl electrodes. However, this ionic conductive hydrogel exhibits low conductivity (0.2 S/m). ECG
recordings from this hydrogel electrode showed a low signal-to-noise ratio and moderate baseline drift over short durations®!l. As a
highly conductive nanofiller, MXene can be combined with silk fibroin to produce biocompatible hydrogel electrodes. You et al.l>?!
developed a conductive hydrogel (PSDM) by incorporating MXene and dopamine-modified polypyrrole (PPy) as conductive enhancers
within a silk fibroin/polyvinyl alcohol (PVA) gel network. The composite hydrogel exhibited remarkable electrical
conductivity (11.3 S/m), strong adhesion, and self-healing ability. The resulting hydrogel electrode showed performance comparable
to commercial Ag/AgCl gel electrodes, successfully detecting stable and reproducible ECG waveforms, including distinct P-waves,
QRS complexes, and T-waves. Similarly, sericin protein is a natural gelatinous protein that surrounds fibroin fibers in silk. It exhibits
excellent biocompatibility and biodegradability, is rich in hydrophilic amino acids, and possesses inherent antioxidant and
antimicrobial properties, making it suitable for fabricating biocompatible hydrogel electrodes. A self-adhesive, biocompatible, and
biodegradable hydrogel electrode based on sericin protein, PVA, and CaCl, has been reported!>’l. The PVA enhances the mechanical
strength of the sericin protein matrix. This ionic hydrogel electrode shows good adhesion to the skin due to the adhesive properties
of sericin protein, enabling the electrode to conform closely to the skin. This design results in low skin-contact
impedance (~10* Q at 10 Hz), which is two orders of magnitude lower than commercial electrodes, supporting stable signal quality
during six-hour continuous ECG monitoring. The QRS duration (< 0.12 s) meets clinical standards. Additionally, gelatin is a well-known
natural hydrophilic biopolymer derived from collagen hydrolysis. It can be chemically modified or blended with other polymers to
produce functional hydrogel electrodes. Gelatin-based hydrogels are notable for their excellent skin adhesion, attributed to their
abundant amino acid groups. For instance, a biocompatible ionic conductive hydrogel (PGS) electrode exhibiting body
temperature-triggered adhesiveness was fabricated using a composite of gelatin, polyacrylamide, and sodium alginate. This hydrogel
remains non-adhesive at room temperature but rapidly adheres to the skin upon contact at physiological temperature. This unique
temperature-dependent adhesion enables painless detachment. The PGS hydrogel exhibits an ionic conductivity of 5.69 S/m and a
skin-like Young’s modulus (~265 kPa), facilitating conformal skin contact and reduced electrode-epidermal impedance. When used as
bioelectrical sensors, these hydrogel electrodes successfully recorded well-defined ECG PQRST waveforms, demonstrating
high-fidelity signal acquisition>*l. Potential biocompatibility risks associated with high concentrations of ionic components should be
carefully evaluated, especially concerning their potential to cause dermal irritation(>3.

In wet gel electrodes, ionic electrolytes act as the primary conductive medium due to their aqueous properties and
cost-effectiveness. However, conventional gel electrodes face limitations in practical use because of restricted ionic mobility and
poor stability of common salt ions under varying temperature or humidity conditions. Ionic liquids, as highly conductive and
nonvolatile ionic components, can be used to fabricate stable ionogel electrodes, offering enhanced stability, mechanical flexibility,
and signal fidelity in extreme environments. To achieve reliable sensing performance under such conditions, Tang et al.l’>°! developed
an organic ionogel-based electrode (OIGE) by incorporating highly conductive choline-based ionic liquids, improving adaptability to
low-temperature, arid, and aquatic environments. Benefiting from the strong adhesion of choline-based biocompatible ionic liquids
to the skin, the OIGE demonstrated exceptional adhesion and conductivity, enabling stable ECG acquisition under extreme conditions.
It sustained underwater ECG monitoring for over 18 minutes and maintained excellent signal reproducibility after 500 stretch-release
cycles during frozen and arid environment storage tests.

Some ions at high concentrations may disrupt the skin barrier function through osmotic imbalance or direct chemical interactions,
potentially leading to skin irritation, compromised cell membrane stability, and inflammatory responses. To improve the
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biocompatible and comfort of gel electrodes for long-term use, highly conductive polymers or carbon nanostructures are selected as
alternative conductive components in hydrogel electrode to balanceconductivity and biosafety synergistically. Yao et al.l>”] developed
a conductive nanocomposite hydrogel electrode (FPCH) composed of poly(ether) F127 diacrylate, single-walled carbon nanotubes
(SWCNTs), and PEDOT:PSS via 3D printing. Benefiting from the high conductivity of PEDOT:PSS and SWCNT, this hydrogel electrode
exhibits exceptional stretchability (up to 520% strain), high conductivity (~440 S/m), and excellent biocompatibility. As an epidermal
ECG electrode, the FPCH electrode captured ECG signals with peak-to-peak amplitudes three times higher than commercial gel
electrodes due to its low interfacial impedance (~100 Q at 10 Hz) and conformal skin contact, yielding sharp PQRST waveforms and an
enhanced SNR (18.3 dB) (Table 1).To further enhance conductivity, another study incorporated PEDOT:PSS and graphene into a
hydrogel with a dual crosslinked network of gelatin and PVA, forming the GPH hydrogel. The improved conductivity results from the
synergy between the conjugated structure of PEDOT:PSS, which facilitates electron mobility, and the conductive network formed by
graphene sheets, enabling efficient electron and ion transfer. The conductivity remains stable at approximately 27.3 S/cm
over 14 days. For ECG monitoring, the PEDOT: PSS/graphene/GPH hydrogel electrode delivers performance comparable to intact
electrodes. The high SNR (34.9 dB) confirms its reliable stability for high-fidelity ECG acquisition[**l. Organizing conductive
components into a connected network can impart high electrical conductivity to composites. To improve conductivity, He et al.l>]
fabricated a conductive aramid nanofiber film electrode via in-situ polymerization of PPy on aramid nanofiber. The conductive PPy
layer on the hyperconnected nanofibrous networks established a continuous conductive pathway, achieving ultrahigh conductivity
(~106 S/cm). Cardiomyocyte cultivation experiments demonstrated high viability with significant expression of troponin T and
connexin-43, verifying excellent biocompatibility. With low interfacial impedance (30 Q cm? at 10 Hz) and high charge injection
capacity, the electrode captured high-quality ECG signals with a NR greater than 32 dB (Table 1), displaying distinct QRS complexes,
P-waves, and even weak T-waves. Additionally, liquid metals, known for their high conductivity, can be incorporated into various
polymer matrices, including hydrophilic hydrogels, to form highly conductive composite electrodes. For example, a phase-separated
porous soft conductive composite electrode was fabricated by embedding liquid metal (EGaln) into e-polylysine (g-PL)°°l. The porous
architecture lowers the percolation threshold of EGaln (2,000 S/cm with ~55% EGaln volume fraction), enabling efficient conductive
networks with minimized material usage, while ¢-PL enhances interfacial stability and antibacterial properties. The composite
exhibits large stretchability, and breathability, ensuring conformal skin contact that mitigate motion-induced noise. Experimental
results demonstrate that the porous electrode achieves skin-contact impedance (70 kQ) comparable to Ag/AgCl gel electrodes, stable
conductivity under deformation, and a high, stable SNR of 35 dB (Table 1), outperforming conventional dry electrodes. This integrated
material-structure approach advances wearable ECG monitoring by improving signal fidelity and wearability through addressing
skin-electrode impedance and motion artifacts.

Table 1. The performances of the epidermal electrodes for wearable ECG detection.

Electrode types Conductive Component Interfacial Impedance Flexibility/Stretchability SNR Ref.
Wet electrode Saltions ~80 (/100Hz > 400% 37.8dB [6]
Ionic liquids N.R. 1,476 + 24% N.R. [56]
CNT/PEDOT:PSS ~100 Q/10Hz 520% 183dB [57]
PEDOT:PSS N.R. ~400% 349dB [58]
PPy nanofiber ~30 (/10 Hz > 80% N.R. [59]
Liquid metal 70kQ/100Hz 550% 035dB  [60]
Dry electrode Metal <3 kQ)/1 kHz > 350% 204dB [61]
MXene 4.68 kQ/1 kHz > 40% 16.5dB [62]
PEDOT:PSS 48.2 kQ/100Hz 62% N.R. [63]
OECT PEDOT:PSS N.R. Flexible 425dB  [2]
PEDOT:PSS N.R. Flexible 20.6dB  [64]
Integrated electronics CNT@NPC ~1 MQ 350% 26 dB [15]
Metal/ionic gel N.R. Flexible 35dB [65]
Metal/ionic liquid N.R. >20% N.R. [66]

SNR: signal-to-noise ratio; ECG: electrocardiograph; CNT: carbon nanotube; NPC: nanoporous carbon; OECT: organic electrochemical transistors; PEDOT:PSS: poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate).
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For wearable ECG monitoring, the interfacial adhesion of gel electrodes on the skin is crucial for maintaining stable skin contact,
which directly influences signal quality by reducing motion artifacts and interfacial impedance. Gel electrodes with tunable adhesion
properties minimize noise during movement and ensure prolonged wearability, even in humid or underwater environments(’.
Inspired by the natural moisturizing factor in the stratum corneum, a thermos-responsive adhesive hydrogel based on
gelatin-sodium pyrrolidone carboxylate (GP) was developed for high-precision ECG monitoring. The bio-gel was fabricated by
incorporating sodium pyrrolidone carboxylic acid into gelatin, leveraging gelatin’s thermo-reversible sol-gel transition to achieve in
situ gelation and adaptive conformal adhesion to skin microstructures. During cooling, the fluid GP precursor infiltrated skin wrinkles
and hair gaps, forming a mechanically robust, conductive, and strongly adhesive hydrogel interface. Its high mechanical strength and
long-term dehydration resistance (over 48 hours) ensured stable skin contact. The hydrogel exhibited excellent biocompatibility,
adhering directly to the skin without irritation. In ECG testing, GP hydrogel electrodes captured clear PQRST waveforms with a higher
SNR than commercial electrodes and maintained signal stability after 48 hours of continuous wear. The integration of thermally
controlled reversible phase transition, strong adhesion, and high conductivity offers an innovative solution for motion
artifact-resistant, long-term wet electrophysiological monitoring in dynamic environments (Figure 5a and Figure 5b)l°sl,
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Figure 5. Wearable wet epidermal electrodes. (a), (b) Adhesive ionic hydrogel electrode and its good conformability with skin. Republished with permission from™®®; (c), (d)
Preparation of an adhesive, healable, and antibacterial MXene/HA-PBA/TA hydrogel electrode for wireless wearable ECG measurement. Republished with permission fromt'”;
(e) A paintable waterproof PVA-TA (PT) hydrogel based on dense hydrogen-bonded networks. Republished with permission from!”; (f) A wearable ECG recording electrode by
printing PT hydrogel on a cotton cloth. Republished with permission from!®. HA-PBA: phenylboronic acid grafted hyaluronic acid; ECG: electrocardiograph; TA: tannic acid;
PVA: polyvinyl alcohol.

Human skin exhibits microstructured wrinkles and a hairy surface, posing challenges for conventional hydrogel electrode patches to
achieve conformal contact, especially at the microscale. To ensure tight adhesion on such microstructural skin, precise modulation
of the hydrogel electrode’s mechanical modulus is essential. A conformally self-adhesive epidermal hydrogel electrode was developed
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by combining conductive MXene nanosheets with a supramolecular hydrogel composed of natural polyphenol tannic acid (TA) and
phenylboronic acid-grafted hyaluronic acid (HA-PBA). Within the hydrogel system, dynamic borate ester bonds and supramolecular
interactions between HA-PBA and TA synergistically reduce the mechanical modulus to a lower range. This reduction enables
conformal attachment to porcine skin without visible interfacial gaps. Moreover, the abundant catechol groups in TA provide strong,
repeatable adhesion to various substrates. By leveraging the high-adhesive interface and high conductivity, the hydrogel achieves
low-impedance, conformal skin contact, significantly enhancing the SNR of ECG signals. The sensor stably monitors ECG signals for up
to 12 hours, clearly capturing P-waves, QRS complexes, and T-waves, offering reliable data for diagnosing arrhythmias and related
disorders (Figure 5c and Figure 5d)1*°L.

Under real-world conditions, perspiration or water exposure moistens the skin surfaces, significantly compromising the adhesion of
hydrogel electrodes. This moisture-induced interfacial weakening substantially degrades electrode performance in wet
environments due to three primary mechanisms: (1) formation of an interfacial hydration layer that disrupts molecular adhesion,
(2) potential leakage of conductive components, and (3) swelling-induced structural changes caused by interactions among
hydrophilic groups. Consequently, developing hydrogel electrodes with robust adhesion in aquatic environments has become a
critical focus in flexible bioelectronics research!®’l.

To enhance the environmental adaptability of electrodes, current research primarily focuses on developing materials with
waterproof properties to ensure stable operation under diverse conditions. For example, Luo et al.l fabricated a waterproof ionic
conductive hydrogel by creating dense hydrogen-bonded networks formed between TA and PVA. In this system, water-induced
densification of hydrogen bonds strengthens the network’s compactness, effectively blocking water penetration while preserving
structural integrity. The hydrogel was integrated onto cotton fabric to produce electrodes for ECG monitoring. The resulting
electrodes exhibit low skin-contact impedance (80 Q at 100 Hz) and excellent stretchability (Table 1), enabling stable and high-quality
ECG signal acquisition even in perspiration or aquatic environments. Notably, distinct ECG waveforms remained clearly detectable
after 72 hours of continuous immersion in simulated sweat, with no significant increase in noise (Figure 5e and Figure 5f).

4.2 Dry electrode

Despite significant research progress, gel-based electrodes remain inherently limited by their reliance on solvents. These systems
encounter two major challenges: gradual performance degradation due to solvent evaporation, and the risk of inflammatory
reactions on sensitive skin caused by migrating ionic componentsl>>’l. Dry electrodes address these issues by adopting solvent-free
designs that integrate novel materials with advanced microfabrication techniques. This strategy achieves interfacial impedance
comparable to that of wet electrodes while ensuring wearer comfort and biocompatibilityl’!l. Dry electrodes provide three main
advantages for long-term health monitoring: (1) enhanced skin conformability, (2) reduced skin irritation, and (3) superior
biocompatibility!?’5l. Nonetheless, their application in ECG monitoring still faces a fundamental obstacle, poor initial skin contact,
which leads to increased interfacial impedance and greater susceptibility to motion artifacts(*’l.

To address these challenges, advancements in material innovation and structural engineering have accelerated the development of
wearable dry electrodes. The current material portfolio for dry electrodes mainly comprises three categories: metal-based
electrodes!?”7?, conductive polymer electrodes!'>73, and carbon-based electrodes!’*7>l, Each material system offers unique
advantages and limitations, requiring careful trade-offs among four key factors: signal quality, wearing comfort, biocompatibility, and
cost-effectiveness. While these materials demonstrate adequate conductivity and improved resistance to motion artifacts for dynamic
monitoring, persistent challenges remain in skin contact reliability, motion-induced noise, and sweat interference. Consequently,
current research prioritizes objectives such as improving skin conformability through flexibility and stretchability design, enhancing
electrode-skin interfacial adhesion, and developing advanced strategies to suppress motion artifacts(?”-251,

As a representative example of dry electrodes, metal electrodes constitute the most established class, having been widely adopted in
commercial wearable devices and medical instruments due to their exceptional mechanical durability and superior electrical
conductivity. In recent years, various smart wearables with ECG detection functions have attracted significant attention across
different application scenarios, including medical health monitoring and consumer-grade use (Figure 6a)l’°l. These commercial
wearable ECG devices employ metal electrodes to detect epidermal ECG signals. Combined with digital and electronic technologies,
smart wearable ECG equipment has enhanced work efficiency and improved the accuracy of clinical diagnosis!’’-’8l. Wearable patches
typically consist of miniature sensor modules containing electronic components and sensing elements, which can be directly affixed
to the chest via adhesive surfaces. Their advantages include low-cost manufacturing, feasibility for mass production, superior
flexibility, and strong resistance to motion artifacts during physical activity and skin deformation*°l. Furthermore, these patches
show potential for functional expansion through integration of additional physiological sensors to monitor diverse parameters such
as blood glucose, pH, and body temperaturel”*8°,
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Figure 6. ECG monitoring by the metal electrodes. (a) The rigid metal electrode on a smart watch; (b) Stretchable metal electrode or connection with deformable architecture
for conformable skin attachment!®; (c), (d) Stretchable metal electrode patch with deformable serpentine structures for wearable ECG monitoring!®®. ECG:

electrocardiograph; PPG: photoplethysmography; EES: epidermal electronic system.

The inherently rigid and sliding nature of metal electrodes often leads to motion artifacts caused by electrode displacement on the
skin, resulting in severe noise interference. To improve the performance of metal electrodes and specifically address motion artifacts,
flexible and stretchable metal electrodes with innovative structural designs have been developed in recent years. John A. Rogers’s
group developed stretchable thin-film metal electrodes featuring carefully designed deformable geometries, such as serpentine
patterns (Figure 6b). These metal electrodes demonstrate skin-like softness and good stretchability through geometric engineering,
significantly enhancing skin conformability and reducing motion artifacts caused by displacement. Such deformable structural
designs, which incorporate rigid yet durable materials, have been widely adopted for fabricating stretchable dry electrodes!®!l.

For example, to achieve stretchable and skin-compatible electronics for neonatal monitoring, ultrathin, soft, skin-like electronic
devices were designed with serpentine metal traces and an island-bridge connection structure to minimize mechanical stress during
deformation!®l. This structure allowed uniaxial stretching up to 16% without plastic deformation. A microfluidic chamber filled with
ionic liquid further decoupled strain, reducing interfacial shear and normal stresses by 2.5 times compared to non-fluidic designs. For
continuous wearable ECG testing, the epidermal device mounted on the chest captured electrocardiograms via fractal mesh
electrodes. Real-time in-sensor analytics processed QRS complexes, providing heart rate, heart rate variability, and respiration rate
with clinical-grade accuracy (Figure 6¢). Similarly, a stretchable electronic skin made of metal thin-film electrodes was fabricated on
a flexible polyimide film[®2l. With sophisticated curved geometries and ultrathin designs, these metal electrodes achieve excellent
stretchability and interfacial adhesion, enabling seamless conformability to the skin even under dynamic deformation. As a result,
electrode-skin impedance was clearly reduced by over 50%, achieving ECG signal stability comparable to that of gel electrodes.

Additionally, to reduce the skin-contact impedance of metal dry electrodes, some metal alloy electrodes have been investigated. By
increasing the work function of the alloy composition through metal element doping, the interfacial charge transfer resistance can
be lowered by forming a nanoscale electrical double layer at the metal surface, thereby reducing the overall electrode-electrolyte
interface impedance of the alloy electrodel®?l. For example, Yang et al.[®¥ designed a Fe-Co-Ni-Cu-Zn high-entropy alloy (HEA)
electrode via electrochemical deposition. Its low contact impedance (6.6 KQ at 1 kHz, superior to conventional dry electrodes)
enhances ECG signal fidelity, capturing distinct PQRST waveforms. The HEA electrode demonstrates excellent stability and
biocompatibility. The alloy’s optimized charge transport at the skin-electrode interface addresses signal attenuation commonly
observed in dry electrodes, proving its feasibility for wearable ECG monitoring. To reduce the interfacial impedance caused by the
stratum corneum, Gwak et al.l®>! developed a pyramidal microneedle dry electrode using a bismuth-indium-tin (Bi-In-Sn) alloy for
high-fidelity ECG monitoring. The microneedles, measuring 340 um wide and 800 Um high, penetrate only the stratum corneum,
reducing impedance to below 10 kQ (at 10 Hz). ECG signals captured by these electrodes exhibit clear P-wave, QRS complex, and
T-wave comparable to those obtained with Ag/AgCl electrodes!®”. Although these alloy metal electrodes have low impedance, they
show limited flexibility and may cause discomfort during wear. In contrast, liquid metals, which combine metallic conductivity with
infinite deformability, overcome the limitations of rigid metals in stretchable wearable devices. By resolving the trade-off between


https://doi.org/10.70401/bmeh.2025.0004

BME Horiz. 2025;3:202510 | https://doi.org/10.70401/bmeh.2025.0004 Page 13 of 23

interfacial compatibility and mechanical durability, they have attracted significant attention in flexible electronics, offering
groundbreaking potential for next-generation conformal biosensors and epidermal circuits®l. Kim et al.l'] developed Fe;0,/liquid
metal electrodes, where optimized Fe;0, nanoparticle content balanced conductivity and magnetism. The uniform distribution of
magnetic particles ensured stable skin contact, effectively maintaining electrode-skin adhesion during movement and achieving ECG
signal intensity 28 times higher than standard Ag/AgCl gel electrodes (Figure 7a and Figure 7b). Liu et al.[®”] developed
proanthocyanidin (OPC)-functionalized EGaln nanoparticle inks to address challenges related to high surface tension and poor
adhesion. OPC modification via hydrogen bonding enhances wettability and deformation-tolerant conductivity, enabling direct
writing of super-conformal epidermal electrodes. These electrodes exhibit skin-contact impedance lower than commercial Ag/AgCl
gel electrodes and achieve high-fidelity ECG monitoring, capturing PQRST peaks and R-R intervals during both rest and physical
activities. Stable signal acquisition over 7-day continuous tests highlights their capability for long-term reliability by mitigating sweat
interference and motion artifacts.
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Figure 7. Wearable dry electrode. (a) A highly conductive Fe;0,/ LM composite dry electrode and wireless ECG monitoring system composed of two liquid electrodes (b)!'"};
(c) A wireless electrophysiology measurement system composed of conventional ultrathin PPd tattoo electrodes attached to an upper arm or chest. Republished with
permission from['?; (d) Macroscale (left) and microscale (right) conformability of PPd electrodes on the skin. Republished with permission from['?, LM: liquid metal; ECG:

electrocardiograph.

Unlike inherently rigid metal electrodes, dry electrodes based on conductive polymer composites have emerged as ideal flexible
substrate materials due to their skin-like modulus, excellent stretchability, and tunable interfacial properties. By incorporating
conductive fillers such as carbon nanomaterials into elastomeric polymer substrates, the resulting composites achieve both high
conductivity and stretchability!®*l. Metal nanowires, especially silver nanowires (AgNWs), have become prominent conductive fillers in
polymer composites owing to their outstanding electrical properties. When integrated into polymer matrices, these nanostructures
form low-resistance percolation networks that simultaneously enhance mechanical robustness and electrical conductivity of the
composite. This unique combination makes them particularly suitable for flexible electrodes and wearable electronic applications[®”l.
Harimurti et al.l’l developed a Janus electrode with asymmetric wettability by depositing a microporous Au
nanoparticles/polyurethane-polydimethylsiloxane (Au/PU-PDMS) composite membrane on a hydrophilic PVA/polyacrylic acid (PAA)
nanofiber layer. The hydrophobic and microporous Au/PU-PDMS layer provides self-adhesion and mechanical flexibility, enabling
unidirectional sweat expulsion when combined with the asymmetric hydrophilic PVA-PAA layer. These multifunctional features allow
the electrode to maintain a dry and stable skin-electrode interface as well as good gas permeability and comfort. Experimental results
showed the electrode exhibited a minimal relative resistance change of approximately 1% after 1,100 mechanical bending cycles, skin
impedance comparable to commercial gel electrodes, and stable ECG monitoring for six days with a consistent of about 18.8 dB.
Park et al.l’!l created a self-healing patch that integrates ECG signal detection with monitoring of other health conditions such as
temperature and wrist pulse. Conductive Au nanosheets were capped with a room-temperature self-healing polymer (TUEG3) and
subsequently deposited on a self-healing oxime-carbamate (OC) bond-based polyurethane film. The electrode layers self-bond
through the self-healing OC bond-based polyurethane, enabling autonomous damage repair during prolonged use and stabilizing the
conductive interface. ECG signals recorded by the composite electrode show distinct QRS peak features with a high SNR of
approximately 20 dB. Even after self-healing, the electrode retains good performance with only a slight SNR reduction of about 3%,
demonstrating strong potential for long-term ECG monitoring applications.
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Although conductive polymer composite electrodes exhibit high conductivity and good stretchability, the conductive nanofiller
network is sensitive to strain. Such electrodes are easily affected by skin deformation or body movement, which can cause baseline
shifts. Therefore, a motion- or strain-insensitive stretchable electrode is highly desirable Kim et al.l’'l developed a motion-insensitive
dry electrode by employing a structural design based on kirigami-patterned cracks. In this electrode, Ag NWs and gold films were
successively deposited on a stretchable poly(styrene-ethylene-butylene-styrene) (SEBS) substrate, forming kirigami-like cracks when
stretched. This composite film maintains stable conductivity (7.6 Q/sq) up to a maximum strain of 350%, while preserving low skin
impedance (3 kQ at 1 kHz) and stable current response after cyclic testing. The ECG signals recorded by the electrode showed clear
P-waves, QRS complexes, and T-waves, accurately reflecting cardiac activity. Even after applying 50% strain, the ECG signals were
minimally affected by the stretching motion, demonstrating strong potential for motion-insensitive wearable ECG monitoring.

Carbon nanomaterials including CNTs, carbon black (CB), graphene, and carbon nanofibers represent another important class of
conductive fillers for developing stretchable epidermal electrodes with polymer matrices!°?. Their exceptional electrical stability,
high conductivity, and cost-effectiveness make them promising candidates for next-generation practical dry electrodes!’3.
Aung et al.’! reported an innovative technique for preparing high-performance CNT films via a mechanical exfoliation and transfer
process, demonstrating their application in wearable ECG signal detection. Ultralong CNTs exhibit high conductivity but tend to
aggregate easily. To obtain uniformly dispersed CNT films, the ultralong CNT aggregates were repeatedly peeled off using a flexible
and self-adhesive commercial tape. The resulting CNT films on the tape showed high electrical conductivity
(approximately 9.0 ohms per square), excellent mechanical flexibility, and precise structural controllability. The adhesive CNT/tape
electrodes could attach firmly to the skin, providing ECG signal quality comparable to that of commercial gel electrodes. To produce a
conductive elastic film with good conductivity and excellent mechanical properties Wu et al.l’>! fabricated a composite film electrode
by depositing CB nanoparticles on a TPU nanofiber membrane. The prepared TPU/CB composite exhibited high stretchability up to
800 percent strain and good conductivity, enabling effective ECG signal detection with clearly distinguishable P, Q, R, S, and T waves.
Uniform dispersion is crucial for achieving composites with optimal conductivity and mechanical performance. However, due to the
percolation threshold limitations of nanofillers, achieving high conductivity at low filler concentrations remains challenging.
Moreover, excessive nanofiller content can reduce stretchability despite increasing mechanical strength. To address this trade off,
researchers have employed CNT bridging effects and electric field induced alignment techniques to fabricate highly conductive
composite electrodes with low filler content. Wang et al.l’! proposed a strategy to optimize graphene polydimethylsiloxane (PDMS)
composite conductivity through CNT bridging and multi frequency electric fields. Under electrophoretic effects, CNTs formed
bridging structures with graphene nanosheets in the composites, increasing conductivity up to 2.0 Siemens per meter at 13 weight
percent CNTs/graphene, a 222 percent improvement compared to untreated samples. The Young’s modulus was reduced by 40
percent to approximately 0.3 megapascals. The stretchable electrode prepared from this composite clearly identified typical ECG
features including P, Q, R, S, T, and U waves.

Intrinsically conductive polymers (ICPs) have emerged as promising materials in bioelectronics. Unlike inorganic conductors, ICPs
offer advantages such as high mechanical flexibility, good electronic and ionic conductivity, and excellent biocompatibility.
Therefore, they can address issues related to mechanical mismatch and high interfacial impedance in bioelectrodes and devices!®l.
PEDOT:PSS, a widely used commercial conductive polymer, has become a material of choice for functional epidermal electrodes due
to its excellent aqueous processability, high electrical conductivity (up to 1,000 siemens per centimeter), inherent biocompatibility,
and mechanical flexibility. However, pristine PEDOT:PSS electrodes suffer from low intrinsic conductivity, limited stretchability, and
poor stability in humid environments, which compromise interfacial stability and signal quality for wearable ECG recording!®’l. To
overcome these limitations, researchers have explored improvement strategies including doping with additives, post-processing
treatments, and material hybridization. For example, Shin et al.l'?l developed a conductive adhesive electrode (PPD) by blending
PEDOT:PSS with PVA and D-sorbitol. Optimizing the ratio of PVA and D-sorbitol adjusts the material’s modulus and adhesion to
enhance electrode-skin conformability. The resulting PPD electrode demonstrated stable electrical performance and low contact
impedance, maintaining consistent signal amplitude during seven days (168 hours) of continuous ECG monitoring. Even under motion
conditions, it effectively identified characteristic ECG peaks with minimal artifacts and maintained appropriate signal-to-noise ratio
levels (Figure 7c and Figure 7d). Similarly, freestanding flexible dry electrodes (PM electrodes) were fabricated by blending PEDOT:PSS
with maltitol. The conductivity of PEDOT:PSS was enhanced through ethylene glycol treatment, while simultaneous incorporation of
maltitol improved interfacial adhesion (0.46 newtons per centimeter), reduced Young’s modulus to 7 megapascals, and increased
stretchability to 62 percent through hydrogen-bond-mediated interactions. These dry electrodes demonstrate excellent skin
conformability and low interfacial impedance (48.2 kQ-cm? at 100 Hz), outperforming conventional Ag/AgCl gel electrodes in ECG
monitoring and other biosignal acquisition applications (Table 1). This performance advantage is attributed to their consistently
superior signal quality across various operating conditions(®?.

4.3 Organic electrochemical transistor based epidermal electrode

OECTs consist of source and drain electrodes, a gate electrode, and an organic semiconductor channel. Their operation relies on
gate-controlled ion injection from an electrolyte to modulate the bulk conductivity of the channel. This ionic-electronic coupling
throughout the channel volume enables exceptionally high transconductance. Functioning as amplifiers, OECTs exhibit gate voltage
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(input) controlled drain current (output) with signal power amplification!’®. These characteristics make OECT-based devices ideal for
high-sensitivity biosensing applications. Currently, OECTs show significant potential in wearable ECG monitoring systems due to their
unique combination of intrinsic signal amplification, low power consumption (< 1 UW), and mechanical flexibility!>-'°°l. For ECG signal
detection, the gate electrode of OECT devices generally interfaces with the skin. Epidermal biopotentials are transmitted to the
channel via electrolyte layers and modulate the doping state of the semiconductive polymer in the channel, thereby converting
epidermal biopotential signals into electronic signals. The micro-sized OECT can be fabricated on ultra-thin or stretchable substrates,
ensuring conformal skin contact, reducing motion artifacts, and enhancing SNRI*3],

Although OECTs were initially developed for ECG recording, their conventional aqueous electrolyte systems are not compatible with
wearable applications. Currently, reports on miniaturized wearable OECT-based ECG sensors remain limited. To address this
challenge, Yang et al.l”! developed a flexible OECT sensor array incorporating an ionic gel electrolyte layer (Figure 8a and Figure 8b).
Fabricated on an ultrathin parylene substrate, the device features ionic gel-coated channel and gate regions to ensure optimal skin
contact. This unique design demonstrates remarkable mechanical robustness, maintaining stable performance through more than
500 bending cycles. The OECT array leverages its intrinsic signal amplification and narrow channel architecture (10 pm width) to
achieve high-fidelity ECG monitoring, exhibiting a signal-to-noise ratio exceeding 40 dB with sub- Us response times (Table 1). These
characteristics position this integrated flexible platform as a promising solution for next generation wearable and portable ECG
monitoring systems. To address the challenges of signal amplification ability and mechanical stability in conventional OECTs, a
super-flexible four-terminal vertical OECT (4T vOECT) with Corbino-structured channel architecture was proposed. Combined with a
four-terminal measurement configuration, this design effectively eliminates the influence of line resistance on transconductance (g,,),
achieving a record-breaking gm value exceeding 400 mS. The unique isotropic strain distribution ensures exceptional mechanical
durability, maintaining stable performance even under repeated bending. In ECG monitoring applications, the 4T vVOECT
demonstrates a high SNR (> 42 dB) and strong resistance to motion artifacts, enabling reliable recording of ECG signals during joint
movements. This innovation provides a breakthrough for high-precision physiological signal detection in dynamic wearable
environments (Figure 8c and Figure 8d)!'4l,
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To improve the flexibility and mechanical stability of OECTs Jiang et al.l'°!] constructed a high-performance flexible OECT device using
3D-printed graphene oxide/carbon nanotubes as stable gate, source, and drain electrodes. These 3D-printed electrodes exhibit
outstanding mechanical flexibility and porosity, enabling high-throughput fabrication and planar integration while facilitating rapid
ion and charge transport. Specifically, the OECTs achieved performance comparable to Ag/AgCl-gated counterparts, with a low
threshold voltage and normalized transconductance exceeding 75 S/cm?. At a gate bias of -0.1 V, the recorded current signals
displayed frequency and waveform characteristics highly consistent with typical ECG patterns, validating the feasibility of this
bioelectronic approach. The volumetric ionic-electronic coupling mechanism in OECT channels fundamentally limits device response
time, which in turn constrains the frequency response and accuracy of ECG signal acquisition. To address this limitation, ongoing
research focuses on optimizing OECT architectures and material systems to enhance response characteristics and improve their
suitability for wearable ECG monitoring. For instance, Chen et al.l*’l developed a fiber-based vertical OECT featuring a novel vertical
channel structure with a narrow channel length of 3 pm. This design enables rapid response (12 ms), high maximum
transconductance (16 mS), and good biocompatibility. The devices demonstrated stable, high-quality ECG signal recording with a SNR
greater than 20.6 dB in both in vitro and in vivo environments (Table 1), highlighting their potential for long-term cardiac monitoring.
Additionally, Zhang et al.l'°? developed a flexible OECT array incorporating zwitterionic materials as the ionic electrolyte layer. The
zwitterionic electrolyte facilitates rapid ion transport at the electrode interface, enhancing response speed and electrical
performance. This design ensures reliable skin contact and stable ECG monitoring with high signal quality and a SNR of 20 dB.
Hu et al!"! further advanced flexible OECTs by employing nanoporous conjugated PEDOT:PSS aerogel films as the channel material.
The resulting nanoporous semiconductor channel possesses a high specific surface area (255-281 m?/g), small pore size (2-60 nm),
and high porosity, all of which significantly improve ion penetration and transport efficiency. These structural advantages allow the
device to achieve a transconductance of 48.5-53.5 mS and an on/off current ratio of up to 6.4 x 10%. The enhanced signal amplification
capability derived from this architecture enables real-time detection of stable ECG signals with high signal-to-noise
ratios (Figure 8e and Figure 8f).

4.4 Integrated flexible electronics

Through advancements in electronic materials and micro-nano fabrication technologies, recent developments have yielded
miniaturized ECG monitoring systems that integrate signal acquisition, processing, and display functionalities*’). Integrated flexible
electronics enable conformal interfacing with skin surfaces, facilitating real-time monitoring of diverse physiological signals such as
cardiac activity, respiratory rate, and blood pressurel7",

Electronic skin (E-skin) is an innovative flexible wearable integrated device characterized by skin-like softness and ultrathinness,
mimicking the functions of human skin!!%3l. E-skin demonstrates significant application potential in real-time continuous monitoring
of vital signs such as ECG signals, EMG, and heart ratel'°!l. Current research focuses on designing novel e-skin devices with improved
interfacial adhesion, breathability, and mechanical robustness to enhance physiological data acquisition and user experience. For
instance, Guo et al.['*l developed an e-skin with a web-droplet-like architecture and adhesion mechanism, combining high
breathability, strong skin-contact adhesion, and exceptional electrode conductivity. By mimicking spiderweb structures, this e-skin
achieved robust adhesion through PDMS distribution and utilized semi-liquid metal materials to attain ultrahigh
conductivity (9 x 10° S/m) and strain tolerance up to 850%. This design enables long-term monitoring of physiological parameters
such as ECG signals. Inspired by animal skin fiber networks, Yang et al.l'l developed a biocompatible and breathable e-skin based on
a natural sheepskin fiber woven network substrate. The unique multilayer three-dimensional woven network provides high
mechanical strength (breaking strength of 4.01 MPa) and high elongation (elongation at break of 304.8%). By incorporating ionic
electrolytes in the substrate, the device can detect strain stimuli and perform real-time ECG monitoring through internal ion
transport while maintaining biocompatibility. To enhance comfort and reduce skin-electrode impedance, Cui et al.l’’l proposed a
MXene-polyurethane mesh (MPM) based e-skin for daily long-term wearable ECG monitoring. By spraying MXene nanosheets onto an
electrospun PU nanofiber substrate, the resulting MPM e-skin exhibits high breathability, mechanical stability, stretchability (> 40%),
super sensitivity, and excellent washing durability. The e-skin shows ultralow electrode-skin contact impedance, high SNR (16.5 dB
compared to 14.1 dB from commercial gel electrodes) (Table 1), and superior breathability for prolonged wear. Furthermore, the
breathable electrode is integrated with flexible printed circuits and intelligent algorithms to form a wearable device capable of
precise arrhythmia diagnosis. This device can accurately detect ECG and EMG signals with high SNR and comfort, showing strong
potential for long-term continuous monitoring applications. Although breathable electrodes offer good comfort and breathability,
their skin adhesion remains insufficient, especially on deformed skin. Stretchable tattoo-like electrodes or electronics adhere tightly
to the skin due to their ultrathinness, good interfacial adhesion, and lightweight design. For example, a thin and stretchable
electronic tattoo (e-tattoo) integrating ECG and seismocardiogram sensing capabilities was fabricated for real-time wearable
monitoring!*’l. The ultrathin graphite-polyurethane composite film was laser-patterned into a stretchable tattoo electrode and
conductive interconnect. Integrated with a low-noise accelerometer and Bluetooth module, the stretchable e-tattoo conforms well
to the chest and captures high-quality ECG signals free from motion artifacts, supporting 24-hour continuous mobile cardiac
monitoring. To enhance mechanical robustness and facilitate multi-component integration, the architecture employs a
serpentine-interconnected island-bridge layout to improve stretchability and signal stability!'°’l. Miniaturized microchips and sensors
are mounted on rigid island segments, while stretchable conductive interconnects and wireless antennas are encapsulated in a thin
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elastomer film to ensure mechanical durability. The resulting e-tattoo device provides highly consistent ECG readings, matching the
performance of FDA-certified medical devices even during physical activity, confirming its clinical reliability. For wearable ECG
monitoring, capturing high-fidelity signals remains challenging due to motion-induced interference. Stable skin-electrode contact is
essential to minimize motion artifacts and baseline drift, ensuring signal accuracy. To address this issue, a starfish-inspired wearable
bioelectronic system featuring a mechanically decoupled five-arm design was developed (Figure 9a). Drawing inspiration from
starfish biomechanics, the pentaradial structure consists of five serpentine arms with independent sensing elements (i.e., electrode
pads) at the tips, all connected to a central hub for data processing and wireless transmission. This configuration reduces mechanical
interference during dynamic bodily movement. Integrated with machine learning-based signal processing, the device records ECG
signals with a high SNR of 35 dB during physical activity and achieves a cardiac condition detection accuracy
exceeding 91% (Table 1)1°%],
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Figure 9. Flexible e-skin for ECG signal detection. (a) A starfish-like device for trimodal cardiac monitoring during motion™; (b), (c) Fabrication of the f-HNPC/LSG/SEBS-based
epidermal sensor patch and its application for wearable detection of glucose, uric acid, K, and ECG pattern. Republished with permission from!”; (d) A breathable e-skin for
monitoring of temperature, hydration, and ECG. Republished with permission from!'*’; (e) The breathable electrode design by depositing CNT@NPC as the sensing element

on the porous SEBS substrate. Republished with permission from!'*. ECG: electrocardiograph; CNT: carbon nanotube; NPC: nanoporous carbon.

Multifunctional integrated electronics represent a significant development trend in wearable devices. To achieve more
comprehensive health monitoring, various sensors are incorporated alongside ECG electrodes to detect multiple physiological
parameters. For instance, a multifunctional electronic skin patch integrating an electrochemical sensor with a flexible skin electrode
has been developed to enable simultaneous monitoring of sweat biomarkers and ECG signals (Figure 9b and Figure 9¢)). For sweat
biomarker detection, a hybrid nanoporous graphene electrode array is constructed in situ on the substrate using a laser-scribed
technique. The electrodes are individually functionalized with glucose oxidase, uricase, and a valinomycin-based potassium
ion-selective membrane for the detection of glucose, uric acid, and potassium ions in sweat. For ECG signal acquisition, a conductive
graphene electrode fabricated via the same laser-scribed process is integrated into the system. The resulting skin patch s capable of
capturing distinct PQRST waveforms with a signal-to-noise ratio of 23.63 dB, while simultaneously measuring glucose, uric acid, and
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potassium levels in sweat, demonstrating strong potential for integrated health monitoring. To enhance air permeability in
integrated electronics, a stretchable and breathable electronic skin patch was fabricated on a porous SEBS substratel'l. A conductive
composite ink composed of CNTs and nanoporous carbon is mask-sprayed in a serpentine pattern onto the porous SEBS substrate,
forming a stretchable electrode array capable of measuring ECG signal, temperature, and skin hydration (Figure 9d and Figure 9e).
Due to the rapid physical absorption properties of nanoporous carbon, the electrode can effectively measure skin moisture content.
For the ECG signal detection, the serpentine-patterned electrode exhibits strain-insensitive behavior and maintains signal integrity
under mechanical deformation, ensuring consistent skin-electrode impedance (approximately 1 MQ at 10 Hz) over extended periods
of wear. Even under 15% strain, the sensor reliably captures PQRST waveforms, with only a slight decrease in SNR from 26 dB to
19.5 dB (Table 1), indicating performance comparable to that of commercial gel-based electrodes. A multilayered stacked architecture
is employed to integrate the temperature, hydration, and ECG sensing units, enabling synchronized multiparameter monitoring
through a wireless microcontroller connected to smartphones.

5. Challenges and Perspective of Epidermal Electrodes for Wearable ECG Monitoring

5.1 Challenges

Recent advancements in flexible conductive materials and stretchable electrode architectures have substantially improved epidermal
compatibility and signal acquisition stability, enabling long-term health monitoring through conformal skin contact. However,
several challenges persist, particularly in the areas of dynamic signal fidelity, energy integration, and wearability. One major
challenge in wearable ECG monitoring is the maintenance of signal accuracy under motion. Noise interference caused by body
movement or skin deformation complicates ECG signal acquisition during physical activities, hindering accurate physiological data
interpretation and raising concerns about clinical validation!'’®l. Therefore, the development of wearable ECG electrodes that exhibit
low susceptibility to motion artifacts and provide high-quality signal acquisition under dynamic conditions remains a demanding
objectivel”?l. Regarding energy integration, transparent conductive electrodes often encounter a trade-off between electrical
conductivity and mechanical flexibility when combined with energy harvesting components. To support extended real-time
monitoring and continuous data transmission, these electrodes must be equipped with optimized power management systems,
efficient data compression techniques, and reliable communication protocols. Although environmental energy harvesting presents a
promising approach, the efficient conversion and storage of harvested energy remain technical hurdles. Furthermore, optimizing
power distribution for systems that integrate multiple sensors with varying power requirements poses a significant design challenge.
Future efforts are expected to focus on improving the efficiency of energy harvesting, minimizing power consumption, and extending
battery life, all without compromising device performancel!°1l In terms of wearability, current flexible electrodes often exhibit
limited breathability, which becomes especially problematic during sweat monitoring, where electrochemical sensors require close
and continuous skin contact. As a result, the development of electrodes that concurrently offer breathability, flexibility, stretchability,
and comfort remains a critical direction for future research and technological advancement!'!!l.

5.2 Future perspective

The development of epidermal ECG electrodes is progressing toward multifunctional and intelligent systems that incorporate
artificial intelligence (Al), advanced materials, and energy-efficient designs. Al-driven analytics are anticipated to play a
transformative role in enhancing the diagnostic capabilities of wearable ECG monitors. Deep learning algorithms trained on
large-scale physiological datasets have the potential to enable real-time detection of subtle cardiac abnormalities, such as ischemic
events and early-stage arrhythmias, thereby reducing dependence on manual interpretation!''?l. By embedding machine learning
models directly into wearable devices, edge computing can be utilized to minimize data transmission latency and enhance user
privacy!' 31, Furthermore, collaborative Al frameworks, such as federated learning, may improve diagnostic accuracy by aggregating
anonymized ECG data across diverse populations without compromising individual data security!'!*].

The integration of Internet of Things technologies will further expand the application scope of epidermal electrodes in telemedicine.
Wireless communication protocols can enable seamless data transmission between wearable sensors, mobile devices, and
cloud-based healthcare platforms, allowing clinicians to remotely monitor patients’ cardiac conditions in real timel'!!l. Achieving
energy autonomy remains a key objective, with ongoing research focusing on hybrid power systems that combine flexible
photovoltaic cells, biomechanical energy harvesters, and biocompatible batteries to support prolonged device operation without
frequent recharging!'!>''°l, In addition, multimodal sensing architectures are expected to evolve beyond single-parameter ECG
monitoring. Future epidermal electrodes may incorporate nanostructured materials or OECTs to simultaneously monitor
electrophysiological signals and biochemical markers, providing a more comprehensive assessment of cardiovascular and metabolic
health. High-density electrode arrays embedded within ultrathin and flexible patches could significantly improve the spatial
resolution of signal acquisition, enabling detailed mapping of localized cardiac activity while preserving comfort and wearability for
long-term usel'!7l,

Material innovations are expected to resolve persistent challenges related to environmental adaptability and user comfort.
Bioinspired adhesive designs, such as gecko-like hierarchical microstructures, may provide reliable skin attachment during dynamic
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movements without the use of irritating adhesives!'!8l. Environmentally resilient hydrogels with tunable properties, including
antifreeze networks and moisture-retentive polymers, could help maintain stable electrical conductivity under extreme temperature
or humidity conditionsP®!l. In addition, self-healing conductive polymers or nanocomposites containing surface chemical or physical
binding groups are anticipated to improve mechanical durability, enabling electrodes to endure repeated deformation while
reducing motion-induced artifacts!* %l

To support real-world adoption, future research should prioritize scalable manufacturing methods and comprehensive clinical
validation. The development of standardized testing protocols to evaluate long-term biocompatibility, signal stability, and
compatibility with healthcare systems will be essential. By overcoming these challenges, next-generation epidermal electrodes have
the potential to evolve from consumer-grade fitness devices into clinically validated diagnostic tools, thereby expanding access to
proactive cardiovascular care and contributing to the transformation of global healthcare practices.
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