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Abstract: Electrophysiology signals are crucial health status indicators as they are related to all
human activities. Current demands for mobile healthcare have driven considerable interest in
developing skin-mounted electrodes for health monitoring. Silver-Silver chloride-based (Ag-/AgCl)
wet electrodes, commonly used in conventional clinical practice, provide excellent signal quality, but
cannot monitor long-term signals due to gel evaporation and skin irritation. Therefore, the focus has
shifted to developing dry electrodes that can operate without gels and extra adhesives. Compared to
conventional wet electrodes, dry ones offer various advantages in terms of ease of use, long-term
stability, and biocompatibility. This review outlines a systematic summary of the latest research on
high-performance soft and dry electrodes. In addition, we summarize recent developments in soft
materials, biocompatible materials, manufacturing methods, strategies to promote physical adhesion,
methods for higher breathability, and their applications in wearable biomedical devices. Finally, we
discuss the developmental challenges and advantages of various dry electrodes, while suggesting
research directions for future studies.

Keywords: soft-dry electrode; wearable device; health monitoring; physiology signal sensing;
manufacturing

1. Introduction

The activities of human organs and tissues are driven by changes in electrical potentials
called electrophysiological (EP) signals [1]. The major signals include electrocardiography
(ECQG) [2,3], electroencephalography (EEG) [4,5], electromyography (EMG) [6], and elec-
trooculography (EOG) [7] signals. This can reflect the physiological state of the human
body and is a critical indicator for evaluating various physiological activities of the body in
clinical treatment, improvement of physical condition, behavioral analysis, etc. [1]. Among
them, the ECG signal directly reflects the health state of the heart and is used as a measure to
detect cardiovascular diseases such as arrhythmias and valve abnormalities [8]. EEG signals
can provide important medical information about brain diseases such as dementia, tumors,
and epilepsy [9,10]. EOG signals can monitor eye movement status for sleep monitoring or
feedback of retinal stimulation, paving the way for mobile eye therapy and eye movement
control [7]. EMG signals are closely related to muscle disease and fatigue, and have recently
been widely used in gesture recognition, and prosthetic control [11]. Therefore, it is crucial
when develop systems that continuously monitor human bioelectrical signals to detect
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potential health problems and ensure patient health and safety. According to the mate-
rials, EP signals are captured by bio-signal electrodes, including wet and dry electrodes.
Silver/Silver chloride (Ag/AgCl) electrodes, a traditional wet electrode, have been widely
used to acquire EP signals due to their low skin-to-electrode impedance, low cost, and ease
of use. Still, some drawbacks limit their use in long-term monitoring and wearable health
monitoring applications [12]. In particular, gels used in wet electrodes can potentially
cause skin irritation to the patient. They can dehydrate and coagulate after prolonged use,
which can increase signal detection noise and degrade signal quality [13]. With the recent
advent of nano/micro-processes and material-based stretch/flexible electronic devices,
bio-signal electrodes have made significant progress over the past few years. In particular,
dry electrodes that do not utilize wet gels have become a promising alternative through
continuous optimization, as they achieve improvements in signal quality, ease of use, and
portability [14]. Based on this, integration with circuit and wireless communication systems
forms a device of a new independent wireless platform, demonstrating remarkable research
achievements in wearable applications for human-machine interfaces and solutions for
health monitoring at the clinical level [7,8].

High-quality signal acquisition is critical for these applications. EP signals typically
exhibit a small signal amplitude, less than 5 mV [15]. In addition to this, its low signal-
to-noise ratio (SNR) causes randomly unstable signal changes from external or internal
stimuli, and is highly susceptible to such interference [16]. Therefore, to collect high-
quality and stable EP signals, a high-performance dry electrode that maintains reliable
mechanical/electrical performance is needed. Figure 1 depicts the requirements for the
high-performance soft electrode for wearable physiology monitoring. The electrode with
high conductivity enhances the SNR in EP signal measurements due to its high surface
electric displacement field and high charge carrier density [17]. While conventional bulk
metal electrodes have excellent conductivity, they do not have flexibility /stretchability for
wearable applications. This soft feature of the electrode is an essential factor in maintaining
electrical performance as a bio-signal electrode, despite mechanical deformation such
as bending, stretching, and torsion resulting from human movement. To analyze these
features, the electrode’s properties are evaluated through various on-skin sensing devices
as well as repeated bending/stretching tests [18]. Due to the human skin deforming up to
50% when moved, proper stretchability must be guaranteed for stable signal detection [19].
The physical adhesion of the electrode affects signal acquisition reliability. In particular,
the conformal contact between the skin interface and the electrode is immensely related to
improving signal quality [20]. The adhesive performance capable of sufficiently adhering
to the skin provides high signal quality by reducing the motion artifact and enhancing
long-term usability. In addition, electrodes use materials with high biocompatibility, such
as carbon-based materials (CNT and graphene), metals (gold and platinum), and polymers
(PEDOR:PSS and PPy) [21]. They can prevent health problems due to skin irritation or
cytotoxicity during the long-term monitoring of bio-signals, which is an essential element
as a high-performance dry electrode [22]. Humans generate more than 40 g/h/ m? of water
from the skin every day [23]. Therefore, the breathability of the electrode is important for
the user’s comfort and wearability, and for preventing skin problems during long-term
monitoring. In addition, since moisture remaining between the electrode and the skin
creates a signal drift, proper ventilation significantly impacts EP signal quality [24].
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Figure 1. Schematic illustration of the requirements for high-performance dry electrodes. (Reprinted
with permission from Sci. Rep. 2021, 11, 14823, Copyright 2021, Scientific Reports), (Reprinted with
permission from Sci. Transl. Med. 2021, 13, 612, Copyright 2021, Science Translational Medicine),
(Reprinted with permission from ACS Mater. Lett. 2021, 3, 9, 1385-1393, Copyright 2021, ACS),
(Reprinted with permission from Nat. Commun. 2021, 12, 3710, Copyright 2021, Nature Communi-
cations), (Reprinted with permission from Sci. Adv. 2017, 3, 3, Copyright 2017, AAAS), (Reprinted
with permission from Nat. Commun. 2021, 12, 4731, Copyright 2018, Nature Communications),
(Reprinted with permission from Nat. Biomed. Eng. 2019, 3, 194-205, Copyright 2019 Nature com-
munications), (Reprinted with permission from Nat. Nanotechnol. 2017, 12, 907-913, Copyright 2017
Nature Nanotechnology), (Reprinted with permission from Adv. Sci. 2018, 5, 1700771, Copyright
2018, Wiley), (Reprinted with permission from ACS Appl. Mater. Interfaces 2019, 11 (18), 16951-16957,
Copyright 2019 ACS), (Reprinted with permission from Adv. Mat. 2013, 25 (20), 2773-2778, Copyright
2013 Wiley).

This review provides an overview of recent research achievements in soft—dry elec-
trodes for wearable health monitoring applications. Section 2 explores various material-
based dry electrodes, their manufacturing process, performance evaluation, and their
application to bioelectrodes. Section 3 summarizes multiple approaches and applied
research to improve physical adhesion, including adhesive and conformal contact. In
Section 4, we provide an overview of various methods to enhance the breathability of
bioelectrodes. Finally, we summarize research achievements on high-performance soft-dry
electrodes and suggest perspectives for wearable healthcare applications.
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2. Dry Electrodes with Various Materials
2.1. Significance of Material Selection in Dry Electrode Fabrication

Recent research in biosignal electrodes proposes a variety of materials suitable for soft,
dry electrodes with high signal quality. Key material characteristics determining usability
in dry electrodes are divided into electromechanical properties, including conductivity,
stretchability, and biocompatibility. Commercial Ag/AgCl wet electrodes achieve low
skin-electrode impedance through gel skin preparation in advance of electrode attachment,
maximizing the skin-to-electrode contact area, and the gel solution provides additional
conductivity [25]. Skin-to-electrode impedance proves to be one of the most challenging
properties to be assessed in designing dry electrodes, due to the number of influencing vari-
ables, such as skin-to-electrode contact area and electrode material type. High-impedance
electrodes also appear to be more susceptible to low-frequency noise, especially during
warm and humid recording environments anticipated during long-term signal monitoring
by dry electrodes [26]. Intrinsic material properties highly influence high-performance dry
electrode characteristics such as flexibility and biocompatibility. For example, elasticity and
microstructural porosity are critical properties associated with the long-term measurability
of biosignals from wearable electronics [27]. Carbon and metal nanomaterials have been
traditionally popular conductive materials that are suitable for printed electronics [28].
Recent advancements in material science also introduce conductive polymer compounds
along with carbon and metal nanomaterials to be biocompatible, as outlined by usage in
skin regeneration treatments [29]. Minimal cell toxicity is key when designing electrodes
intended for clinical use to achieve long-term and reliable biopotential signals under ro-
bust conditions. Cytotoxicity is a key biomedical indicator to prevent cell death caused
by disruptions such as cell membrane damage, protein synthesis prevention, irreversible
receptor binding, etc. [30]. Recent studies further highlight the importance of assuring
the biocompatibility of materials, since requirements broadly vary according to multiple
variables such as the sensor—skin contact method, exposure time, and material degradation
over time [31]. Electrode-related skin abrasion refers to all types of skin lesions caused
by electrode placements for biosignal monitoring [32], which must be addressed in long-
term measurement for patient safety and comfortability. Revolutions in manufacturing
technologies now allow for novel manufacturing processes, such as inkjet printing, laser
cutting, photolithography, and electrospinning, applicable to dry electrode research. These
methods allow for the processing of various electrode-based materials with high preci-
sion and customizability [27]. Soft, flexible, and conductive electrode materials featured
in this section will demonstrate high-quality signal monitoring, emphasizing high skin
formality and conductivity through varying material selection and property optimization
by fabrication methodologies.

2.2. Metal-Based Electrodes

Metal, also utilized in traditional gel Ag/AgCl electrode form factors [33], has been
a widely popular choice for electrode fabrication due to its high conductivity, low skin—
electrode impedance, and ease of manufacturability. Ag, particularly in nanowire and
ink-deposited form, is preferable due to the allowance of various fabrication methods
and embedding in flexible polymer substrates for maximized flexibility [34]. Although
Ag is considered widely biocompatible and safe for skin, based on comparative studies
with common metals used as in-body implants such as stainless steel (SS) [35,36], skin
irritation due to Ag is a common issue among patients and should be assessed for flexible
dry electrode fabrications to meet long-term monitoring standards. Studies evaluated in
this review aim to mitigate such issues by investigating metal fabrication methods and a
combination of cost-effective but less biocompatible metals such as Ag and copper (Cu)
integrated with polymer substrates or highly biocompatible noble metals such as gold (Au),
titanium (Ti), and platinum (Pt) [37—40]. Table 1 summarizes the characteristics of soft—dry
electrodes. Despite Ag posing inflammatory risks and having the potential for cytotoxicity,
research has demonstrated the safety of usage in low dosages while taking advantage
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of its physicochemical properties and biological functionality, such as high antimicrobial
efficiency [39]. A soft, sponge-like biosensor developed by Kim et al. implements a flexible
substrate to achieve high stretchability and strain resistance [41]. Ag flakes are steam-
etched into the porous silicone surface area, maximizing electrode contact area with the
skin surface. A significant increase in electrode-skin contact area from the microporous
nature of the electrode material contributes to low impedances at 2.1, 1.5, and 1.0 kQ.
Impedance data were measured using electrochemical references using a pH solution
resembling human blood properties (pH 7.2 at 23 °C) at 40, 150, and 1000 Hz ECG signals.
A water-soluble medical tape was added to ensure easy integration across the epicardial
placement surface (Figure 2a). The addition of the stiffening layer significantly reduced
minimum adhesion energy through strong capillary adhesion to the epicardial surface. The
rapid custom prototyping of electrodes based on printable sponge-like foam substrates
allowed the custom application to epicardial ECG by applying ultrasound-generated 3D
models to transfer onto custom-patterned mesh sensors with conductive layers directly.
Thin Au sheets are electroplated over the Ag flake layer to promote biocompatibility. The
in vivo compatibility and anti-biofouling properties of the custom print electrode were
addressed by assessing cell toxicity, proving that the Au coating over Ag flakes significantly
increased cell variability. Such findings support non-toxicity during in vivo applications.
However, a granuloma formation on the epicardial surface was observed for 14 days
of post-implant of the device, suggesting the need for further design improvements for
long-term epicardial monitoring.

Table 1. Summary of metal-based soft—dry electrodes.

Electrode
Material

Manufacturing Conductivity/ SNR/Contact

Method

Resistivity Impedance Stretchability =~ Thickness Ref.

Ag flake, Au

Ag-PTFE

Au, PDMS

Au
nanoparticle

Ti thin film

Pt thin film
with Cu
co-deposition

3D Direct ink

write, Steam

etching,

Metallization,

1.0 kO 21,15,1.0kQ (@

% >
(@ 40, 150, 1000 Hz) 40, 150, 1000 Hz) >100% 250 pm [41]

Electroplating
Magnetron
sputtering 3.09-17.23 Q0/sq N/A 40% 20 nm [42]

system

Thermal release
tape transfer,

Laser

patterning,

MPTMS

10-150 O N/A <50% 250 um [43]

treatment, Spin
coating, Stencil

masking

Electrodeposition 270 mQ)/sq

ECG 51%

EMG 63% N/A N/A [44]

Magnetron
sputtering with

glanc-

ing/oblique 1-15 x 107° Om

angle

SS: 10 kO

TPU: 200-250 kQ N/A 1-1.5 mm [45]

deposition
(GLAD/OAD)

Electrodeposition N/A <5k @20Hz N/A 5-20 um [46]
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Figure 2. Schematic diagrams and images of metal-based dry electrodes: (a) Ag-Au electrode fab-
rication and microporous structure demonstration on the epicardial surface of the murine heart
(Reprinted with permission from Nat. Commun. 2021, 12, 3710, Copyright 2021, Nature Communica-
tions) [41]. (b) Photograph of Ag-PTFE electrode-based EMG sensor implemented on the forearm
(Reprinted with permission from NPG Asia Mater. 2021, 13, 4, Copyright 2021, NPG Asia Materi-
als) [42]. (c) Au-layered PDMS patch-type ECG sensor conformed around wrist (Reprinted with
permission from Sci. Rep. 2021, 11, 14823, Copyright 2021, Scientific Reports) [43]. (d) Titanium-thin
film electrode fabrication onto TPU substrate and sSEMG measurement demonstration. (Reprinted
with permission from Materials 2020 13 (9), 2135, Copyright 2020, MDPT) [45]. (e) Multi-layer structure
of assembled Ear-EEG electrode composite of platinum, silver, and MP35N metal sheets (Reprinted
with permission from Sensor 2021, (11), 3176 (2020), Copyright 2020, MDPI) [46].

Gold nanoparticles (AuNP) have been applied to various biomedical research, such
as cancer-targeting agents owing to material stability, biofunctionability, and biocompat-
ibility [47]. A semitransparent, stretchable hybrid Ag-polytetrafluorethylene (Ag-PTFE)
on polyurethane (PU) substrate electrode was developed by Yoon et al., showing excellent
sheet resistance (3.09-17.23 (2/sq) and strain resistance (0-40%) [42]. The hybrid material
consists of the PTFE as a controlling matrix for Ag particles” agglomeration and stretcha-
bility improvement. The Ag and PTFE conductors are sputtered onto a PU substrate by
a magnetron sputtering system (deposition thickness: 20 nm). A laser patterned EMG
sensor was fabricated by co-sputtering the Ag-PTFE onto a silicone substrate spin-coated
with solution-based polyimide (PI), which later separated the patterned electrode from
the silicone-PI substrate via dipping in hot water (90 °C) and transferred to a glass sub-
strate. Compared to traditional photolithography, the laser patterning method provides
a direct patterning method that is comparatively time and cost-effective with ease of
manufacturability. The final EMG sensor was packaged with adhesive and stretchable
polydimethylsiloxane (PDMS) polymer from the top for patient application (Figure 2b).
The surface characteristics of the resulting EMG sensor demonstrate high water resistance
due to the strong interaction between carbon and fluorine particles of the PTFE, forming
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an incomplete wetting surface, which makes it an excellent hydrophobic material for self-
cleaning dry electrodes. Water resistance was measured by contact angles of two solutions
with known surface energy components, measuring 64.53°, which is considered applicable
in wearable electronics. While microelectromechanical system (MEMS) technologies are
widely used in flexible electronics fabrication, they are often expensive due to processes that
require costly equipment (e.g., vacuum deposition, photolithography, wet/dry etching).
Kim et al. propose a gold-based electrode fabricated by plotter cutter machines and surface
treatment with trimethoxysilane (MPTEMS) solution before transferring the Au electrode
onto a PDMS substrate (Figure 2c) [43]. The cutter-based fabrication process is more cost-
effective than MEMS metallization and is also applicable in metal formation and selective
encapsulation. MPTEMS treatment of the gold electrode further increases adhesion with
the PDMS layer, increasing the fabrication reliability of thin-width gold electrodes up to
stable fabrication at 0.2 mm minimum gold line width. The high stretchability of PDMS
polymers enables the Au-PDMS electrode to stretch up to 50% while maintaining low
resistance during cyclic strain testing (~100 (2). The electrode’s electrophysiological sensing
abilities were confirmed via ECG signal measurements from both phantom simulators and
human subjects.

Yun et al. developed a noble-metal skin enhanced electrode by surface modification
using Au in film sheets and nanoparticle states [44]. The Enlarged Surface-Area Flexible
Skin Electrode (ESASE) proposed achieves performance improvement through electrode-
position, maximizing the skin-to-electrode contact area. While Au was selected to be the
conductive metal material for the electrode, an electroplating methodology was used to
maximize surface area. A 100 nm gold thin film was deposited to a highly flexible and skin
conformal PI substrate. Au-nanoparticles were electroplated onto the gold film surface.
Electrodeposition increased the surface area of the electrode by 1.5 times compared to
the bare gold film electrodes, reducing interference impedance and thermal noise, thus
significantly reducing signal-noise ratio (SNR). The fabricated electrode was compared
against bare Au film electrodes and commercial Ag/AgCl gel electrodes using ECG and
EMG measurements. In comparison to bare Au, the ESASE improved SNR by 51% for
ECG and 63% for EMG. ESASE SNR values were also on par with Ag/AgCl reference elec-
trodes, demonstrating performance exercising current gold standards. The ESASE notably
outperformed reference electrodes during motion artifact analysis using pseudo-impulse
response and demonstrated a 95% reduction in motion noise than Ag/AgCl electrodes.

Titanium is an alternative biocompatible noble metal widely used in clinical implants
and is notable for its low corrosivity and lightweight properties [48]. A Ti-thin film electrode
was compared on stainless steel (SS) and thermoplastic polyurethane (TPU) substrates for
clinical SEMG measurements by S. Rodrigues et al. [45]. (Figure 2d) Ti films are fabricated
by physical vapor deposition (PVD), particularly the magnetron sputtering with glanc-
ing/oblique angle deposition (GLAD/OAD) technique, are highly variable and tunable for
adjusting conventional columnar metal thin films at various deposition angles. Sputtering
incidence angles varied from 0-80°, which resulted in the varying microstructures. An
increase in depositional angle showed an increase in electrode resistivity caused by a subse-
quent increase in mechanical porosity of the material, as measured in the resistivity of thin
films deposited at 80°, which was 15 times higher than thin films with 0° incidence angle.
60° incidence angle was proved to be a good balance between high microstructural stability
and electrical behavior. The fabricated Ti-TPU and Ti-SS electrodes were assessed against
reference Ag/AgCl electrodes. Despite positive feedback on the usability and simplicity of
both Ti-TPU and Ti-SS electrodes by clinical subjects and operators, TPU electrodes showed
a lack of electrode-wire connection stability caused by the insulating nature of the TPU
polymer. The increased sensor impedance leads the TPU electrode to be at a higher risk of
noise and motion artifacts. On the other hand, the SS electrode showed high SNR in the 20.7
dB range comparable to Ag/AgCI SNR in the 22.8 dB range. Both TPU and SS electrodes
demonstrate better usability and biocompatibility, as electrodes were reusable and allowed
for multiple SEMG recordings without replacement. Despite the low electrical conductivity
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of Ti, Ti and Ti-alloys exhibit high specific strength and high biocompatibility due to the
formation of a thin oxide layer which enables high corrosion resistance [49]. Ti-thin film
electrodes by the S. Rodrigues’ group demonstrate the sufficiency of Ti as dry electrode
base material despite low conductivity. Pt holds favorable noble metal properties such as
lower ductility than Au and resistance against native oxide layer formation, which lowers
conductivity as seen in Ti [46]. Comparable to the methodology adopted by the Yun group,
a highly porous in-ear EEG measurement system developed applies electrodeposition
processes to create porous platinum surfaces with Cu co-deposition Cu was selected as
a favored co-deposition material due to a redox potential higher than noble metals and
lower than hydrogen. The iterative electroplating method of Pt and Cu enables surface
enlargement, increasing the active skin—electrode contact surface. Fabricated electrode
arrays are assembled onto acrylic resin hard shells cast from personalized ear impressions
(Figure 2e). Fifty iterations of fabrication obtained 5-20 pm low-thickness Pt electrodes. An
additional 10 um topside coding using Perylene-C was added to encapsulate the exposed Pt
electrode area to improve skin contact. While motion artifacts were mitigated by otoplasty
casting, further motion noise due to sweat drifting remains as untested variables. Despite
such favorable Pt characteristics, the high cost of Pt due to scarcity and applicability [50]
proposes a challenge for large-scale manufacturing of cost-effective Pt dry electrodes.

2.3. Carbon-Based Electrodes

Interest in low-dimensional carbon nanomaterial application in the biological field
has aroused interest for the past 30 years. Carbon nanotube (CNT) and graphene, each
discovered in 1991 and 2004, sensationalized the biomedical industry from drug delivery
to electronics due to their small particle size, large surface area, and conductive and optical
properties [51]. Carbon black (CB), although quite dated, has recently been rediscovered to
be a favorable candidate for bio-nanomaterial due to excellent electrical conductivity, dis-
persibility in solvents, facile fabrication, and fast electron transfer kinetics, not to mention
cost-effectiveness [52]. This section will outline various low-dimensional carbon nanoma-
terials for dry electrode applications fabricated in conjunction with property-enhancing
additives and flexible substrates. Table 2 summarizes carbon-based electrodes. Multidi-
mensional carbon nanomaterials (e.g., CNT, graphene, CB) presented in this section have
demonstrated biocompatibility in various bio application conditions [53,54].

Table 2. Summary of carbon-based soft—dry electrodes.

Electrode Manufacturing Conductivity/ SNR/Contact -, .
Material Method Resistivity Impedance Stretchability  Thickness Ref.
Silk Sericin
. . extraction, 421+1.8Scm™! N/A N/A N/A [55]
sericin-CNT ink .
Drop casting
Functionalized S ini{) 1;’ tin
conductive P e 1150 9.5 dB SNR 60% 3.1nm [56]
raphene (FCG) L hotonic-
grap sintering
encac‘sltllil;tion at];(jazir?irn 34 x 10%~
pstat P & N/A 14 x 107 O 20-30% 5-10 um [57]
onto textile Heat
L (@100 Hz)
surface lamination
Laser-induced Direct laser
porous atternin 10.96 Q)/sq ~17 kQ (@ 100 Hz) 60% ~20 pm [58]
graphene (LIG) P &
Casting, Thin
film lamination _10 _3 13-18 k() (@ 30-100
PDMS-CB to curved 1x107"-1 x107°S/m 10-10,000 Hz) N/A um [59]

surface
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Carbon nanotube (CNT) is a common carbon nanomaterial favored for biosensing
applications due to its electrical and mechanical properties along with high stability [60].
Carbon-based materials have demonstrated promise in biopotential sensing based on attrac-
tive properties, such as large contact areas and high electrical conductivity [61]. CNT-based
flexible sensors are also verified to be easily printable using the direct-ink writing, which
shows promise in the facile manufacturing of flexible, conductive dry electrodes [62]. How-
ever, CNT possessed biocompatibility issues from cellular uptake and cytotoxicity [63].
Liang et al. incorporated sericin proteins originating from silk biomaterials as stabilizing
and biocompatible agents in CNT inks [55]. Sericin proteins provide good biocompatibility,
adjustable gelation properties, and enhanced cell attachment complementing CNT, pro-
ducing a silk sericin-CNT hybrid ink (SSCNT). SSCNT is synthesized by dispersing CNT
nanoparticles to sericin solution extracts (Figure 3a), and the ink may be fabricated into elec-
trodes or circuit patterns via printing and textile dyeing. Wearable electrode application can
be achieved through conductive textiles fabricated by dyeing commercial textiles in SSCNT
ink. Free-standing SSCNT films were fabricated by drop-casting to examine SSCNT disper-
sion. Electrical conductivity was 42.1 & 1.8 S cm™!, which is comparable with CNT inks
from alternative dispersants such as sodium dodecyl benzenesulfonate, silk fibroin, and
bovine serum albumin. Cell incubation confirmed biocompatibility, which proved the lower
cell toxicity of SSCNT compared to stand-alone CNT. Textile electrodes fabricated from
SSCNT-dyed conductive fabric successfully employed as ECG sensors, demonstrating high
flexibility and conductivity of SSCNT as highly stable and biocompatible conductive inks.

a
-

2 —
Commercial Textile

Dyeing

Conductive Fabric

Conductive Textile

LaserCutting  Encapsuaton /)
§

Stop 1: Plink 1omm Step2: FCG ink
Supporting layor Conductive layor

S T
CNT Film

1 A\ d

Printed electrode

Br radi CO, laser writing of bioelectronic
— sensors of porous graphene on PI on elastomer/sugar composites

sl

%
Channel 3

Transfer bioelectronic sensors

Channel 1

Figure 3. Carbon-based dry electrode fabrication and demonstration: (a) Chemical composition
of SSCNT ink and fabrication procedure into conductive textiles (Reprinted with permission from
Adv. Mater. 2020, 32, 2000165, Copyright 2020, Wiley) [55]. (b) Fabrication steps of PI and graphene
ink onto stretchable nanomembrane surface and close-up image of the printed electrode (Reprinted
with permission from Nat Commun. 2020 11, 3450, Copyright 2020, Nature Communications) [56].
(c) CNT electrode fabrication process via laser cutting and encapsulation, optical image of electrode
microstructure transferred to the textile substrate (Reprinted with permission from Carbon 2020,
168, 673-683, Copyright 2020, Elsevier) [57]. (d) Porous LIG-based electrode fabrication on the soft
substrate by laser writing and skin stretchability demonstration (Reprinted with permission from
Adv. Mater. 2018, 30, 1804327, Copyright 2018, Wiley) [58].



Micromachines 2022, 13, 629

10 of 34

Kwon et al. introduced a new form of hybrid electronics utilizing functionalized
conductive graphene (FCG) and Ag printed dry electrodes [56]. The all-printed, nanomem-
brane hybrid electronics (p-NHE) utilize FCG as a protective oxidation barrier to the
underlying Ag and function as sensing electrodes. The layered aerosol-jet-based printing
(AJP) method was applied to achieve direct ink deposition for varying viscosity without
the additional use of screens or patterning masks (Figure 3b) at ultra-low thickness (20 nm).
The structural reliability and bending property of the FCG electrode were proven sufficient,
stretching up to 60%, which exceeds maximum skin stretchability (30%) during daily activ-
ity. The serpentine patterned mesh structure of the FCG electrode also demonstrated high
skin formality, mitigating signal disruption due to motion artifacts. The p-NHE demon-
strated usability in a wide range of human-machine interfaces by collecting high-quality
EMG mapping data with low SNR (9.5 dB). Li et al. proposed a conductive CNT-TPU
composite thin film patterned textile substrate for dry textile electrodes. The CNT-TPU
thin films are fabricated by TPU solution infiltration onto layered CNT sheets, which are
then cut into electrode shapes by laser cutting (Figure 3c) [57]. The conductive thin film
was then transferred onto textile substrates in a heat press machine. For electromechanical
property evaluation, samples ranging between 5-10 um in thickness were taken. Strain
measurements ranged from 20-30%, which is enough to accommodate fabric strain experi-
enced during normal human activity (~20%). Impedance measurements ranged from 3.4
x 10*-1.4 x 107 Q at 200 Hz, aligning with values observed in comparable textile-based
reference electrodes. The skin—electrode impedance values demonstrated are low enough to
transduce ECG signals with SNR comparable to golden-standard Ag/AgCl gel electrodes.
ECG signals collected by a CNT-TPU electrode lined sleeve demonstrated good signal
quality while the wearer performed arm flexion.

Sun et al. propose a simple, general approach to fabricating multifunctional wearable
electrodes by implementing laser-induced porous graphene (LIG) with super-templated
silicon elastomer sponge substrates [58]. Direct CO; laser patterning on PI substrate allows
exposed PI surfaces to convert directly to porous graphene by a photothermal process,
which is simpler and cost-effective than conventional microelectronic fabrication methods
such as lithography, vacuum deposition, and surface etching (Figure 3d). The porous
microstructure of both LIG and silicone substrate allows for great water-vapor permeability,
significantly suppressing the risk of skin inflammation for the wearer. The resulting LIG
electrode measures ~20 pm in thickness, withstand up to 330% deformation before breakage
and retains original electrical properties when released from 60% deformation. Electrical
properties such as resistivity and contact impedance proved comparable to gold-standard
gel electrodes (resistivity: 10.96 (3/sq, contact impedance: ~17 k() at 100 Hz). To prove
the viability of LIG on silicon electrode applicability to on-skin dry electronics, in vivo
testing of ECG, EMG, and EEG was performed. All signals demonstrated high stability
with ECG SNR of 24.1 dB, comparable to ECG signals from Ag/AgCl gel electrodes.
Carbon black (CB) is an old and cost-effective carbon nanomaterial that has recently been
re-discovered as potential biosensing material. CB exhibits excellent electrical properties
and offers additional benefits such as solvent dispersibility, facile fabrication, and high
surface area [52]. Cheng et al. proposed PDMS-CB carbon-based electrodes for continuous,
long-term, and stable ECG monitoring [59]. The PDMS-CB composite is fabricated by mold
casting, which is then transferred by tape onto a surface. The fabricated thin film can be
laminated onto surfaces with complex curvature, increasing conformability and reducing
motion artifacts. Conductivity was measured to vary depending on varied conductive
nanoparticle filler content, ranging from 1 x 1071 to 1 x 1073 S/m, reaching saturation
beyond 10% filler content. ECG was measured from the left chest to evaluate signal quality
compared to Ag/AgCl gel electrodes. Contact impedance ranged between 13-18 k() at
10-10,000 Hz from ECG data. The “PQRST” characteristic analysis of ECG signals proved
the similarity of the PDMS-CB electrode data to conventional rigid electrodes, indicating
the ability to measure ECG for biological monitoring continuously.
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2.4. Conductive Polymer-Based Electrodes

Since their discovery in the 1970s, conductive polymers (CP) have attracted interest
in biosensing applications due to unique properties such as lightweight, flexibility, scal-
ability, corrosion resistivity, and ease of customization with various co-additives to suit
particular needs [64,65]. Polymer nanocomposites (PNC) refer to CP materials combined
with other nanomaterial types to improve electrochemical significance. Such highly elec-
troactive compounds are developed with the special properties of individual compounds
having a synergistic effect. Among various CP types, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) is considered one of the most successful and widely
studied materials for biological applications, which commonly utilize an aqueous dis-
persed formulation [66]. PEDOT:PSS demonstrates a combination of electronic and ionic
conductivity, commercial availability, flexibility, and biocompatibility [67]. Another CP that
has gained popularity as an epidermal biosensing electrode material is polypyrrole (PPy).
PPy is an electrode deposited polymer that can be doped with various additives for prop-
erty altercations resembling PEDOT:PSS [68,69]. This section will investigate notable CP
compounds in dry electrode applications as well as various electromechanical properties
optimized using various co-additives and fabrication methodologies. Table 3 summarizes
conductive polymer-based electrodes.

Table 3. Summary of conductive polymer-based soft-dry electrodes.

Electrode Manufacturing Conductivity/ SNR/Contact . .
Material Method Resistivity Impedance Stretchability  Thickness Ref.
PEDOT:PSS/PEO P 84 Q) N/A <50% 0.5-4 pm [70]
an?llygfrs?;lrrllite 7 % 10%-3 x 10°
PEDOT:PSS poys 70-140 S/cm Q/cm? 90% 20 um [71]
additive 5
(@10-10° Hz)
treatment
PEDOT:PSS:DVS . 4 15x10%1 x 10° o o
coated toxtile Drop casting 605.9 + 284S cm O (@ 0.1-10° Hz) <15% + 0.4% 100 nm [72]
PEDOT:PSS, Casting
Waterborne blended 82 k) cm? o
polyurethane, solution to 100-6005/cm (@10 Hz) 43% 20 pm 73]
D-sorbitol mold
Self-adhesive Supermolecular
conductive soi eent_(;g: o 1-37S/cm N/A 700% <150 pum [74]
polymer (SACP) pmg
Conductive . Y
polymer ol E;srlitzl;tion 18'5_24'171? ;m @ 28 QO cm~? N/A N/A [75]
polypyrrole (PPy) poly z

While the most common form of conductive polymer for bioelectric sensing is PE-
DOT:PSS, mechanical properties can be optimized by blending additional polymer addi-
tives. The majority of PEDOT:PSS-based polymer dry electrodes adopted a facilitating
matrix to combat the mechanical rigidity of PEDOT:PSS and fabrication into a stretch-
able thin-film structure to be used as dry electrodes with innate adhesive properties. Lo
et al. synthesized PEDOT:PSS thin films blended with polyethylene oxide (PEO) pat-
terned using inkjet printing [70]. (Figure 4a). The addition of PEO and ethylene glycol
(EG) solvent removes the brittleness and yields improved stretchability. PEDOT:PSS/PEO
film patterns were inkjet-printed, demonstrating low sheet resistance (84 (2/sq) and high
stretchability (<50%). ECG and PPG signals obtained by PEDOT:PSS/PEO electrodes
exhibited distinguishable peaks, measuring ventricular activity such as heart rate. A
delamination-resistant imperceptible bioelectrode (DrlE) developed by Tang et al. intro-
duces a low-cost solution processing of PEDOT:PSS, glycerol, and polysorbate polymers for
a perturbation-resilient, breathable, and delamination-resistant dry electrode [71]. Glycerol
blending reduced electrostatic interactions between PEDOT and PSS, allowing PEDOT
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to partially aggregate, forming a conductive network while maintaining PSS dispersion
to generate an ultra-thin matrix (thickness: 20 um) (Figure 4b). Additional polysorbate
doping achieves high conductivity under large strain by bridging the PEDOT and PSS
domains (conductivity range: 70~140 S/cm, strain endurance: 90%). The DrlIE film, fab-
ricated via drop-casting onto a PDMS supporting substrate, notably showed lower skin
impedance (7 x 102-10° Q/cm? at 10-10° Hz) on wet surfaces compared to dry surfaces.
Such moisture-resistant properties are induced by an increased skin—electrode area with
potential application to long-term monitoring under electrode exposure to fluids such as
secreted sweat or environmental humidity.
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Figure 4. Schematic diagram of polymer-based electrode synthesis and clinical demonstrations;
(a) Assembled form-factor diagram and photograph of PEDOT:PSS/PEO electrode alongside
strain/resistance measurement, ECG and PPG signal data (Reprinted with permission from ACS
Appl. Mater. Interfaces. 2021, 13, 18, 21693-21702, Copyright 2021, ACS) [70]. (b) Diagram of fi-
brous PEDOT:PSS treated with glycerol and polysorbate layering implemented in a demonstrative
photograph of EMG data collection (Reprinted with permission from ACS Mater. Lett. 2021, 3, 9,
1385-1393, Copyright 2021, ACS) [71]. (c) PEDOT:PSS/DVS fabrication schematic into coated textile
and free-standing film electrodes (Reprinted with permission from Adv. Mater. Technol. 2018, 3,
1700322, Copyright 2021, Wiley) [72]. (d) Applications of PPy coating leather electrode to remote
healthcare and cardiovascular disease monitoring (Reprinted with permission from Adv. Electron.
Mater. 2020, 6, 2000259, Copyright 2020, Wiley) [76].
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A self-adhesive conductive polymer (SACP) developed by Tan et al. incorporates
a mixture of PEDOT:PSS crosslinked with supramolecular solvent (SMS) and an elastic
polymer network [74]. SMS additives such as citric acid and cyclodextrin improved me-
chanical properties by increasing fracture strain and lowering Young’s modulus. The
elastic polymer network is synthesized by crosslinking polyvinyl alcohol (PVA) with glu-
taraldehyde (GA) to improve stretchability and elasticity. The resulting SACP exhibits
strong adhesion to substrates due to the synergy of weak surface interactions, demonstrat-
ing scalable application to flexible wearables. SMS, PVA, and GA doping to PEDOT:PSS
achieves highly controllable electroconductivity between 1-37 S/cm. Maximum conductiv-
ity was achieved by a 36.3% PEDOT:PSS mass ratio. Synthesized SACP ink was molded
into thin-films by several fabrication methods such as microfluid molding, drop casting,
and spin coating. The resulting SACP thin-film was assessed for EMG signal collection,
demonstrating synchronous deformation with the skin and signal quality comparable to
commercial Ag/AgCl electrodes. Repetitive testing also demonstrated no apparent signal
degradation upon cycling the SACP electrodes ten times under EMG collection setups.
Del Agua et al. proposed divinyl sulfone (DVS) as an alternative PEDOT:PSS crosslinking
agent, developing a PEDOT:PSS/DVS formulation easily processed into free-standing films
along with textile electrodes [72]. The addition of DVS increased break value strain with a
lowered Young’'s modulus (break strain: <15 &+ 0.4%, Young’s Modulus: 19.3 & 0.7 MPa),
counteracting the brittleness of PEDOT:PSS. Free-standing PEDOT:PSS/DVS films were
fabricated by drop-casted agents being peeled off a glass substrate (Figure 4c). Textile
electrodes were fabricated to improve wearability and enforce mechanical robustness by
depositing PEDOT:PSS/DVS to a textile substrate rather than glass. The PEDOT:PSS/DVS-
coated textile demonstrated stable electrical properties upon cyclic testing (100 times at
20% strain). Both free-standing and textile electrodes demonstrated improved contact
impedance (1.5 x 10>~1 x 10° Q at 0.1-10° Hz) in comparison to commercial gel electrodes.
ECG data obtained from PEDOT:PSS/DVS textile electrodes demonstrate the development
of robust wearable electronics in smart clothing for daily health monitoring.

Zhang et al. proposed a unique electrode form-factor utilizing polypyrrole (PPy)
polymerized onto a goat-leather substrate [76]. Animal-derived leather consists of a micro
collagen fiber cluster that highly matches human skin structure, improving conformal
contact while avoiding complex surface construction of synthesized micro-nano structures.
Leather also features good breathability and antibacterial properties, making it highly
biocompatible. PPy is directly deposited on leather via in situ polymerization with the ad-
dition of p-Toluene sulfonic acid (PTSA) to improve electrical conductivity and strengthen
the adhesion between PPy and leather fibers. Impedance measurements at a frequency
matching the average human heart rate (1 Hz) proved PPy to have a lower impedance
(28 O cm~2?) than commercial electrodes (64 Q cm~2). Upon washing and drying, the
resistance of PPy electrodes increased by a marginal amount (18.5-24.7 Q) cm 2 at 1 Hz),
significantly lower than commercial electrodes (63.3 ) cm~2 at 1 Hz). ECG signal collection
was performed using a wrist strap lined with PPy-leather electrodes, successfully collecting
signals with no significant deviations from commercial electrodes (Figure 4d). Like SSCNT
ink from the Liang group, Meng et al. developed a dry polymer electrode based on a silk-
fibroin (SF) layer for enhanced adhesion. A PPy conductive layer was combined with layers
of acid-modified silk (AM-SF)/cellulose nanocrystal (CNC) film and a Ca-modified SF
adhesive layer [75]. A diazonium coupling reaction stimulated the positively charged PPy,
which promoted absorption and intercalation within the negatively charged silk network
to form the PPy@AM-SF/CNC electrode film. To achieve film stretchability resembling
human skin, glycerol was incorporated into the PPy@AM-SF/CNC films for improved
stretchability (maximum elongation surpassing 100%). The PPy@AM-SF/CNC also outper-
formed commercial Ag/AgCl electrodes in contact impedance at varying thickness ranges
(21-80 pm). Contact impedance for PPy@AM-SF/CNC exceeded Ag/AgCl electrodes
(1 x 10>~4 x 10° Q at 0.1-1 x 10° Hz). Finally, biopotential detection was demonstrated
by ECG and EMG which were highly comparable to Ag/AgCl signal quality along with
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remarkable stability upon skin deformation such as twisting, compression, and stretching.
EMG signals were able to distinguish various hand gripping forces and opening/closing
motion through peak-to-peak amplitude observations.

2.5. Other/Hybrid Electrodes

A range of material selection for the fabrication of high-performance soft, dry elec-
trodes has been observed, categorized into metal, carbon, and polymer divisions. This
subsection will observe recent dry electrode studies implementing a combination of such
material selections to improve dry electrode performance. Table 4 summarizes other and
hybrid electrodes. Metal and carbon substrates, as outlined above, are widely applied as
electrode base material in the form of nanoparticles dispersed in flexible, conformable elas-
tomer substrates such as PDMS and polyurethane (PU). Qiao et al. combined laser-scribed
graphene oxide (LSGO) and Ag-nanowires (AgNW) to form graphene oxide electronic skin
(GES) [77] (Figure 5a). The AgNW connects flaky LSGO particles, demonstrating excellent
signal detecting performance for ECG and EEG (resistivity: 700 (2, impedance: 20-100 k)
at 10-10,00 Hz). Lee et al. used AgNW and CNT combination embedded into PDMS to
develop a portable, earphone-type biosensor for electrophysiological detection via EEG
signal collection [78]. The addition of AGNW demonstrated improved elastomeric compos-
ite conductive when mixed in appropriate amounts (5 wt% of CNT). Li et al. demonstrate
the scalable manufacturability of metal-carbon electrodes by fabricating reduced graphene
oxide (rGO) electrodes coated with a patterned Cu layer via magnetron sputtering at room
temperature [79] (Figure 5b). Active metals such as Cu lower the surface redox potential
of rGO without compromising skin—-electrode impedance. The mass-produced arrays
were set up as multi-channel electrode arrays for EMG, EOG, and EEG measurements,
demonstrating long-term electro potential signal monitoring.

Table 4. Summary of other/hybrid soft-dry electrodes.

. Manufacturing Conductivity/ SNR/Contact o1 .
Electrode Material Method Resistivity Impedance Stretchability Thickness Ref.
Mixture
AgNW, Laser volatilization
scribed graphene on transfer 700 O 2100__1 100%15%2? 1-4% N/A [77]
oxide (LSGO) paper to form a
thin film
Magnetron 100 k-900 kO
Cu/rGO sputtering N/A (@10-1000 Hz) N/A 0.4-4.9 pm [79]
Graphene, . . ~24 Q)/sq 4 x 10%-7 x 10* Q o
PEDOT:PSS Spin-coating (4142 S/cm) (@ 10-10° Hz) 40% 100 nm [80]
Spray, Spin, Dip 2414 + 14.7-1343.3
MXene Coating, Direct 15,000-20,000 S/cm + 81.6 Q) N/A N/A [81]
writing, IJP (0.05-3 mm)
Nanofiber
membrane N 5 5 o
(PVDF/PEDOT-PSS), Electrospinning 2.5 x 1002 /sq 2 x 10°-7 x 10° O 10-50% 100 pm [82]
CB/rGO
CNTs/AgNw/PDMS  Sonication N/A 10° Z (@ 10 Hz) 30% 200 um [78]
PEDOT:PSS Spray coating
covering . N 17.4U/sq
laser-induced Laser cutting, 13.1-33.5Q)/sq 385 kU (@ 10 Hz) N/A N/A [83]

graphene (LIG)

mask peel-off
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PEDOT:PSS has been noted as a widely popular base material in the polymer sub-
section due to innate conductive properties and compatibility with additive materials.
Here, we demonstrate several carbon-polymer compound electrodes taking full advantage
of such features. Zhao et al. introduced dry electrodes exhibiting good skin adhesion,
low sheet resistance, high transparency, and electromechanical stability attributed to the
synergistic effect between graphene and PEDOT:PSS [80]. (Figure 5¢) The strong 7t- inter-
action between the two materials induces a high-degree molecular ordering of PEDOT and
graphene charge transfer. Zahed et al. proposed a similar graphene-PEDOT:PSS design
by spray-coating PEDOT:PSS onto a laser-patterned LIG surface (PP/LIG) for improved
conductivity [83]. PEDOT:PSS acts as linkers between the porous LIG surface and inter-
connects LIG flakes, mitigating crack formation during cyclic bending. The robustness
of the fabricated PP/LIG was demonstrated via repeated rubbing after submerging the
PP/LIG in water for several days to demonstrate adhesivity under aqueous conditions,
demonstrating the electrode’s ability to be used in long-term signal monitoring. Huang et al.
combined PEDOT:PSS with polyvinylidene difluoride (PVDEF) to form a nanofiber layer via
electrospinning, combined with a carbon electrode layer synthesized from nano dispersed
carbon black (CB) and rGO [82]. PEDOT:PSS prevented bead formation within the fiber
microstructure, enhancing mechanical integrity as well as electrical conductivity. The re-
sulting nanofiber carbon electrode exhibits high stability and improved electrical properties.
First introduced in 2011, MXene is a two-dimensional material compound consisting of
transition metal carbides, nitrides, or carbonitrides. MXene’s biological application has
been highlighted in recent studies due to its innate metallic conductivity combined with
hydrophilicity [84]. Driscoll et al. developed MXtrodes, a class of soft, high-resolution,
large-scale bioelectronic interfaces by scalable solution processing of Ti3C2 MXene [81]. The
hydrophilic properties of MXene enable processing using simple water-based ink, offering
a wide range of fabrication methodologies (e.g., spray, spin, dip coating, direct writing, IJP).
The water-based MXene ink was doped onto a laser patterned cellulose-polyester porous
substrate, allowing for rapid prototyping and geometric customizability (Figure 5d). The
skin—electrode impedance of MXtrodes was evaluated, demonstrating superior electrocon-
ductive properties compared to commercial Ag/AgCl electrodes (6.6 + 2.9, 4.9 £ 2.6 kQ)
at 1 kHz). Epidermal sensing was justified by EMG, ECG, and EOG signal acquisition.
The study further proposes using MXtrodes as implantable sensing and stimulation appli-
cations such as intraoperative electrocorticography (ECoG) and EEG, along with clinical
imaging assessed via MRI compatibility. The extensive applicability of such novel materials
opens extensive pathways for exploring alternate bio-applicable materials and harnessing
distinct material properties to achieve flexibility, conductivity, and biocompatibility suitable
for high-performance wearable physiological monitoring devices.
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Figure 5. Hybrid material selections for high-performing novel dry electrode architecture;
(a) Schematic image of LSGO layer linkage via AgNW connectors and adhesion on the hairy skin
surface (Reprinted with permission from Carbon 2020, 156, 253-260, Copyright 2020, Elsevier) [77].
(b) GO electrode fabrication demonstrated via GO reduction mechanism, photograph of assembled
electrodes under scalable fabrication settings (Reprinted with permission from Carbon 2020, 164,
164-170, Copyright 2020, Elsevier) [79]. (c) Schematic illustration and demonstration photograph of
PEDOT:PSS and graphene layered electrode for EMG detection (Reprinted with permission from Nat.
Commun. 2021, 12, 4880 (2021), Copyright 2021, Nature Communications) [82]. (d) MXene electrode
fabricated via laser patterning and photograph of assembled 3D EEG sensor array demonstrated on
the human subject (Reprinted with permission from Sci. Transl. Med. 2021, 13, 612 (2021), Copyright
2021, Science Translational Medicine) [81].

3. Physical Adhesion
3.1. Significance of Adhesion in Soft-Dry Electrode Performance

Proper adhesion is one of the most important factors for successfully measuring
physiological signals by reducing motion artifact and lowering skin—electrode contact
impedance, which are key factors for high-quality signal acquisition [85-87]. Motion
artifact is a noise in the signal that is due to the movement of the electrode concerning the
human skin caused by the motion of the subject [86], which affects the signal quality of the
electrode. Skin—electrode contact impedance is a response of a skin region to the externally
applied sinusoidal current [88]. The skin-electrode impedance largely increases when an air
gap exists between the skin—electrode interfaces as the air gap forms a dielectric layer [87].
Because nearly all biopotentials such as EEG, ECG, and EMG have low-frequency range
and extremely low amplitude and are measured at mV level with on-skin electrodes [89],
the signal acquisition could be strongly disrupted by noises caused by motion artifacts
and the impedance change, which emphasizes the importance of adhesion in biopotential
measurement. To obtain a better quality of the signal by reducing motion artifacts and
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lowering the skin impedance, the type of adhesives and the conformal contacts must be
considered because proper adhesion reduces a motion artifact [90,91], and the conformal
contact not only reduces motion artifact but also decrease the contact impedance [91].
Moreover, soft—dry electrodes with proper adhesion can benefit long-term usage due to
the reduction of motion artifact. In this chapter, adhesion will be categorized into two
categories: (a) adhesive and (b) conformal contact, in which the adhesive section will focus
on the adhesion mechanism to reduce the motion artifact, and the conformal contact section
will focus on the adhesion mechanism to reduce the contact impedance.

3.2. Adhesive

Soft—dry electrodes used adhesives that could be categorized into two methods de-
pending on how they interact with skin. Dry adhesives are the type of adhesive that uses
micro-structured electrodes to form a dry adhesive. Pressure-sensitive adhesives use or are
made with a self-sticking adhesive whose strength increases upon allied pressure. Table 5
summarizes great examples of dry adhesives and pressure-sensitive adhesives for the
soft—dry electrode.

Table 5. Summary of various adhesives for dry electrodes.

Tvoe Structure Adhesion Adhesive Other Ref
yp Strength Durability Characteristics )
Carbon . Micropillar 13N cm-2 30 attaching Underwater [92]
Nanocomposite cycles usable
Vinyl C . 5 Bending, Rough skin
Drv adhesi siloxane-PDMS microfibrillar film 1.8 N em 300 cycles usable 93]
Ty adhesive Graphene Octopus-like Y .
Coated fabric ~ patterned structure 189N em N/A Wet skin usable [54]
Fructus Xanthii Bending, . .

Ag/AgCl, TPU mimic structure N/A 5000 cycles Hairy skin usable [95]
PDMS/ PEI'E/ CNT Thin film 3N em-2 100 attaching Usable unFlfzr [96]

composite cycles sweat condition
PSA Thin film 0.41N/em N/A High resistance o7,

motion artifact
DMPA-DA Adhesive protein ~62 N cm 2 N/A Sweat resistant [97]

3.2.1. Dry Adhesive

The first type of adhesive is called dry adhesives, referred to as a non-sticking electrode
gaining adhesion due to structure modification mostly on a micro-nano scale. The recent
development of dry adhesives for soft electrodes focuses on the nature-inspired structure.
Gecko-inspired micropillars are one widely used nature-inspired structure for dry adhe-
sion [92,93,98-103]. The foot of the gecko has millions of hydrophobic seta, and these
setas achieve strong adhesion through van der Waals force. It is researched that hydropho-
bicity of the micropillars and increase of adhesion forces due to an increase of surface
density shows that the micropillars achieve adhesion with van der Waals force which more
specific research about Gecko adhesion mechanisms are explained in this literature [101].
Kim et al. [92] introduced a gecko-inspired 1D-2D hybrid carbon nanocomposite-based
dry adhesive for ECG electrodes shown in Figure 6a. This ECG electrode is fabricated by
deep etching a Si mold and fabricating a dry adhesive by casting 1D-2D hybrid carbon
nanofillers on the Si mold. This nanofiller was composed of higher dimensional carbon
material (carbon black, nano graphite, and graphene nanopowder) as an aid filer to a 1D
carbon nanotube, showing the structural modification of substrate could replace the glue
while maintaining its adhesion quality. This gecko-inspired micropillar structure has low
volume resistance and high normal adhesion force of ~1.3 N/cm?, even on rough human
skin, proving its versatile application. The electrode repeated the attach-detach cycle (the
surface being cleaned after six cycles) 30 times without losing its adhesion showing semiper-
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manent reusability. The performance of the electrode was not significantly hindered by a
30% stretch of the surface, showing ~14% decreased conductivity.

High adhesion of gecko-inspired micropillar adhesives showed electrode’s motion arti-
fact resistance and efficient reusability, proving high performance as the soft-dry electrode.
Dirk-M et al. [93] have proposed microfibrillar adhesive film that uses microfibers instead
of micropillars. This microfibrillar structure was fabricated with poly (dimethylsiloxane)
(PDMS) microfibers, and mushroom-shaped vinylsiloxane (VS) was added to the tip so
the tip could make crosslink on the skin and significantly increase the skin adhesion. The
microfibrillar film showed strong adhesion of 18 kPa and achieved a 59.7 SNR noise ratio
due to the signal amplification of the microfibrillar structured film. This structure has
shown great usage upon a slightly rough and soft surface due to its mushroom-shaped
viscous tip. Moreover, there were trials to overcome the gecko-inspired adhesive’s weak
point that the gecko-inspired adhesive losses the van der Waals force when the surface
is wet [94], especially in an environment like underwater. As a solution, there was an
attempt to fabricate dry adhesive with octopus-inspired microsucker that uses vacuum
state formation inside the suction cup due to its structural collapse showing strong, re-
versible adhesion even on the wet and rough surface [94,104-106]. Chun et al. [105] show
the possibility of dry adhesion from the miniaturized octopus-like microsucker design. The
octopus-like patterned graphene-coated fabric allows it to adhere to both wet and dry skin
properly. The proper adhesion enabled the device to sense the ECG and wrist-bending
motions even in wet conditions. (Figure 6b) Chun et al. [94] also researched octopus pat-
tered (OP) carbon-based conductive polymer composite. This OP film was fabricated by
silicon mold with microholes. Its dome-like protuberance structure of octopus sucker made
this adhesive adhere to skin strongly without needing external adhesive such as glue. The
adhesion test reported that the OP film has 5.24 N cm 2 of adhesion strength on silicon and
1.89 N cm 2 of adhesion strength on the skin replica and did not leave any residue on the
skin even with effortless detachment. The comparison of ECG signal and bending motion
of wrist measurement under dry and wet conditions showed no significant difference
in the signal. Therefore, the strong adhesion of the octopus patterned film showed high
performance as a soft—dry electrode not only in dry conditions but also in wet conditions.
Other than gecko/octopus inspired structure, the hybrid structure of hexagonal tree frog
toe pad-inspired microchannels with octopus [104], Fructus xanthii-inspired that is resistant
to the motion artifact due to its high dynamics friction [95], (Figure 6¢) Dytiscus lapponicus
inspired barb structure [107], etc. could provide a good example of a dry electrode with the
structurally modified dry adhesive applied on it.

3.2.2. Pressure-Sensitive Adhesive

The second type of adhesive is a pressure-sensitive adhesive (PSA) which forms a bond
with the skin due to applied pressure. Polymeric materials are one kind of PSA that uses vis-
coelastic energy dissipation of the material to create adhesion to the skin [73,96]. There was
an attempt to fabricate PSA simply but effectively by mixing ethoxylated polyethyleneimine
(PEIE) with polydimethylsiloxane (PDMS) and enhancing its conductivity by mixing multi-
wall carbon nanotubes (MWCNT). Yamamoto et al. [96] proposed a gel-less sticky adhesive
with a high adhesive conductive polymer. To get the high adhesive conductive polymer,
PDMS was mixed PEIE for enhanced adhesion, and PDMS was also mixed with MWCNT
giving conductivity to the layer with a ratio of 10 wt% MWCNT and 3 wt% PEIE in PDMS,
cured at 100 degrees Celsius. Given adhesion and conductivity to PDMS for efficient adhe-
sion and higher signal quality, the PDMS-PEIE-MWCNT film electrode demonstrated its
high performance as the soft-dry electrode. PDMS-PEIE-MWCNT film electrode showed
adhesion strength of 3 N cm 2 to the skin, and this gel-less sticky adhesive was stable
and able to use after 90 days of exposure in air and did not lose its adhesion up to 100
cycles of ECG signal detecting, which proved efficient adhesion and long-term stability
of the electrode.
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Figure 6. Types of various adhesives for dry electrodes. (a) Image of Gecko-inspired struc-
ture. (Reprinted with permission from ACS Nano 2016, 10, 4770-4778, Copyright 2016 ACS) [92].
(b) Octopus-inspired Graphene Fabric Sensor. (Reprinted with permission from ACS Appl. Mater.
Interfaces 2019, 11 (18), 16951-16957, Copyright 2019 ACS) [105]. (c) Fructus Xanthii-inspired dry
bioelectrode. (Reprinted with permission from ACS Appl. Mater. Interfaces 2021, 14, 4, 6028-6038,
Copyright 2022 ACS) [95]. (d) Gel-less sticky ECG patch (Reprinted with permission from Adv. Healthc.
Mater. 2017, 6, 1700495, Copyright 2017 Wiley) [96]. (e) Ultra-Thin PWS blend film. (Reprinted with
permission from Nat. Commun. 2020, 11, 4683, Copyright 2020 Nature Communications) [73].

There also was an attempt to directly grant adhesiveness to the common form of
conductive polymer, PEDOT:PSS, by solution processing. Zhang et al. [73] proposed a
high-quality signal acquisition self-adhesive long-term motion monitoring PWS blend film.
PEDOT:PSS, waterborne polyurethane (WPU), and D-sorbitol were solution-processed
and molded into a thin film for its efficient adhesion. (Figure 6e) The characteristic of the
PWS film shown by the SEM image shows grainy nanoscale morphology with a grain
size of —100 nm. The Young’s modulus and stress could be modified due to the wt% of
PEDOT:PSS loading where low wt% of PEDOT:PSS showed the lowest Young’s modulus
and lowest stress when the strain was applied. At the loading of 38 wt% D-sorbitol,
the PWS films showed max adhesion strength of 0.41 and 1.44 N/cm on skin and glass.
With PWS blend film, ECG, EMG, and EEG were measured, showing outstanding signal
quality due to efficient adhesion. The ECG signal collected with PWS electrodes had RMS
noised around 25 1V, which is a lower value compared to that of well-known Ag/AgCl
gel electrodes (28 1V) and the noise increasing rate of PWS electrodes (27 nV after 1 week)
was also lower than that of Ag/AgCl gel electrode (32 1V after 1 week) showing long-term
measuring stability. Another kind of PSA also adopted a nature-inspired mechanism such
as mussel-inspired self-adhesive [97], showing strength in long-term measurement along
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with resistance to the motion artifact. The use of dopamine, inspired by how mussels
adhere to the surfaces, improved the adhesion strength as PSA and high resistance to
sweaty conditions. Xu et al. [97] demonstrated a mussel-based elastomer that is highly
adhesive and self-healing for the bio-interfacial electrode. For efficient adhesion, dopamine
was applied to elastomers as pendent groups. Mussels use adhesive proteins to attach
to various surfaces by a solidified protein forming adhesive plaques that are strongly
adhesive and durable. 3,4-dihydroxyphenylalanine (Dopa) is the key material for mussel-
inspired adhesion mechanism forming H-bond [108], 7t-7t electron interaction [109], cation-
7 interaction [110], and etc. Reliable adhesion with tissue comes from dihydroxy [108],
forming a strong hydrogen bond with protein. For the highly adhesive elastomer, dopamine
(DMPA-DA) was mixed into a urethane-based polymer resulting in adhesive strength of
~62 kPa and ~54 kPa of strength after being soaked in water 24 h proving. The signal quality
was similar to EMG measurement of commercial Ag/AgCl gel electrodes in dry conditions.
While the commercial electrode was detached after 10 m of running, the mussel-inspired
highly adhesive electrode did not lose either adhesion or signal even for 30 m of running in
sweaty conditions, showing high performance as the soft-dry electrode.

3.3. Conformal Contact

As abovementioned, conformal contact is one of the essential factors as soft electrodes
with conformal contact on the skin reduce the impedance and improve the quality of
the signal that we gain from the electrode. Conformal contact of electrode-skin enables
electrodes to maximize the contact area of the electrode to the skin. It is well shown in
Figure 7a where the shape of the electrode conforms to the shape of the skin and changes its
shape accordingly as the skin deforms and changes its surface configuration. The increased
contact area increases the capacitance that improves the signal quality [87]. Moreover,
conformal contact reduces the electrode-skin impedance, which could greatly improve
electrode performance shown with a signal-to-noise ratio (SNR) [87]. Conformal contact
can also improve the signal quality by reducing the motion artifact by adopting similar
bending stiffness of the electrode to that of the stratum corneum (the uppermost layer of the
skin where the sensor directly has contact) so that the bending of the electrode could follow
the movement of skin [111]. Recent studies on conformal contact for soft-dry electrodes
are summarized in Table 6.

3.3.1. Material Modification

Modifying material characteristics such as Young’s modulus, bending stiffness, etc., is
one of the methods to improve the conformal constant of skin—electrode [111]. Electrode-
skin impedance could be lowered when the modulus of the electrode is similar to the
skin [87]. Modification of conductive polymer, PEDOT:PSS, was succeeded by enhancing
its conductivity and lowering Young’s modulus by blending it with the glycerol. [112]
Glycerol lowers Young’s modulus by disrupting the hydrogen bond in the amorphous
phase and weakening the interaction between chains. Li et al. [112] proposed a conformal
silk-based electrode with sweat tolerance shown in Figure 7b by coating glycerol mixed
PEDOT:PSS solution to the glycerol-plasticized silk fiber mat. The optimized amount of
glycerol on the PEDOT:PSS solution was 15% (labeled as Silk-P-15G for the electrode with
optimized PEDOT:PSS-glycerol solution). Silk-P-15G decreased Young’'s modulus from
~220 to <3 MPa and increased its stretchability from <10% to ~340% as the glycerol was
added. The conductivity was also increased from ~0.18 S/cm to ~24 S/cm. The addition of
the glycerol and annealing also enhanced the water and sweat stability of the electrode. Silk-
P-15G showed excellent electrode-skin impedance comparable to that of commercial ionic
gel electrodes. The high stretchability of the electrode allowed it to record stable signals
under large deformation conditions. The electromyography (EMG) signals recorded under
different deformation lengths showed comparable SNR and amplitudes to the commercial
gel electrode. Tang et al. [71] reported delamination-resistant imperceptible bioelectrode
(DrIE) for electrophysiological signals measuring devices. DrlE was made of solution
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processing of PEDOT:PSS, glycerol, and polysorbate. The base of the film was PEDOT:PSS
as an intrinsically conductive polymer, and the glycerol reduced electrostatic interactions
between PEDOT and PSS, adopting proper mechanical flexibility [112], and polysorbate
allowed the glycerol-doped PEDOT:PSS to have high fracture strain. The DrIE had an
adhesion force of ~1.2 N, Young’s modulus of 0.8 MPa, and stretchability of 80%. Due to its
high conformity, DrIE showed 35.23 + 1.94 dB of SNR, comparable to that of commercial
Ag/AgCl electrode (34.72 % 0.68 dB), proving its high performance as the soft-dry electrode.
Another attempt to directly modify PDMS was made to increase its conformal contact of
the AgNW-PDMS electrode. Kim et al. [113] proposed silver nanowire (AgNW), triton X
embedded PDMS matrix (a-PDMS matrix) electrode as strain and ECG sensor (Figure 7c).
The PA-PDMS matrix showed significant improvement in signal sensing performance
compared to the PDMS-based sensor due to its conformability and stretchability on the
electrode-skin relationship. Triton X, a nonionic surfactant, was used for the physical
property modification of PDMS such as young’s modulus, adhesiveness, and viscoelasticity.
Triton X could make PDMS have heterogeneous cross-linked networks of polymer chains
by inhibiting its cross-linking reactions. A4-PDMS_40, which contained 0.4 wt% Triton X
showed a young’s modulus of 40 & 5 kPa and failure strain of >400%, while the untreated
PDMS_40 showed 480 + 30 kPa and failure strain of 230%. Low Young’s modulus and
viscoelasticity of a-PDMS matrix showed high performance as an electrode showing ten
times lower impedance than the untreated PDMS sensor. The signal of a4-PDMS_40 shows
lower noise than that of the commercial gel-based ECG sensor.

mmmsm Graphene
Tattoo paper

Figure 7. Approaches to promote conformal contact of the electrode. (a) Ultra-thin temporary tattoo
electrode with ultra-conformability. (Reprinted with permission from Adv. Sci. 2018, 5, 1700771,
Copyright 2018, Wiley). (b) Conformal Silk-Based Electrode. (Reprinted with permission from
ACS Nano 2021, 15, 6, 9955-9966, Copyright 2021, ACS). (c) AgNW embedded a-PDMS matrix.
(Reprinted with permission from Nano Letters 2018, 18 (7), 4531-4540, Copyright 2018, ACS). (d) Ultra
conformable sub 300 nm dry thin film. (Reprinted with permission from Adv. Funct. Mater. 2018,
28,1803279, Copyright 2018, Wiley). (e) Simple skin—electrode mechanosensing structure (SEMS).
(Reprinted with permission from ACS Nano 2017, 11, 8, 7634-7641, Copyright 2017, ACS).
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Table 6. Summary of various conformal contact types for soft-dry electrodes.

. . Young's Adhesion SNR/Contact o
Type Material Structure Thickness Modulus Force Impedance Stretchability Ref.
PEDOT:PSS a1 e
a1 o Silk fiber mat ~90 kQ (at o
glycerorlrlzltlk fiber structure 20-30 um <3 MPa N/A 1 kHz) ~250% [112]
. PEDOT:PSS .
Material 4
o d?ﬁecra‘,zon glycerol, Sf;ﬁzfl‘;:e 20 um 0.8 MPa ~12N/cm 35.23 dB 90% [71]
polysorbate
AgNW, PDMS, a-PDMS ~20 kQ) o
Triton X matrix N/A 40 £ 5 kPa ~25N/m (at 1 kHz) 400% [113]
Thin film 44 k0 (at
Au, parylene 300 nm 20-150 kPa N/A 1kHz)/ 60% [111]
structure
21.09 dB
PEDOT:PSS, Thin film 32 kQ) (at
Structure graphene, SDS, structure 100 nm 640 kPa N/A 100 Hz)/ 40% [80]
modification BSL 23+ 0.7dB
Tatt 294 kQ) (at
PEDOT:PSS, Au attoo 600-1200nm  1GPa N/A 60 Hz, after 10% [114]
structure .
60 min)
Graphene, Tattoo o
PMMA structure 463 nm 20-150 kPa N/A 15.22 dB 40% [115]

3.3.2. Structural Modification

While the material modification of the electrode could achieve conformal contact,
structural modification of the electrode could also achieve conformal contact as they have
contact with skin [80,111,116]. The ultrathin film is the most commonly used method for
structural change of the electrode (Figure 7d). The ultrathin film adheres to the substrate by
van der Waals force [117], and therefore, the thin-film electrode makes conformal contact
with the elastomer and the skin. Simply by sandwiching a thin Au layer between thin layers
of parylene, conformal contact of the electrode was achieved by Someya et al. [111]. Someya
et al. introduced an ultra-conformable, sub-300 nm dry, thin-film electrode shown in
Figure 7d. The bending stress of this electrode is around 0.33 pN m2 which is similar to that
of the stratum corneum (outermost layer of human skin). The modification of the bending
stress was achieved by thickness reduction of the sensor where the 3 um thin sensor had
two orders of magnitude higher than the sub-300 nm sensor. Moreover, due to conformal
contact of thin electrodes, the sensor showed motion artifact-less monitoring up to skin
vibration of 15 um. Sub-300 nm sensor had the highest peel strength (135.09 mN cm ')
compared to various thicknesses of sensors, where the trend shows a decrease in peel
strength as the thickness increases. Moreover, wrinkle periodicity, wrinkle height, and
bending stiffness significantly decreased as the thickness decreased. Due to the conformal
contact of the electrode enhanced by its ultrathin structure, the sensor showed SNR of
21.09 dB for ECG and 30.08 dB for EMG, while the Ag/AgCl electrode showed 21.04 and
30.04, respectively, proving the effectiveness of ultrathin structure as high performance soft—
dry electrode. On the other hand, an ultrathin tattoo was highlighted as an electrode that
could achieve conformal contact with the skin [114,115]. Ameri et al. [115] demonstrated a
different form of the electrode to achieve ultrathin and conformal structure by proposing
an ultrathin graphene tattoo electrode (GET) (Figure 7e) that can fully conform to the rough
skin surface without using the additional adhesives. This conformability improved the
SNR by increasing the contact area of the skin to electrode interface and hence lowering
the skin to electrode impedance. Using the graphene as base material, to overcome the
limitation of graphene that it is too thick to be fully conformable, GET sensors have used
wet transfer and dry patterning fabrication process and made ultra-thin GET sensors with
a total thickness of 463 + 30 nm. GET was able to conformally adhere to the skin only with
van der Waals interaction and the conformal contact was kept even with the arbitrary skin
deformation. The GET sensor had electrode-skin impedance was comparable to the gel
electrode and the impedance of the GET sensor was 1 order of magnitude smaller than
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the Gr/PI sensor that has 12 um. Moreover, the SNR of the GEPS (electrophysiological
sensor using GET) was 15.22 dB while the gel electrode showed 11 dB demonstrating its
high performance as a soft-dry electrode.

4. Breathability

The human body exudes 600-900 g m~2 h™! (for adults) of water every day through
the skin and carbon hydroxide, and oxygen gas [118]. These liquid and gas discharges
from our skin became a cause of discomfort such as irritation or itching when we used a
soft—dry electrode as these electrodes did not have good breathability [119]. Moreover, the
sweat and gases that are stagnated between our skin and the sensor cause problems such
as degrading sensing signal by increasing skin impedance, toxicity due to metal reaction
with sweat, delamination of the electrode due to weakened adhesion, and hindering
the electrode for robust long-term monitoring [119-122]. The sweats and gases produce
a humid environment susceptible to the multiplication of bacteria [123-125]. The next
generation of soft-dry electronic devices has been focusing on the breathability of soft—
dry electrodes to address these problems. The criterion of these soft-dry electrodes is
water vapor transmission rate (WVTR, g m~2 day ') which measures the amount of water
vapor being transmitted through a target with restricted temperature and humidity. Each
technique offers separate capabilities for fabrication complexity, cost, breathability, etc.
This section will categorize recent advances in breathable soft—dry electronics into three
types. Each type represents how the individual research pursued breathability to their soft
electronics and be discussed in each chapter, some of which are summarized in Table 7.

Table 7. Summary of performance and key characteristics of breathable soft electrodes.

. Core Breathable . Breathability
Type Material Characteristics Thickness (WVTR 2) Ref.
Au, PI, elastomer, Composite of breathable 211
fabric elastomer and the fabric 1lmm 0.31 mgem™ h [126]
. Cellular . Elastomer
Intrinsically . silicone/elastomeric Composite of breathab}e (~100 pm), ~1mgem=2h~! [121]
breathable material . elastomer and the fabric .
b fabric fabric (~1 mm)
substrates Composite of breathable
Silbione, Ecoflex silicone 2 mm 2mg h-! [127]
and elastomer layer
SEBS Phase sepa;a()t;:g generated ~100 pm 20.6 mgcem 2 h~! [128]
Breathable pores generated
AgNW, TPU with 4.6 um 23mgcem2h~! [119]
Post-processed breath figure method
Porous substrates Silbione/Ecoflex Mlcroperfl(; I;i;ffd silicone 88 um can be controlled [129]
s Sugar templated porous
Graphene, silicone silicone 500 pm 18 mg cm2h! [58]
elastomer sponge
elastomer sponges
Breathable Nano mesh Several tens of
Au Nanomesh directly 5.95 mg h-! [24]
. nanometers
Substrate-free attached on skin
Hydrophilically treated
Au Nanomesh breathable Au nanomeshes 30 nm N/A [130]

design

3 WVTR, Water vapor transmission rate.

The attempt to adopt breathability in the soft-dry electrode started with using intrinsi-
cally porous elastomer to adopt breathability. Kwon et al. [126] have proposed a breathable,
large-area epidermal electronics system (L-EES) allowing long-term EMG recording without
epidermis disruption [131], shown in Figure 8a, by integrating soft breathable elastomer and



Micromachines 2022, 13, 629

24 of 34

an array of electrodes. Soft and breathable elastomer is fabricated with elastomer (Ecoflex)
and fabric (48% polyamide, 36% polyester, and 16% lycra). The breathable elastomer and
fabric composite with electrodes showed decent breathability of 3.13 +0.18 gh~! m~2
compared to that of commonly used Tegaderm (3.43 + 0.18 g h~! m~?2), L-EES showed
long-term wearability with a minimal temperature change no rash. The performance of
soft-dry electrodes was proven by minimal reduction of signal-to-noise ratio (SNR) (from
stationary measuring to measuring in walking conditions) of ~9 dB to ~8 dB, whereas
the gel type electrode showed ~9 dB to ~4 dB. Using intrinsically breathable elastomers
and fabrics, Jang et al. [121] demonstrated breathable and stretchable electronics for tran-
scutaneous monitoring, shown in Figure 8b, by using intrinsically breathable ultralow
modulus silicone (UL-Sil) (Silbione RT Get 47 14 A /B, Bluestar Silicones, USA) with breath-
able elastic fabric (90% nylon and 10% spandex) to compose a breathable substrate. The
breathability of the Silbione was proved by a comparison test with four common silicone
elastomers (PDMS, Ecoflex, Solaris), where Silbione showed a transepidermal water loss of
~9¢g h~! m~2. In contrast, other silicone elastomers showed less than 2 g h~1 m~2. With
the adaptation of a core/shell encapsulation layer, Liu et al. [127] demonstrated breathable
epidermal mechano-acoustic sensing electronics (Figure 8b). The WVTR of the core/shell
encapsulation layer was 2 mg h~!, while the commercialized medical dressings showed
3 mg h™! proving that the WVTR of the core/shell encapsulation layer is comparable to
that of the widely used medical tape. The electrode with Silbione and fabric composite
elastomer featured a breathable and conformable surface for long-term monitoring, efficient
adhesion resulting in minimal restraint on the subject’s motion and providing feasible for
robust biopotential recordings such as EMG, ECG, and EOG.

However, due to insufficient breathability of intrinsically breathable material com-
pared to human perspiration rate, more recent studies have tried to pursue higher breatha-
bility by post-processing the porous/nonporous materials using a method such as sugar
templating, bubble blowing, phase separation, etc. Xu et al. [128] not only increased the
breathability of the substrate by multiscale pore system of polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene (SEBS) substrates but also introduced a self-cooling system
by backscattering sunlight and not reflecting human-body mid-infrared radiation to absorb
heat dissipation. Using the unstable characteristic of chloroform, the multiscale porous
structure was fabricated by mixing IPA and SEBS in chloroform (solvent) and activat-
ing the phase separation of IPA from SEBS by rabid evaporation of chloroform, forming
Nano/microscale IPA droplets. Then, as the IPA droplets evaporate, the pores are formed
in the SEBS substrate, adding ~70% porosity and ~100 um thickness. Multiscale pores
provided effective sweat evaporation and gas/vapor diffusion. The WVTR of this substrate
was up to 20.6 mg cm 2 h~! which is 69 times higher than the WVTR value of unpro-
cessed SEBS and comparable with nanoPE fabric (23 mg cm~2 h~!). The breathable SEBS
substrate-based electrode showed stable long-term and continuous ECGs recording up to
24 h. Multiscale pore system of SEBS substrate demonstrated promise in long-term comfort
and stable ECGs measurement along with passive cooling ability.
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Figure 8. Types of breathability in various soft electronics. (a) Breathable elastomer/fabric used
electronics. (Reprinted with permission from Biosens. Bioelectron. 2020, 165, 112404, Copyright 2021
Elsevier) [126]. (b) Breathable sensor with silicone/elastomeric encapsulation. (Reprinted with per-
mission from Sci. Adv. 2016, 2, €1601185, Copyright 2016 Science Advanced) [127]. (c) Gas-permeable
porous electrodes. (Reprinted with permission from ACS Nano 2020, 14, 5, 5798-5805, Copyright
2020 ACS) [119]. (d) Breathable electrode with a microperforated soft silicone layer. (Reprinted with
permission from Nat. Biomed. Eng. 2019, 3, 194-205, Copyright 2019 Nature communications) [129].
(e) Substrate-free Nano mesh conductors. (Reprinted with permission from Nat. Nanotechnol. 2017,
12,907-913, Copyright 2017 Nature Nanotechnology) [24].

PDMS, polyethylene terephthalate (PET), and polyimide (PI) are commonly used
as substrates for the epidermal device. However, these materials lack breathability. In
need of an easy fabrication process, long-term stability, and breathable and ultrathin
material, Zhou et al. [119] proposed a breathable HP-AgNW /TPU film by assembling
porous substrates using the breath figure method. The breath figure method is a method to
produce breath figure array film (Figure 8c). By constantly dropping water droplets onto
substrate solution, the droplet array in the substrate eventually evaporates, leaving the array
of breath figure [132]. The HP-AgNW /TPU film showed a WVTR of ~0.023 g cm 2 h~!,
while the untreated TPU film showed a WVTR of less than ~0.002 g cm~2 h~!. The
pore size generated by the breath figure method could be scaled by differing the solution
concentration. The optimized concentration was 1.5 wt% TPU and 0.15 wt% PEG. Higher
concentration (2 wt% TPU and 0.2 wt% PEG) resulted in a higher chance of getting a
dead-end pore. The lower concentration resulted in too large pore size, limiting the
precise patterning of the electrode. The HP-AgNW /TPU film with optimized concentration
showed a pore diameter of ~40 pm, and the pore covered 39% of the film. The excellent
breathability of HP-AgNW /TPU film enhanced its long-term wearability that seven days
of use on actual human skin reported neither any allergic reactions nor sweat accumulation,
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proving the comfort and durability of breathable electronics. The SNR of the ECG measured
by the AgNW/TPU film (7.0 dB) was comparable to that of the Ag/AgCl electrode (7.1 dB),
and the SNR of the EMG measured with AgNW /TPU film (24.9 dB) was also comparable
with that of Ag/AgCl electrode (25.9 dB). While the commercial electrode uses a conductive
gel that could irritate skin and cause signal weakening due to dehydration of the gel,
AgNW /TPU showed feasible for long-term stability, user comfort due to its breathability,
and high SNR without the usage of the conductive gel proving its high performance as a
soft—dry electrode.

The electrode with a personalized breathability system according to user skin condition
was able to be achieved with micro-perforation of a soft silicone layer. Tian et al. [129]
demonstrated a large-area MRI-compatible epidermal electrode array for prosthetic control
and cognitive monitoring. The breathability was introduced to the electrode by adopting
micropores to the adhesive silicone layer (RT GEL 4642, Blue star) shown in Figure 8d.
The pores were micro perforated on the soft silicon layer by inserting a layer of poly
(methyl methacrylate) microspheres with a diameter of 100 pm onto the surface of the
silicone layer, thermal cure it, and dissolving poly (methyl methacrylate) by soaking in
acetone. It was reported that the user’s skin condition determines how much water must
be transmitted. Therefore, personalized breathability was enabled by varying the size
of the microspheres. The electrode was composed of a microperforated silicone layer
and the external-facing layer (Ecoflex) that protects the electrode from the surrounding
environment. The WVTR of the electrode was inversely proportional to the thickness of
the external layer and directly proportional to the pore size/pore density of the silicone
adhesive layer. The 12% microperforated silicone adhesive layer (pore opening diameter
of 80 um and density of 200 pores per cm~2) with 8 um of external layer showed twice
higher WVTR of PDMS with the same thickness. Moreover, the breathability achievable
with the microperforated silicone design was ~85% of open evaporation condition and
was comparable to mesh structured electrodes with high breathability [24]. The large-area
epidermal electrode shows promise in long-term EEG monitoring by five-day continuous
measurement along with normal routines such as showering, exercising, etc.

Like fabricating simple and effective on-skin electrodes with high breathability, Sun et al. [58]
reported the gas-permeable, multifunctional on-skin electronics using laser-patterned
porous graphene electrodes and sugar-templated elastomer sponges as breathable substrate.
The sugar-templated elastomer sponge was fabricated in a simple and effective approach
by making an elastomer/sugar composite and dissolving the sugar is cured composite
resulting in an elastomer sponge with effective breathability. Such elastomer sponge with
porous graphene showed WVTR of 18 mg cm~2 h~! while the elastomer substrates without
pore showed WVTR of 1 mg cm~2 h~!. Enhanced breathability helps sensors to be more
durable. The sugar-templated graphene electrode showed long-term feasibility with no
inflammation for 7 days of attachment from the volunteers, while the nonporous elastomer
substrate gained slight inflammation and was tested by volunteers. With the blind test of
the same two elastomers (sugar-templated and nonporous elastomer), nonporous silicone
gained a discomfort rate of 3.8 (0 to 10 scale), while the sugar templated graphene sensor
gained a discomfort rate of 1.1 showing high comfort through its breathability. The porous
structure of this sensor demonstrated high water vapor transmission along with positive
feedback for user comfort.

One other approach to overcome the low breathability of the conventional plastic and
elastomer film and to fabricate a breathable health monitoring device for inflammation-
free, user comfort, and long-term measurement, is the concept of substrate-free on-skin
electronics. Substrate-free electronics often take the structure of lightweight open mesh
that could be directly imported to the human skin. Miyamoto et al. [24] demonstrated the
inflammation-free, gas-permeable, lightweight, stretchable on-skin electronics based on an
open nanomesh structure for minimal invasive touch, temperature, and pressure measuring
wearable device. After preparing 300-500 nm electrospun PVA nanofiber in a mesh-like
form, a 70-100 nm-thick Au layer was deposited on top, forming a mesh-like conductor that
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could adhere to human skin. After the mesh was deposited on the skin, water was sprayed,
dissolving PVA nanofibers and attaching the skin’s nanomesh conductor. (Figure 8e).
The SEM image of the Au nanomesh conductor showed that the conductor was attached
around sweat pore in human skin without disturbing sweat secretion showing its excellent
breathability and thus resulting in a notable reduction of skin irritation and inflammation.
For the water transmission testing, the nanomesh conductor reported the same transmission
rate as an open bottle demonstrating excellent water permeability of the electrode. Due
to the high breathability, the nanomesh conductor gave comfort attachment to the users.
The survey of the test participant proved the comfortability of Au nanomesh conductor
by showing a 1.16 discomfort rate of nanomesh conductor while 1.83 and 3.39 discomfort
ratings for parylene film and silicon film on a scale of 0-10. Moreover, one week of on-skin
testing resulted in a significantly low inflammation rate except for one subject with metal
allergy showing feasible for wireless touch, temperature, pressure, and EMG with excellent
comfort and durability.

While substrate-free mesh-type electrodes showed excellent breathability, hydrophilic
treatment to the substrate-free electrodes significantly increased the breathability of the
electrode. The contact angle of the water droplet to the skin affects the evaporation rate.
When the contact angle of the liquid droplet decreases, the droplet gets thinner, increases the
contact area to the surface, and gets thinner, resulting in higher heat conduction that goes
through the droplet [133]. Wang et al. [130] reported epidermal electrodes with enhanced
breathability and high sensing performance by increasing the hydrophilicity of the skin
due to hydrophilic treatment on the Au nanomeshes (AuNM). The hydrophilic treatment
was operated by compiling 1-thioglycerol molecules with an AuNM electrode. The water
contact angle of the skin is ~75°, and it is not enough to fully wet the skin. However, with
the hydrophilic treatment, the contact angle decreased to 10° showing great breathability.
The hydrophilic treatment of AuNM took 3.7 s for the sweat evaporation while the bare
skin took 13.7 s and the untreated AuNM took ~6.3 s, proving the excellence of hydrophilic
treatment in improving sweat evaporation. The treated AuNM showed stable resistance on
6 cycles of sweating and evaporating for 6 h. After being submerged in water for 40 min,
it showed stable resistance and was washed with running water for 2 min. There was no
report of skin damage after being contacted for five days. Treated AuNM functioned as
a joule heater generating an appropriate temperature of 40-60 °C due to its breathable,
flexible, and conformable features. Overall, treated AuNM showed superior breathability
compared to most of the electrodes in terms of sweat evaporation and could be usable in
hot and humid weather and during the activity that accelerates perspiration for long-term
and comfortable measurement.

5. Outlook

Noble metals, including Au, Ti, and Pt, have also been popular dry electrode materials
attributed to high oxidation resistance and good conductivity. But limitations are in scalable
manufacturing due to high material costs. Future works may include improvements to
cost-effective metals such as Ag and Cu with good electrical properties by surface treatment
to inhibit the formation of oxidation layers, as demonstrated in recently studied Cu-Ag
compound materials which were able to conductivity while showing ultrahigh oxida-
tion resistance [134]. All carbon materials included in this review consist of 2D carbons,
including CNT, graphene, and CB. According to material nanostructure characteristics,
2D layered materials distinguish themselves from bulk form due to the extremely high
density of active surface sites, which offer a large contact area, making them suitable for
biosensing applications that require compact form factors while maintaining formality
and conductivity [135,136]. However, the cytotoxicity of CNT remains primarily debated,
and discussions vary between studies due to oxidative stress from reacting with various
surrounding materials [137]. Future studies comparing cytotoxicity to substrate types may
provide further insight into the credibility of CNT as a stable biomaterial. Conductive
polymers such as PEDOT:PSS and PPy are highly favorable dry electrode materials due
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to their excellent electrical properties and transparency. The proposed polymer-based dry
electrodes feature mechanical compliance and ultra-low thickness, proving feasible for ro-
bust biosignal recording as low-cost wearable electronics for vital signs and cardiovascular
monitoring. Overall, recent studies demonstrate the usage of multiple conductive, flexible,
biocompatible material types for improved mechanical and electroconductive stability of
the dry electrode. Combining more than one metal, carbon, or polymer nanomaterials has
improved material properties such as nanoparticle conductivity, as demonstrated in AgNW-
CNT interconnects [77]. A combination of polymer and carbon nanomaterials may propose
a solution to scalability by reducing the mass ratio of high-cost carbon ($85,000-300,000 per
metric ton) [138] while maintaining conductivity through polymer linkage. The high biopo-
tential measuring capability of novel nanomaterials such as MXene also enlightens future
research exploring novel conductive nanomaterials for biosensing applications. Stable
signal acquisition capability, reusability, and wearability are essential features that soft-dry
electrodes collecting EP signals should have. The use of a nature-inspired structure on dry
adhesive enabled excellent adhesion without the issue of skin damage during long-term
wear due to its unique and biocompatible design. Adopting adhesion from the elastomer
by mixing additive chemicals, giving adhesion directly to conductive elastomer by the same
method, and using nature-inspired material such as dopamine that mussel uses has been a
popular method fabricate PSA. Lowering Young’s modulus of the electrode and fabricating
the ultrathin electrode showed promise in conformal contact of the skin—electrode interface.
Chemicals, such as Triton X or glycerol, helped reduce young’s modulus of the elastomer
helping its conformal contact. Moreover, the ultrathin electrode and tattoo electrode in
nanoscale showed great conformity. There have been various approaches to improve the
air permeability of the electrode for the empirical use of the wearable EP monitoring device.
Recent breathable electrodes highlight the high WVTR that could reduce skin inflammation
issues by not leaving any residue and long-term feasibility resulting from the maintained
adhesion and clean contact area of the skin-electrode interface.

6. Conclusions

This review summarizes the essential requirements to develop high-performance soft
electrodes. Recent advances in several nano-micromanufacturing technologies include
direct writing, patterning, and coating. Furthermore, various materials, such as metals, car-
bon, conductive polymers, and composites have been reported to provide a foundation for
developing better dry electrodes. We discuss novel methods to improve physical adhesion,
including adhesive and conformal contact of dry electrodes. Furthermore, breathable elec-
trodes for better wearability and stability in long-term measurements are emphasized. Each
study suggests solutions to overcome the limitations of dry electrodes while showing their
possibility as a high-performance electrodes. Soft and dry electrodes with excellent sensing
performance and wearability have been successfully proven in various applications by inte-
grating circuits and wireless communication modules. Beyond device manufacturing and
performance optimization, multidisciplinary convergence research has been successfully
conducted, including clinical studies, machine-learning approaches, applied research to
disease diagnosis, health monitoring, gesture recognition, prosthetic control, and emotional
state detection. However, continuous developments are still required for commercialization
and industrialization, such as process and material synthesis optimization, SW system
development, and system integration. With such enhancements, we believe that the high-
performance soft electrodes will be more practical to be used in diverse wearable health
monitors and electronics systems.

Author Contributions: Conceptualization, H.K. and W.-H.Y.; writing—original draft preparation,
HK, EK, C.C. and W-H.Y,; writing—review and editing, H K. and W.-H.Y,; supervision, W.-H.Y;
project administration, W.-H.Y.; funding acquisition, W.-H.Y. All authors have read and agreed to the
published version of the manuscript.



Micromachines 2022, 13, 629 29 of 34

Funding: We acknowledge the support from the IEN Center for Human-Centric Interfaces and
Engineering at Georgia Tech.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Machemer, H. Electrophysiology. In Paramecium, 1st ed.; Springer: Berlin/Heidelberg, Germany, 1998. [CrossRef]

2. Kumar, A.; Komaragiri, R.; Kumar, M. From Pacemaker to Wearable: Techniques for ECG Detection Systems. ]. Med. Syst. 2018,
42, 34. [CrossRef] [PubMed]

3. Majumder, S.; Chen, L.; Marinov, O.; Chen, C.H.; Mondal, T.; Deen, M.]. Noncontact Wearable Wireless ECG Systems for
Long-Term Monitoring. IEEE Rev. Biomed. Eng. 2018, 11, 306-321. [CrossRef] [PubMed]

4. Casson, A.]. Wearable EEG and beyond. Biomed. Eng. Lett. 2019, 9, 53-71. [CrossRef] [PubMed]

5. Xu,]; Mitra, S.; Van Hoof, C.; Yazicioglu, R.F; Makinwa, K.A.A. Active Electrodes for Wearable EEG Acquisition: Review and
Electronics Design Methodology. IEEE Rev. Biomed. Eng. 2017, 10, 187-198. [CrossRef]

6. Sethi, A.; Ting, J.; Allen, M.; Clark, W.; Weber, D. Advances in motion and electromyography based wearable technology for
upper extremity function rehabilitation: A review. . Hand Ther. 2020, 33, 180-187. [CrossRef]

7. Mishra, S.; Kim, Y.S.; Intarasirisawat, J.; Kwon, Y.T.; Lee, Y.; Mahmood, M.; Lim, H.R.; Herbert, R.; Yu, KJ.; Ang, C.S,; et al. Soft,
wireless periocular wearable electronics for real-time detection of eye vergence in a virtual reality toward mobile eye therapies.
Sci. Adv. 2020, 6, eaay1729. [CrossRef]

8. Kim, Y.S.; Mahmood, M.; Lee, Y.; Kim, N.K.; Kwon, S.; Herbert, R.; Kim, D.; Cho, H.C.; Yeo, W.H. All-in-One, Wireless, Stretchable
Hybrid Electronics for Smart, Connected, and Ambulatory Physiological Monitoring. Adv. Sci. 2019, 6, 1900939. [CrossRef]

9. Jeong, J. EEG dynamics in patients with Alzheimer’s disease. Clin. Neurophysiol. 2004, 115, 1490-1505. [CrossRef]

10. Acharya, U.R.; Vinitha Sree, S.; Swapna, G.; Martis, R.J.; Suri, ].S. Automated EEG analysis of epilepsy: A review. Knowl.-Based
Syst. 2013, 45, 147-165. [CrossRef]

11. Bi, L.; Feleke, A.G.; Guan, C. A review on EMG-based motor intention prediction of continuous human upper limb motion for
human-robot collaboration. Biomed. Signal Process. Control 2019, 51, 113-127. [CrossRef]

12. Li, G,; Wang, S.; Duan, Y.Y. Towards gel-free electrodes: A systematic study of electrode-skin impedance. Sens. Actuators B Chem.
2017, 241, 1244-1255. [CrossRef]

13.  Hossain, M.E; Heo, ].S.; Nelson, J.; Kim, I. Paper-Based Flexible Electrode Using Chemically-Modified Graphene and Functional-
ized Multiwalled Carbon Nanotube Composites for Electrophysiological Signal Sensing. Information 2019, 10, 325. [CrossRef]

14. Rajaraman, S.; Bragg, ].A.; Ross, ].D.; Allen, M.G. Micromachined three-dimensional electrode arrays for transcutaneous nerve
tracking. J. Micromech. Microeng. 2011, 21, 085014. [CrossRef]

15. Fu, Y.; Zhao, ].; Dong, Y.; Wang, X. Dry Electrodes for Human Bioelectrical Signal Monitoring. Sensors 2020, 20, 3651. [CrossRef]
[PubMed]

16. Malghan, P.G.; Hota, M.K. A review on ECG filtering techniques for rhythm analysis. Res. Biomed. Eng. 2020, 36, 171-186.
[CrossRef]

17.  Huigen, E.; Peper, A.; Grimbergen, C.A. Investigation into the origin of the noise of surface electrodes. Med. Biol. Eng. Comput.
2002, 40, 332-338. [CrossRef]

18. Kim, D.H,; Lu, N.; Ma, R.; Kim, Y.S,; Kim, R H.; Wang, S.; Wu, J.; Won, S.M.; Tao, H.; Islam, A; et al. Epidermal Electronics.
Science 2011, 333, 838-843. [CrossRef]

19. Ying, B.; Wu, Q,; Li, J.; Liu, X. An ambient-stable and stretchable ionic skin with multimodal sensation. Mater. Horiz. 2020,
7,477-488. [CrossRef]

20. Yetisen, A.K.; Martinez-Hurtado, J.L.; Unal, B.; Khademhosseini, A.; Butt, H. Wearables in Medicine. Adv. Mater. 2018,
30, €1706910. [CrossRef]

21. Wu, N,; Wan, S;; Su, S.; Huang, H.; Dou, G.; Sun, L. Electrode materials for brain-machine interface: A review. InfoMat 2021,
3,1174-1194. [CrossRef]

22. Plenk, H., Jr. The role of materials biocompatibility for functional electrical stimulation applications. Artif. Organs 2011,
35,237-241. [CrossRef] [PubMed]

23. Luebberding, S.; Krueger, N.; Kerscher, M. Skin physiology in men and women: In vivo evaluation of 300 people including
TEWL, SC hydration, sebum content and skin surface pH. Int. J. Cosmet. Sci. 2013, 35, 477-483. [CrossRef] [PubMed]

24. Miyamoto, A.; Lee, S.; Cooray, N.F; Lee, S.; Mori, M.; Matsuhisa, N.; Jin, H.; Yoda, L.; Yokota, T.; Itoh, A.; et al. Inflammation-free,
gas-permeable, lightweight, stretchable on-skin electronics with nanomeshes. Nat. Nanotechnol. 2017, 12, 907-913. [CrossRef]
[PubMed]

25. Habibzadeh Tonekabony Shad, E.; Molinas, M.; Ytterdal, T. Impedance and Noise of Passive and Active Dry EEG Electrodes: A

Review. IEEE Sens. ]. 2020, 20, 14565-14577. [CrossRef]


http://doi.org/10.1007/978-3-642-73086-3_13
http://doi.org/10.1007/s10916-017-0886-1
http://www.ncbi.nlm.nih.gov/pubmed/29322351
http://doi.org/10.1109/RBME.2018.2840336
http://www.ncbi.nlm.nih.gov/pubmed/29993585
http://doi.org/10.1007/s13534-018-00093-6
http://www.ncbi.nlm.nih.gov/pubmed/30956880
http://doi.org/10.1109/RBME.2017.2656388
http://doi.org/10.1016/j.jht.2019.12.021
http://doi.org/10.1126/sciadv.aay1729
http://doi.org/10.1002/advs.201900939
http://doi.org/10.1016/j.clinph.2004.01.001
http://doi.org/10.1016/j.knosys.2013.02.014
http://doi.org/10.1016/j.bspc.2019.02.011
http://doi.org/10.1016/j.snb.2016.10.005
http://doi.org/10.3390/info10100325
http://doi.org/10.1088/0960-1317/21/8/085014
http://doi.org/10.3390/s20133651
http://www.ncbi.nlm.nih.gov/pubmed/32610658
http://doi.org/10.1007/s42600-020-00057-9
http://doi.org/10.1007/BF02344216
http://doi.org/10.1126/science.1206157
http://doi.org/10.1039/C9MH00715F
http://doi.org/10.1002/adma.201706910
http://doi.org/10.1002/inf2.12234
http://doi.org/10.1111/j.1525-1594.2011.01221.x
http://www.ncbi.nlm.nih.gov/pubmed/21401666
http://doi.org/10.1111/ics.12068
http://www.ncbi.nlm.nih.gov/pubmed/23713991
http://doi.org/10.1038/nnano.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/28737748
http://doi.org/10.1109/JSEN.2020.3012394

Micromachines 2022, 13, 629 30 of 34

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

O’Sullivan, M.; Temko, A.; Bocchino, A.; O’'Mahony, C.; Boylan, G.; Popovici, E. Analysis of a Low-Cost EEG Monitoring System
and Dry Electrodes toward Clinical Use in the Neonatal ICU. Sensors 2019, 19, 2637. [CrossRef]

Hasan, M.M.; Hossain, M.M. Nanomaterials-patterned flexible electrodes for wearable health monitoring: A review. |. Mater. Sci.
2021, 56, 14900-14942. [CrossRef]

Kamyshny, A.; Magdassi, S. Conductive Nanomaterials for Printed Electronics. Small 2014, 10, 3515-3535. [CrossRef]

Bellu, E.; Medici, S.; Coradduzza, D.; Cruciani, S.; Amler, E.; Maioli, M. Nanomaterials in Skin Regeneration and Rejuvenation.
Int. ]. Mol. Sci. 2021, 22, 7095. [CrossRef]

Drees, C.; Makic, M.B.; Case, K.; Mancuso, M.P; Hill, A.; Walczak, P.; Limon, S.; Biesecker, K.; Frey, L. Skin Irritation during
Video-EEG Monitoring. Neurodiagn. J. 2016, 56, 139-150. [CrossRef]

Cénovas, R.; Padrell Sdnchez, S.; Parrilla, M.; Cuartero, M.; Crespo, G.A. Cytotoxicity Study of Ionophore-Based Membranes:
Toward On-Body and In Vivo Ion Sensing. ACS Sens. 2019, 4, 2524-2535. [CrossRef]

Beard, R.B.; Hung, B.N.; Schmukler, R. Biocompatibility considerations at stimulating electrode interfaces. Ann. Biomed. Eng.
1992, 20, 395-410. [CrossRef] [PubMed]

Albulbul, A. Evaluating Major Electrode Types for Idle Biological Signal Measurements for Modern Medical Technology.
Bioengineering 2016, 3, 20. [CrossRef] [PubMed]

Hu, L.; Kim, H.S,; Lee, J.-Y,; Peumans, P; Cui, Y. Scalable Coating and Properties of Transparent, Flexible, Silver Nanowire
Electrodes. ACS Nano 2010, 4, 2955-2963. [CrossRef] [PubMed]

Bosetti, M.; Masse, A.; Tobin, E.; Cannas, M. Silver coated materials for external fixation devices: In vitro biocompatibility and
genotoxicity. Biomaterials 2002, 23, 887-892. [CrossRef]

Paladini, F; Sannino, A.; Pollini, M. In vivo testing of silver treated fibers for the evaluation of skin irritation effect and
hypoallergenicity. J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 102, 1031-1037. [CrossRef]

Toropov, N.; Vartanyan, T. Noble Metal Nanoparticles: Synthesis and Optical Properties. In Comprehensive Nanoscience and
Nanotechnology; Elsevier: Amsterdam, The Netherlands, 2019; pp. 61-88. [CrossRef]

Basova, T.V.; Vikulova, E.S.; Dorovskikh, S.I; Hassan, A.; Morozova, N.B. The use of noble metal coatings and nanoparticles for
the modification of medical implant materials. Mater. Des. 2021, 204, 109672. [CrossRef]

Burdusel, A.-C.; Gherasim, O.; Grumezescu, A.M.; Mogoanta, L.; Ficai, A.; Andronescu, E. Biomedical Applications of Silver
Nanoparticles: An Up-to-Date Overview. Nanomaterials 2018, 8, 681. [CrossRef]

Gawande, M.B.; Goswami, A.; Felpin, E-X.; Asefa, T.; Huang, X.; Silva, R.; Zou, X.; Zboril, R.; Varma, R.S. Cu and Cu-Based
Nanoparticles: Synthesis and Applications in Catalysis. Chem. Rev. 2016, 116, 3722-3811. [CrossRef]

Kim, B.; Soepriatna, A.H.; Park, W.; Moon, H.; Cox, A.; Zhao, J.; Gupta, N.S.; Park, C.H.; Kim, K,; Jeon, Y,; et al. Rapid custom
prototyping of soft poroelastic biosensor for simultaneous epicardial recording and imaging. Nat. Commun. 2021, 12, 3710.
[CrossRef]

Yoon, S.; Kim, Y.J.; Lee, Y.R.; Lee, N.-E.; Won, Y.; Gandla, S.; Kim, S.; Kim, H.-K. Highly stretchable metal-polymer hybrid
conductors for wearable and self-cleaning sensors. NPG Asia Mater. 2021, 13, 4. [CrossRef]

Kim, C.H.; Lee, D.H.; Youn, J.; Lee, H.; Jeong, ]. Simple and cost-effective microfabrication of flexible and stretchable electronics
for wearable multi-functional electrophysiological monitoring. Sci. Rep. 2021, 11, 14823. [CrossRef] [PubMed]

Yun, L; Jeung, J.; Lim, H.; Kang, J.; Lee, S.; Park, S.; Seong, S.; Park, S.; Cho, K.; Chung, Y. Stable Bioelectric Signal Acquisition
Using an Enlarged Surface-Area Flexible Skin Electrode. ACS Appl. Electron. Mater. 2021, 3, 1842-1851. [CrossRef]

Rodrigues, M.S,; Fiedler, P; Kiichler, N.; Domingues, R.P.; Lopes, C.; Borges, J.; Haueisen, J.; Vaz, F. Dry Electrodes for Surface
Electromyography Based on Architectured Titanium Thin Films. Materials 2020, 13, 2135. [CrossRef] [PubMed]

Eickenscheidt, M.; Schifer, P; Baslan, Y.; Schwarz, C.; Stieglitz, T. Highly Porous Platinum Electrodes for Dry Ear-EEG Measure-
ments. Sensors 2020, 20, 3176. [CrossRef]

Kang, M.S.; Lee, S.Y.;; Kim, K.S;; Han, D.-W. State of the Art Biocompatible Gold Nanoparticles for Cancer Theragnosis.
Pharmaceutics 2020, 12, 701. [CrossRef]

Chung, K.H,; Liu, G.T,; Duh, ].G.; Wang, J.H. Biocompatibility of a titanium—-aluminum nitride film coating on a dental alloy. Surf.
Coat. Technol. 2004, 188-189, 745-749. [CrossRef]

Sidambe, A. Biocompatibility of Advanced Manufactured Titanium Implants—A Review. Materials 2014, 7, 8168-8188. [CrossRef]
Tan, HW.; An, J.; Chua, C.K.; Tran, T. Metallic Nanoparticle Inks for 3D Printing of Electronics. Adv. Electron. Mater. 2019,
5,1800831. [CrossRef]

Hong, G.; Diao, S.; Antaris, A.L.; Dai, H. Carbon Nanomaterials for Biological Imaging and Nanomedicinal Therapy. Chem. Rev.
2015, 115, 10816-10906. [CrossRef]

Arduini, F; Cinti, S.; Mazzaracchio, V.; Scognamiglio, V.; Amine, A.; Moscone, D. Carbon black as an outstanding and affordable
nanomaterial for electrochemical (bio)sensor design. Biosens. Bioelectron. 2020, 156, 112033. [CrossRef]

Liang, X.; Li, N.; Zhang, R;; Yin, P.; Zhang, C.; Yang, N.; Liang, K.; Kong, B. Carbon-based SERS biosensor: From substrate design
to sensing and bioapplication. NPG Asia Mater. 2021, 13, 8. [CrossRef]

Zhang, X.; Wang, Y.; Luo, G.; Xing, M. Two-Dimensional Graphene Family Material: Assembly, Biocompatibility and Sensors
Applications. Sensors 2019, 19, 2966. [CrossRef] [PubMed]

Liang, X.; Li, H.; Dou, J.; Wang, Q.; He, W.; Wang, C.; Li, D,; Lin, ].-M.; Zhang, Y. Stable and Biocompatible Carbon Nanotube Ink
Mediated by Silk Protein for Printed Electronics. Adv. Mater. 2020, 32, 2000165. [CrossRef] [PubMed]


http://doi.org/10.3390/s19112637
http://doi.org/10.1007/s10853-021-06248-8
http://doi.org/10.1002/smll.201303000
http://doi.org/10.3390/ijms22137095
http://doi.org/10.1080/21646821.2016.1202032
http://doi.org/10.1021/acssensors.9b01322
http://doi.org/10.1007/BF02368539
http://www.ncbi.nlm.nih.gov/pubmed/1443832
http://doi.org/10.3390/bioengineering3030020
http://www.ncbi.nlm.nih.gov/pubmed/28952582
http://doi.org/10.1021/nn1005232
http://www.ncbi.nlm.nih.gov/pubmed/20426409
http://doi.org/10.1016/S0142-9612(01)00198-3
http://doi.org/10.1002/jbm.b.33085
http://doi.org/10.1016/b978-0-12-803581-8.00585-3
http://doi.org/10.1016/j.matdes.2021.109672
http://doi.org/10.3390/nano8090681
http://doi.org/10.1021/acs.chemrev.5b00482
http://doi.org/10.1038/s41467-021-23959-3
http://doi.org/10.1038/s41427-020-00277-6
http://doi.org/10.1038/s41598-021-94397-w
http://www.ncbi.nlm.nih.gov/pubmed/34285311
http://doi.org/10.1021/acsaelm.1c00095
http://doi.org/10.3390/ma13092135
http://www.ncbi.nlm.nih.gov/pubmed/32380683
http://doi.org/10.3390/s20113176
http://doi.org/10.3390/pharmaceutics12080701
http://doi.org/10.1016/j.surfcoat.2004.07.050
http://doi.org/10.3390/ma7128168
http://doi.org/10.1002/aelm.201800831
http://doi.org/10.1021/acs.chemrev.5b00008
http://doi.org/10.1016/j.bios.2020.112033
http://doi.org/10.1038/s41427-020-00278-5
http://doi.org/10.3390/s19132966
http://www.ncbi.nlm.nih.gov/pubmed/31284475
http://doi.org/10.1002/adma.202000165
http://www.ncbi.nlm.nih.gov/pubmed/32583914

Micromachines 2022, 13, 629 31 of 34

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kwon, Y.-T.; Kim, Y.-S.; Kwon, S.; Mahmood, M.; Lim, H.-R,; Park, S.-W.; Kang, S.-O.; Choi, ].].; Herbert, R.; Jang, Y.C.; et al.
All-printed nanomembrane wireless bioelectronics using a biocompatible solderable graphene for multimodal human-machine
interfaces. Nat. Commun. 2020, 11, 3450. [CrossRef]

Li, B.M,; Yildiz, O.; Mills, A.C.; Flewwellin, T.J.; Bradford, P.D.; Jur, J.S. Iron-on carbon nanotube (CNT) thin films for biosensing
E-Textile applications. Carbon 2020, 168, 673—683. [CrossRef]

Sun, B.; Mccay, R.N.; Goswami, S.; Xu, Y.; Zhang, C.; Ling, Y,; Lin, J.; Yan, Z. Gas-Permeable, Multifunctional On-Skin Electronics
Based on Laser-Induced Porous Graphene and Sugar-Templated Elastomer Sponges. Adv. Mater. 2018, 30, 1804327. [CrossRef]
Cheng, X.; Bao, C.; Wang, X.; Zhang, F; Dong, W. Soft surface electrode based on PDMS-CB conductive polymer for electrocardio-
gram recordings. Appl. Phys. A 2019, 125, 876. [CrossRef]

Tilmaciu, C.-M.; Morris, M.C. Carbon nanotube biosensors. Front. Chem. 2015, 3, 59. [CrossRef]

Gross, A.].; Holzinger, M.; Cosnier, S. Buckypaper bioelectrodes: Emerging materials for implantable and wearable biofuel cells.
Energy Environ. Sci. 2018, 11, 1670-1687. [CrossRef]

Owens, C.E.; Headrick, R.J.; Williams, S.M.; Fike, A.].; Pasquali, M.; McKinley, G.H.; Hart, A.]. Substrate-Versatile Direct-Write
Printing of Carbon Nanotube-Based Flexible Conductors, Circuits, and Sensors. Adv. Funct. Mater. 2021, 31, 2100245. [CrossRef]
Liu, Y.; Zhao, Y.; Sun, B.; Chen, C. Understanding the Toxicity of Carbon Nanotubes. Acc. Chem. Res. 2013, 46, 702-713. [CrossRef]
[PubMed]

Shrivastava, S.; Jadon, N.; Jain, R. Next-generation polymer nanocomposite-based electrochemical sensors and biosensors: A
review. TrAC Trends Anal. Chem. 2016, 82, 55-67. [CrossRef]

Qj, J; Li, B;; Zhou, N.; Wang, X.; Deng, D.; Luo, L.; Chen, L. The strategy of antibody-free biomarker analysis by in-situ
synthesized molecularly imprinted polymers on movable valve paper-based device. Biosens. Bioelectron. 2019, 142, 111533.
[CrossRef] [PubMed]

Yang, M.; Zhang, Y.; Zhang, H.; Li, Z. Characterization of PEDOT:PSS as a biocompatible conductive material. In Proceedings of
the 10th IEEE International Conference on Nano/Micro Engineered and Molecular Systems, Xi’an, China, 7-11 April 2015.
Liang, Y.; Offenhdusser, A.; Ingebrandt, S.; Mayer, D. PEDOT:PSS-Based Bioelectronic Devices for Recording and Modulation of
Electrophysiological and Biochemical Cell Signals. Adv. Healthc. Mater. 2021, 10, 2100061. [CrossRef] [PubMed]

George, PM.; Lyckman, A.W.; LaVan, D.A.; Hegde, A.; Leung, Y.; Avasare, R.; Testa, C.; Alexander, PM.; Langer, R.; Sur,
M. Fabrication and biocompatibility of polypyrrole implants suitable for neural prosthetics. Biomaterials 2005, 26, 3511-3519.
[CrossRef] [PubMed]

Masuda, H.; Asano, D.K. Preparation and properties of polypyrrole. Synth. Met. 2003, 135-136, 43—44. [CrossRef]

Lo, L.-W.; Zhao, J.; Wan, H.; Wang, Y.; Chakrabartty, S.; Wang, C. An Inkjet-Printed PEDOT:PSS-Based Stretchable Conductor for
Wearable Health Monitoring Device Applications. ACS Appl. Mater. Interfaces 2021, 13, 21693-21702. [CrossRef]

Tang, W.; Zhou, Y.; Chen, S.; Yu, S.; Yang, Y.; Lin, J.; Yin, S.; Ma, Y,; Hu, B. Delamination-Resistant Imperceptible Bioelectrode for
Robust Electrophysiological Signals Monitoring. ACS Mater. Lett. 2021, 3, 1385-1393. [CrossRef]

Del Agua, I.; Mantione, D.; Ismailov, U.; Sanchez-Sanchez, A.; Aramburu, N.; Malliaras, G.G.; Mecerreyes, D.; Ismailova, E.
DVS-Crosslinked PEDOT:PSS Free-Standing and Textile Electrodes toward Wearable Health Monitoring. Adv. Mater. Technol.
2018, 3, 1700322. [CrossRef]

Zhang, L.; Kumar, K.S.; He, H.; Cai, C.J.; He, X.; Gao, H.; Yue, S.; Li, C.; Seet, R.C.; Ren, H.; et al. Fully organic compliant dry
electrodes self-adhesive to skin for long-term motion-robust epidermal biopotential monitoring. Nat. Commun. 2020, 11, 4683.
[CrossRef]

Tan, P; Wang, H.; Xiao, F; Lu, X.; Shang, W.; Deng, X.; Song, H.; Xu, Z.; Cao, J.; Gan, T.; et al. Solution-processable, soft,
self-adhesive, and conductive polymer composites for soft electronics. Nat. Commun. 2022, 13, 358. [CrossRef] [PubMed]

Meng, L.; Fu, Q.; Hao, S.; Xu, F; Yang, J. Self-adhesive, biodegradable silk-based dry electrodes for epidermal electrophysiological
monitoring. Chem. Eng. J. 2022, 427, 131999. [CrossRef]

Zhang, K.; Kang, N.; Zhang, B.; Xie, R.; Zhu, J.; Zou, B.; Liu, Y.; Chen, Y.; Shi, W.; Zhang, W.; et al. Skin Conformal and
Antibacterial PPy-Leather Electrode for ECG Monitoring. Adv. Electron. Mater. 2020, 6, 2000259. [CrossRef]

Qiao, Y.; Wang, Y.; Jian, J.; Li, M.; Jiang, G.; Li, X,; Deng, G.; Ji, S.; Wei, Y.; Pang, Y.; et al. Multifunctional and high-performance
electronic skin based on silver nanowires bridging graphene. Carbon 2020, 156, 253-260. [CrossRef]

Lee, ] H.; Hwang, J.-Y,; Zhu, J.; Hwang, H.R.; Lee, S.M.; Cheng, H.; Lee, S.-H.; Hwang, S.-W. Flexible Conductive Composite
Integrated with Personal Earphone for Wireless, Real-Time Monitoring of Electrophysiological Signs. ACS Appl. Mater. Interfaces
2018, 10, 21184-21190. [CrossRef]

Li, Z.; Guo, W.; Huang, Y.; Zhu, K.; Yi, H.; Wu, H. On-skin graphene electrodes for large area electrophysiological monitoring and
human-machine interfaces. Carbon 2020, 164, 164-170. [CrossRef]

Zhao, Y.; Zhang, S.; Yu, T,; Zhang, Y,; Ye, G.; Cui, H.; He, C,; Jiang, W.; Zhai, Y; Lu, C.; et al. Ultra-conformal skin electrodes with
synergistically enhanced conductivity for long-time and low-motion artifact epidermal electrophysiology. Nat. Commun. 2021,
12, 4880. [CrossRef]

Driscoll, N.; Erickson, B.; Murphy, B.B.; Richardson, A.G.; Robbins, G.; Apollo, N.V.; Mentzelopoulos, G.; Mathis, T.; Han-
tanasirisakul, K.; Bagga, P,; et al. MXene-infused bioelectronic interfaces for multiscale electrophysiology and stimulation. Sci.
Transl. Med. 2021, 13, eabf8629. [CrossRef]


http://doi.org/10.1038/s41467-020-17288-0
http://doi.org/10.1016/j.carbon.2020.06.057
http://doi.org/10.1002/adma.201804327
http://doi.org/10.1007/s00339-019-3124-5
http://doi.org/10.3389/fchem.2015.00059
http://doi.org/10.1039/C8EE00330K
http://doi.org/10.1002/adfm.202100245
http://doi.org/10.1021/ar300028m
http://www.ncbi.nlm.nih.gov/pubmed/22999420
http://doi.org/10.1016/j.trac.2016.04.005
http://doi.org/10.1016/j.bios.2019.111533
http://www.ncbi.nlm.nih.gov/pubmed/31377573
http://doi.org/10.1002/adhm.202100061
http://www.ncbi.nlm.nih.gov/pubmed/33970552
http://doi.org/10.1016/j.biomaterials.2004.09.037
http://www.ncbi.nlm.nih.gov/pubmed/15621241
http://doi.org/10.1016/S0379-6779(02)00519-2
http://doi.org/10.1021/acsami.1c00537
http://doi.org/10.1021/acsmaterialslett.1c00353
http://doi.org/10.1002/admt.201700322
http://doi.org/10.1038/s41467-020-18503-8
http://doi.org/10.1038/s41467-022-28027-y
http://www.ncbi.nlm.nih.gov/pubmed/35042877
http://doi.org/10.1016/j.cej.2021.131999
http://doi.org/10.1002/aelm.202000259
http://doi.org/10.1016/j.carbon.2019.08.032
http://doi.org/10.1021/acsami.8b06484
http://doi.org/10.1016/j.carbon.2020.03.058
http://doi.org/10.1038/s41467-021-25152-y
http://doi.org/10.1126/scitranslmed.abf8629

Micromachines 2022, 13, 629 32 of 34

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Huang, C.-Y.; Chiu, C.-W. Facile Fabrication of a Stretchable and Flexible Nanofiber Carbon Film-Sensing Electrode by Elec-
trospinning and Its Application in Smart Clothing for ECG and EMG Monitoring. ACS Appl. Electron. Mater. 2021, 3, 676-686.
[CrossRef]

Zahed, M. A ; Das, P.S.; Maharjan, P.; Barman, S.C.; Sharifuzzaman, M.; Yoon, S.H.; Park, ].Y. Flexible and robust dry electrodes
based on electroconductive polymer spray-coated 3D porous graphene for long-term electrocardiogram signal monitoring system.
Carbon 2020, 165, 26-36. [CrossRef]

Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional
Nanocrystals Produced by Exfoliation of Ti3AIC2. Adv. Mater. 2011, 23, 4248-4253. [CrossRef] [PubMed]

Ghosh, S.; Mahadevappa, M.; Mukhopadhyay, J. A 2D electrode-skin model for electrical & contact impedance characterization
of Bio Impedance. In Proceedings of the 2016 IEEE Region 10 Conference (TENCON), Singapore, 22-25 November 2016;
pPp. 2292-2295.

Tong, D.A.; Bartels, K.A.; Honeyager, K.S. Adaptive reduction of motion artifact in the electrocardiogram. In Proceedings of
the Second Joint 24th Annual Conference and the Annual Fall Meeting of the Biomedical Engineering Society Engineering in
Medicine and Biology, Houston, TX, USA, 23-26 October 2002; Volume 1402, pp. 1403-1404.

Lu, E; Wang, C.; Zhao, R.; Du, L,; Fang, Z.; Guo, X.; Zhao, Z. Review of Stratum Corneum Impedance Measurement in
Non-Invasive Penetration Application. Biosensors 2018, 8, 31. [CrossRef] [PubMed]

Clemente, E.; Arpaia, P.; Manna, C. Characterization of human skin impedance after electrical treatment for transdermal drug
delivery. Measurement 2013, 46, 3494-3501. [CrossRef]

Ha, S.; Kim, C.; Wang, H.; Chi, Y.M.; Mercier, PP; Cauwenberghs, G. Chapter 6—Low-power integrated circuits for wearable
electrophysiology. In Wearable Sensors, 2nd ed.; Sazonov, E., Ed.; Academic Press: Oxford, UK, 2021; pp. 163-199. [CrossRef]
Xiao, Y.; Wang, M.; Li, Y.; Sun, Z; Liu, Z.; He, L,; Liu, R. High-Adhesive Flexible Electrodes and Their Manufacture: A Review.
Micromachines 2021, 12, 1505. [CrossRef]

Ershad, F,; Thukral, A.; Yue, J.; Comeaux, P; Lu, Y.; Shim, H.; Sim, K.; Kim, N.-L.; Rao, Z.; Guevara, R.; et al. Ultra-conformal
drawn-on-skin electronics for multifunctional motion artifact-free sensing and point-of-care treatment. Nat. Commun. 2020,
11, 3823. [CrossRef]

Kim, T.; Park, J.; Sohn, J.; Cho, D.; Jeon, S. Bioinspired, Highly Stretchable, and Conductive Dry Adhesives Based on 1D-2D
Hybrid Carbon Nanocomposites for All-in-One ECG Electrodes. ACS Nano 2016, 10, 4770-4778. [CrossRef]

Drotlef, D.-M.; Amjadi, M.; Yunusa, M.; Sitti, M. Bioinspired Composite Microfibers for Skin Adhesion and Signal Amplification
of Wearable Sensors. Adv. Mater. 2017, 29, 1701353. [CrossRef]

Chun, S.; Kim, D.W,; Baik, S.; Lee, H.].; Lee, ].H.; Bhang, S.H.; Pang, C. Conductive and Stretchable Adhesive Electronics with
Miniaturized Octopus-Like Suckers against Dry/Wet Skin for Biosignal Monitoring. Adv. Funct. Mater. 2018, 28, 1805224.
[CrossRef]

Niu, X.; Wang, L.; Li, H.; Wang, T.; Liu, H.; He, Y. Fructus Xanthii-Inspired Low Dynamic Noise Dry Bioelectrodes for Surface
Monitoring of ECG. ACS Appl. Mater. Interfaces 2022, 14, 6028-6038. [CrossRef]

Yamamoto, Y.; Yamamoto, D.; Takada, M.; Naito, H.; Arie, T.; Akita, S.; Takei, K. Efficient Skin Temperature Sensor and Stable
Gel-Less Sticky ECG Sensor for a Wearable Flexible Healthcare Patch. Adv. Healthc. Mater. 2017, 6, 1700495. [CrossRef]

Xu, Z.; Chen, L.; Lu, L;; Du, R;; Ma, W,; Cai, Y.; An, X.; Wu, H.; Luo, Q.; Xu, Q.; et al. A Highly-Adhesive and Self-Healing
Elastomer for Bio-Interfacial Electrode. Adv. Funct. Mater. 2021, 31, 2006432. [CrossRef]

Kizilkan, E.; Gorb, S.N. Bioinspired Further Enhanced Dry Adhesive by the Combined Effect of the Microstructure and Surface
Free-Energy Increase. ACS Appl. Mater. Interfaces 2018, 10, 26752-26758. [CrossRef] [PubMed]

Bae, W.G.; Kim, D.; Kwak, M.K,; Ha, L.; Kang, S.M.; Suh, K.Y. Enhanced Skin Adhesive Patch with Modulus-Tunable Composite
Micropillars. Adv. Healthc. Mater. 2013, 2, 109-113. [CrossRef] [PubMed]

Kwak, M.K,; Jeong, H.-E.; Suh, K.Y. Rational Design and Enhanced Biocompatibility of a Dry Adhesive Medical Skin Patch. Adv.
Mater. 2011, 23, 3949-3953. [CrossRef]

Autumn, K;; Sitti, M.; Liang, Y.A.; Peattie, A.M.; Hansen, W.R.; Sponberg, S.; Kenny, T.W.,; Fearing, R.; Israelachvili, ].N.; Full, R.J.
Evidence for van der Waals adhesion in gecko setae. Proc. Natl. Acad. Sci. USA 2002, 99, 12252. [CrossRef]

Li, X,; Bai, P; Li, X,; Li, L.; Li, Y,; Lu, H.; Ma, L.; Meng, Y.; Tian, Y. Robust scalable reversible strong adhesion by gecko-inspired
composite design. Friction 2021, 1-16. [CrossRef]

Mahdavi, A.; Ferreira, L.; Sundback, C.; Nichol, ].W.; Chan, E.P,; Carter, D.].D.; Bettinger, C.J.; Patanavanich, S.; Chignozha,
L.; Ben-Joseph, E.; et al. A biodegradable and biocompatible gecko-inspired tissue adhesive. Proc. Natl. Acad. Sci. USA 2008,
105, 2307-2312. [CrossRef]

Kim, D.W,; Baik, S.; Min, H.; Chun, S.; Lee, H.J.; Kim, K.H.; Lee, ].Y.; Pang, C. Highly Permeable Skin Patch with Conductive
Hierarchical Architectures Inspired by Amphibians and Octopi for Omnidirectionally Enhanced Wet Adhesion. Adv. Funct. Mater.
2019, 29, 1807614. [CrossRef]

Chun, S.; Son, W.; Kim, D.W.; Lee, J.; Min, H.; Jung, H.; Kwon, D.; Kim, A.H.; Kim, Y.J.; Lim, S.K,; et al. Water-Resistant and
Skin-Adhesive Wearable Electronics Using Graphene Fabric Sensor with Octopus-Inspired Microsuckers. ACS Appl. Mater.
Interfaces 2019, 11, 16951-16957. [CrossRef]

Baik, S.; Kim, J.; Lee, H.].; Lee, TH.; Pang, C. Highly Adaptable and Biocompatible Octopus-Like Adhesive Patches with
Meniscus-Controlled Unfoldable 3D Microtips for Underwater Surface and Hairy Skin. Adv. Sci. 2018, 5, 1800100. [CrossRef]


http://doi.org/10.1021/acsaelm.0c00841
http://doi.org/10.1016/j.carbon.2020.04.031
http://doi.org/10.1002/adma.201102306
http://www.ncbi.nlm.nih.gov/pubmed/21861270
http://doi.org/10.3390/bios8020031
http://www.ncbi.nlm.nih.gov/pubmed/29587456
http://doi.org/10.1016/j.measurement.2013.06.033
http://doi.org/10.1016/B978-0-12-819246-7.00006-1
http://doi.org/10.3390/mi12121505
http://doi.org/10.1038/s41467-020-17619-1
http://doi.org/10.1021/acsnano.6b01355
http://doi.org/10.1002/adma.201701353
http://doi.org/10.1002/adfm.201805224
http://doi.org/10.1021/acsami.1c22303
http://doi.org/10.1002/adhm.201700495
http://doi.org/10.1002/adfm.202006432
http://doi.org/10.1021/acsami.8b06686
http://www.ncbi.nlm.nih.gov/pubmed/30010312
http://doi.org/10.1002/adhm.201200098
http://www.ncbi.nlm.nih.gov/pubmed/23184425
http://doi.org/10.1002/adma.201101694
http://doi.org/10.1073/pnas.192252799
http://doi.org/10.1007/s40544-021-0522-4
http://doi.org/10.1073/pnas.0712117105
http://doi.org/10.1002/adfm.201807614
http://doi.org/10.1021/acsami.9b04206
http://doi.org/10.1002/advs.201800100

Micromachines 2022, 13, 629 33 of 34

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

Li, S.; Liu, H,; Tian, H.; Wang, C.; Wang, D.; Wu, Y,; Shao, ]. Dytiscus lapponicus-Inspired Structure with High Adhesion in Dry
and Underwater Environments. ACS Appl. Mater. Interfaces 2021, 13, 42287-42296. [CrossRef] [PubMed]

Catron, N.D.; Lee, H.; Messersmith, P.B. Enhancement of poly (ethylene glycol) mucoadsorption by biomimetic end group
functionalization. Biointerphases 2006, 1, 134-141. [CrossRef] [PubMed]

Waiter, ].H. Reverse Engineering of Bioadhesion in Marine Mussels. Ann. N. Y. Acad. Sci. 1999, 875, 301-309. [CrossRef] [PubMed]
Martinez Rodriguez, N.R.; Das, S.; Kaufman, Y.; Wei, W.; Israelachvili, ].N.; Waite, ].H. Mussel adhesive protein provides cohesive
matrix for collagen type-1o. Biomaterials 2015, 51, 51-57. [CrossRef]

Nawrocki, R.A ; Jin, H.; Lee, S.; Yokota, T.; Sekino, M.; Someya, T. Self-Adhesive and Ultra-Conformable, Sub-300 nm Dry
Thin-Film Electrodes for Surface Monitoring of Biopotentials. Adv. Funct. Mater. 2018, 28, 1803279. [CrossRef]

Li, Q.; Chen, G,; Cui, Y.; Ji, S.; Liu, Z,; Wan, C.; Liu, Y,; Lu, Y.; Wang, C.; Zhang, N.; et al. Highly Thermal-Wet Comfortable and
Conformal Silk-Based Electrodes for On-Skin Sensors with Sweat Tolerance. ACS Nano 2021, 15, 9955-9966. [CrossRef]

Kim, J.-H.; Kim, S.-R.; Kil, H.-J.; Kim, Y.-C.; Park, ].-W. Highly Conformable, Transparent Electrodes for Epidermal Electronics.
Nano Lett. 2018, 18, 4531-4540. [CrossRef]

Ferrari, L.M.; Sudha, S.; Tarantino, S.; Esposti, R.; Bolzoni, F.; Cavallari, P.; Cipriani, C.; Mattoli, V.; Greco, F. Ultraconformable
Temporary Tattoo Electrodes for Electrophysiology. Adv. Sci. 2018, 5, 1700771. [CrossRef]

Kabiri Ameri, S.; Ho, R.; Jang, H.; Tao, L.; Wang, Y.; Wang, L.; Schnyer, D.M.; Akinwande, D.; Lu, N. Graphene Electronic Tattoo
Sensors. ACS Nano 2017, 11, 7634-7641. [CrossRef]

Zhu, P,; Du, H,; Hou, X,; Lu, P; Wang, L.; Huang, J.; Bai, N.; Wu, Z.; Fang, N.X.; Guo, C.F. Skin-electrode iontronic interface for
mechanosensing. Nat. Commun. 2021, 12, 4731. [CrossRef]

Lu, N.; Yang, S.; Wang, L. Stretchability, Conformability, and Low-Cost Manufacture of Epidermal Sensors. In Stretchable
Bioelectronics for Medical Devices and Systems; Rogers, J.A., Ghaffari, R., Kim, D.-H., Eds.; Springer International Publishing: Cham,
Switzerland, 2016; pp. 31-51. [CrossRef]

Mack, G.W.; Nadel, E.R. Body Fluid Balance During Heat Stress in Humans. In Comprehensive Physiology; Wiley: Hoboken, NJ,
USA; pp. 187-214. [CrossRef]

Zhou, W.; Yao, S.; Wang, H.; Du, Q.; Ma, Y.; Zhu, Y. Gas-Permeable, Ultrathin, Stretchable Epidermal Electronics with Porous
Electrodes. ACS Nano 2020, 14, 5798-5805. [CrossRef] [PubMed]

Wu, H,; Yang, G.; Zhu, K,; Liu, S.; Guo, W.; Jiang, Z.; Li, Z. Materials, Devices, and Systems of On-Skin Electrodes for
Electrophysiological Monitoring and Human—-Machine Interfaces. Adv. Sci. 2021, 8, 2001938. [CrossRef] [PubMed]

Jang, K.-I.; Han, S.Y.; Xu, S.; Mathewson, K.E.; Zhang, Y.; Jeong, ] .-W.; Kim, G.-T.; Webb, R.C.; Lee, ] W.; Dawidczyk, T.].; et al.
Rugged and breathable forms of stretchable electronics with adherent composite substrates for transcutaneous monitoring. Nat.
Commun. 2014, 5, 4779. [CrossRef] [PubMed]

Chen, Y; Lu, B.; Chen, Y.; Feng, X. Breathable and Stretchable Temperature Sensors Inspired by Skin. Sci. Rep. 2015, 5, 11505.
[CrossRef]

Usher, B. Human sweat as a culture medium for bacteria: A preliminary report. Arch. Dermatol. Syphilol. 1928, 18, 276-280.
[CrossRef]

Grice, E.A.; Segre, J.A. The skin microbiome. Nat. Rev. Microbiol. 2011, 9, 244-253. [CrossRef]

Teufel, L.; Pipal, A.; Schuster, K.C.; Staudinger, T.; Redl, B. Material-dependent growth of human skin bacteria on textiles
investigated using challenge tests and DNA genotyping. J. Appl. Microbiol. 2010, 108, 450-461. [CrossRef]

Kwon, Y.-T,; Norton, ].].S.; Cutrone, A.; Lim, H.-R.; Kwon, S.; Choi, ].J.; Kim, H.S.; Jang, Y.C.; Wolpaw, ].R.; Yeo, W.-H. Breathable,
large-area epidermal electronic systems for recording electromyographic activity during operant conditioning of H-reflex. Biosens.
Bioelectron. 2020, 165, 112404. [CrossRef]

Liu, Y,; Norton, J.].S.; Qazi, R.; Zou, Z.; Ammann, K.R,; Liu, H.; Yan, L.; Tran, PL.; Jang, K.-I.; Lee, JW.; et al. Epidermal
mechano-acoustic sensing electronics for cardiovascular diagnostics and human-machine interfaces. Sci. Adv. 2016, 2, e1601185.
[CrossRef]

Xu, Y; Sun, B.; Ling, Y.; Fei, Q.; Chen, Z,; Li, X.; Guo, P.; Jeon, N.; Goswami, S.; Liao, Y.; et al. Multiscale porous elastomer
substrates for multifunctional on-skin electronics with passive-cooling capabilities. Proc. Natl. Acad. Sci. USA 2020, 117, 205-213.
[CrossRef]

Tian, L.; Zimmerman, B.; Akhtar, A.; Yu, KJ.; Moore, M.; Wu, J.; Larsen, R.J.; Lee, ]JW,; Li, ].; Liu, Y.; et al. Large-area MRI-
compatible epidermal electronic interfaces for prosthetic control and cognitive monitoring. Nat. Biomed. Eng. 2019, 3, 194-205.
[CrossRef] [PubMed]

Wang, Y.; Hong, T.; Wang, L.; Li, G.; Bai, N; Li, C; Lu, P; Cai, M.; Wu, Z; Lu, N,; et al. Epidermal electrodes with enhanced
breathability and high sensing performance. Mater. Today Phys. 2020, 12, 100191. [CrossRef]

Herbert, R.; Kim, J.-H.; Kim, Y.S.; Lee, H.M.; Yeo, W.-H. Soft Material-Enabled, Flexible Hybrid Electronics for Medicine,
Healthcare, and Human-Machine Interfaces. Materials 2018, 11, 187. [CrossRef] [PubMed]

Bai, H.; Du, C,; Zhang, A ; Li, L. Breath Figure Arrays: Unconventional Fabrications, Functionalizations, and Applications. Angew.
Chem. Int. Ed. 2013, 52, 12240-12255. [CrossRef] [PubMed]

Chandra, S.; di Marzo, M.; Qiao, Y.M.; Tartarini, P. Effect of liquid-solid contact angle on droplet evaporation. Fire Saf. ]. 1996,
27,141-158. [CrossRef]


http://doi.org/10.1021/acsami.1c13604
http://www.ncbi.nlm.nih.gov/pubmed/34455771
http://doi.org/10.1116/1.2422894
http://www.ncbi.nlm.nih.gov/pubmed/20408626
http://doi.org/10.1111/j.1749-6632.1999.tb08513.x
http://www.ncbi.nlm.nih.gov/pubmed/10415577
http://doi.org/10.1016/j.biomaterials.2015.01.033
http://doi.org/10.1002/adfm.201803279
http://doi.org/10.1021/acsnano.1c01431
http://doi.org/10.1021/acs.nanolett.8b01743
http://doi.org/10.1002/advs.201700771
http://doi.org/10.1021/acsnano.7b02182
http://doi.org/10.1038/s41467-021-24946-4
http://doi.org/10.1007/978-3-319-28694-5_2
http://doi.org/10.1002/cphy.cp040110
http://doi.org/10.1021/acsnano.0c00906
http://www.ncbi.nlm.nih.gov/pubmed/32347707
http://doi.org/10.1002/advs.202001938
http://www.ncbi.nlm.nih.gov/pubmed/33511003
http://doi.org/10.1038/ncomms5779
http://www.ncbi.nlm.nih.gov/pubmed/25182939
http://doi.org/10.1038/srep11505
http://doi.org/10.1001/archderm.1928.02380140100009
http://doi.org/10.1038/nrmicro2537
http://doi.org/10.1111/j.1365-2672.2009.04434.x
http://doi.org/10.1016/j.bios.2020.112404
http://doi.org/10.1126/sciadv.1601185
http://doi.org/10.1073/pnas.1917762116
http://doi.org/10.1038/s41551-019-0347-x
http://www.ncbi.nlm.nih.gov/pubmed/30948811
http://doi.org/10.1016/j.mtphys.2020.100191
http://doi.org/10.3390/ma11020187
http://www.ncbi.nlm.nih.gov/pubmed/29364861
http://doi.org/10.1002/anie.201303594
http://www.ncbi.nlm.nih.gov/pubmed/24115306
http://doi.org/10.1016/S0379-7112(96)00040-9

Micromachines 2022, 13, 629 34 of 34

134.

135.

136.

137.
138.

Li, J.; Li, Y.;; Wang, Z.; Bian, H.; Hou, Y.; Wang, F.; Xu, G.; Liu, B.; Liu, Y. Ultrahigh Oxidation Resistance and High Electrical
Conductivity in Copper-Silver Powder. Sci. Rep. 2016, 6, 39650. [CrossRef]

Bolotsky, A.; Butler, D.; Dong, C.; Gerace, K.; Glavin, N.R.; Muratore, C.; Robinson, J.A.; Ebrahimi, A. Two-Dimensional Materials
in Biosensing and Healthcare: From In Vitro Diagnostics to Optogenetics and Beyond. ACS Nano 2019, 13, 9781-9810. [CrossRef]
Kirchner, E.-M.; Hirsch, T. Recent developments in carbon-based two-dimensional materials: Synthesis and modification aspects
for electrochemical sensors. Microchim. Acta 2020, 187, 441. [CrossRef]

Harrison, B.S.; Atala, A. Carbon nanotube applications for tissue engineering. Biomaterials 2007, 28, 344-353. [CrossRef]
Carpena-Nufiez, J.; Rao, R.; Maruyama, B. One-pot chemistry: Alkyne-assisted CNT growth enables in situ functionalization.
MRS Bull. 2021, 46, 469-470. [CrossRef]


http://doi.org/10.1038/srep39650
http://doi.org/10.1021/acsnano.9b03632
http://doi.org/10.1007/s00604-020-04415-3
http://doi.org/10.1016/j.biomaterials.2006.07.044
http://doi.org/10.1557/s43577-021-00080-w

	Introduction 
	Dry Electrodes with Various Materials 
	Significance of Material Selection in Dry Electrode Fabrication 
	Metal-Based Electrodes 
	Carbon-Based Electrodes 
	Conductive Polymer-Based Electrodes 
	Other/Hybrid Electrodes 

	Physical Adhesion 
	Significance of Adhesion in Soft–Dry Electrode Performance 
	Adhesive 
	Dry Adhesive 
	Pressure-Sensitive Adhesive 

	Conformal Contact 
	Material Modification 
	Structural Modification 


	Breathability 
	Outlook 
	Conclusions 
	References

