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ABSTRACT: Recent advancements in wearable electronics offer seamless integration with
the human body for extracting various biophysical and biochemical information for real-time . i
health monitoring, clinical diagnostics, and augmented reality. Enormous efforts have been 4 °<¢ /

dedicated to imparting stretchability/flexibility and softness to electronic devices through @
materials science and structural modifications that enable stable and comfortable integration
of these devices with the curvilinear and soft human body. However, the optical properties of
these devices are still in the early stages of consideration. By incorporating transparency,
visual information from interfacing biological systems can be preserved and utilized for comprehensive clinical diagnosis with image
analysis techniques. Additionally, transparency provides optical imperceptibility, alleviating reluctance to wear the device on exposed
skin. This review discusses the recent advancement of transparent wearable electronics in a comprehensive way that includes
materials, processing, devices, and applications. Materials for transparent wearable electronics are discussed regarding their
characteristics, synthesis, and engineering strategies for property enhancements. We also examine bridging techniques for stable
integration with the soft human body. Building blocks for wearable electronic systems, including sensors, energy devices, actuators,
and displays, are discussed with their mechanisms and performances. Lastly, we summarize the potential applications and conclude
with the remaining challenges and prospects.
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1. INTRODUCTION

With the remarkable developments of biology, electronics, and
artificial intelligence, the interface between the human and
machine is blurring and being integrated into a single system."
It aims not only to solve problems that have not been
conquered so far, such as incurable diseases, but also to
augment human abilities. The great attention to human-—
machine integration led to the intensive development of
multidisciplinary technologies to monitor and maintain human
health. Now, accurate diagnosis of health status is possible
through bulky machines composed of sophisticated electronic
devices, but such systems can only be utilized in specialized
spaces by skilled people which limits daily life healthcare.
Wearable electronics integrated with miniaturized sensors,
energy devices, and data processing units enable wireless
precise extraction of various biosignals from the human body,
making it possible to directly check health status in remote
situations (e.g., Apple Watch). Accordingly, the paradigm of
the medical system is shifting to real-time monitoring and
treatment without being constrained by space. This “free of
space constraint” concept using wearable electronics is not just
limited to the healthcare industry but has begun to spread to
contactless industries such as webinars and virtual shopping
and job training (e.g,, Metaverse), which opens the prosperity
of human—machine integration applications.

However, current commercialized wearable electronics
normally in the form of watches, bands, and head-mounted
extended reality (XR) devices have limitations in forming
intimate contact with the human body due to the large
employment of rigid materials such as metals and silicon.
Distinct mismatch of mechanical properties with biological
tissues hinders precise extraction of biosignals and leads to
uncomfortable wearability which potentially results in the
reluctance of wearing electronic devices.* Therefore, research-
ers aim to provide “mechanical imperceptibility”, which means
the paramount convenience to users, so people become
oblivious to wearing the devices (Figure 1A). To integrate
wearable electronics with the curvilinear and dynamic human
body environment, intensive studies have been proposed to
achieve skin-like mechanical properties (e.g., high failure strain,
low Young’s modulus). Conventional rigid materials are

9983

structurally designed for stretchability to adapt to the human
body,”™” and through the advancement of material science and
chemistry, intrinsically stretchable and soft electronic materials
have emerged.”™"" Securing these skin-like properties devoted
to human—device interfaces by lowering interfacial impedance
and mechanical discomfort, thereby enhancing the qualities of
biosignals in the long-term period without giving trauma to
users.

Despite efforts to form intimate human—device interfaces,
the consideration of the optical property is still in its infancy.
Current wearable devices heavily rely on biosignal data
collected by various sensors without utilizing visual data of
the target area in the body. Providing transparency to wearable
electronics can preserve visual information on interfacing
biological systems. This preserved information can be
effectively utilized for image analysis techniques which enable
a comprehensive understanding of health conditions by
combining with biosignals obtained from sensor systems. For
instance, when we are attaching wearable electronics for
medical treatments, we lose visual information on the damaged
tissue, which is the most intuitive and efficient data for
analyzing the healing process. In recent times, more than ever,
research in the integration of vision-based sensors and Al has
been advancing both in academia and industry, enabling data
processing, perception, and predictive capabilities for object
movement. In this regard, the fusion of Al-integrated vision
data through cameras and analogue data obtained from
wearable electronics can offer precise control of industrial
robots or the delicate operation of wearable actuators based on
human movements (Figure 1B). For XR applications, by
allowing high transparency of wearable devices, the consensus
of the visual perception of the body wearing the device and the
sensory feedback can be minimized which can enhance
cognitive abilities in XR environments. For example, users
wearing XR devices can experience fully immersive visual
representations that seamlessly bridge the gap between virtual
reality and the real world. This high transparency enables users
to be more immersed in the virtual environment and facilitates
natural interaction with the actual surroundings. From the
futuristic point of view, the high transparency of electronic
devices can give “optical imperceptibility”. This optical
imperceptibility not only allows wearers to use the device
without psychological objection in everyday life but also
bridges gaps between the XR environment and the real world,
enabling users to be more immersed in the virtual environ-
ment. Therefore, “optical imperceptibility” together with
“mechanical imperceptibility” is a key feature to overcome
the limitations of current wearable electronics (e.g, un-
comfortable user experience, asymmetry of optical and
mechanical information) and related industries (e.g, gaps
between real life and virtual world) (Figure 1C).

In this Review, we comprehensively highlight recent
advances in transparent electronics for wearable electronics
applications. We first discuss various electronic materials used
in transparent and wearable electronics by dividing them into
the electrode, active, and packaging materials in terms of their
unique properties and synthesis approaches. Then, the
engineering strategies to acquire optical imperceptibility with
high electrical properties are broadly discussed mainly focusing
on electrodes and active materials. We also review develop-
ments to bridge electronic devices with biological systems for
mechanical imperceptibility. Various techniques to impart
stretchability, softness, and long-term stability will be discussed
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Figure 1. The mechanical and optical imperceptibility of wearable electronics. The mechanical imperceptibility of wearable devices for skin-
conformal integration. (B) Optical imperceptibility for the fusion of vision data and wearable electronics. (C) The mechanical and optical

imperceptibility of wearable electronics for efficient XR applications.

including conventional rigid materials and intrinsically
stretchable materials. Thereafter, individual components in
transparent wearable devices such as sensors, energy devices,
and actuators are discussed with their operation mechanisms
and performances. We then review applications of wearable
electronics, in which substantial benefits are achieved by
having optical imperceptibility. Finally, we provide perspective
views of next-generation transparent electronics for wearable
electronics focusing on its great potential applications and
remaining challenges.

2. MATERIALS

Along with the recent development of wearable electronics, it
is in great demand to develop materials that can conform to
human skin while maintaining functionality. Conventionally,
the best-developed material for flat-panel electronics is
inorganic, but it’s high modulus and brittle mechanical
qualities render it unsuitable for wearable electronics.'
Moreover, their opaqueness restricts their use in various
wearable applications where transparency is essential. To
overcome these limitations, extensive research has been
conducted in materials science and related fields to develop
alternative materials that offer improved performance without
compromising functionality. 1213

The materials employed in transparent and wearable
electronics can be classified into three primary categories:
conducting materials, semiconducting materials, and insulating
materials. Conducting materials, which assume a fundamental
role as electrical pathways in circuit configurations, should
exhibit stability and insensitivity to external stimuli to prevent
potential defects, including heat generation and current
leakage. These defects pose risks to both the human body
and the devices themselves. Additionally, appropriately
designed electrodes can serve as sensors that are responsive
to mechanical stimuli, such as strain and pressure, making
them valuable for healthcare monitoring applications. How-
ever, we will primarily focus on delivering a comprehensive
overview of recent advancements in conducting materials,
specifically concerning their essential function as stable
electrical pathways in wearable electronics. For a thorough
comprehension of the use of conducting materials as wearable
sensors, we recommend consulting other comprehensive
review articles. On the other hand, semiconducting materials,
predominantly comprised of transistors and sensors, serve a
critical purpose as sensing components in wearable devices,
with their effectiveness in responding to diverse physiological
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and physical signals contingent upon the intended application.
Lastly, insulating materials act as substrates and/or passivation
layers, effectively preventing inadvertent contact between
wearable devices and the external environment or human skin.

2.1. Conducting Materials

The development of electrodes with stable characteristics that
effectively mitigate current leakage and power loss resulting
from defects assumes paramount importance in ensuring both
user safety and performance stability in electronic devices. The
escalating demand for wearable electronics has significantly
amplified the need for the advancement of transparent and
flexible electrodes. Transparent conductive oxides, notably
indium tin oxide (ITO) and fluorine-doped tin oxide (FTO),
have conventionally served as the first choices for transparent
electrodes in conventional electronics. However, their intrinsic
brittleness and limited fracture strain render them unsuitable
for wearable applications. To overcome this limitation,
researchers have investigated an array of alternative electrode
materials capable of simultaneously offering mechanical
compliance (e.g,, flexibility and stretchability) along with
transparency while sustaining stable conductivity. Within the
realm of transparent wearable electronics, a range of candidate
conducting materials, including metals, carbons, conducting
polymers, and MXenes, have witnessed substantial progress in
recent decades and will be comprehensively discussed in this
chapter, as summarized in Table 1.

2.1.1. Metals. Owing to its large density of free electrons,
metal is one of the most conductive of all conducting materials.
However, metal is not intrinsically transparent or flexible when
it is in bulk form due to its high reflectivity and high modulus,
respectively. In order to utilize metal as an electrode for
wearable electronics, a reasonable approach should be
employed. Recently, several approaches have been widely
studied, including fabricating metals in ultrathin form®® or
constructing conductive networks based on metal nanomateri-
als," in an effort to achieve desirable optical/mechanical
properties.

Ultrathin metal films generally have a thickness of 10 nm or
less to ensure appropriate optical transparency. When metal
films become sufficiently thin (below 10 nm), the opacity of
the metal in the bulk state disappears, and the total
transmittance of the visible light and near-infrared (NIR)
spectra (400—1000 nm) increases as the film thickness
decreases. For example, Cetinkaya et al. conducted an
investigation to examine the influence of Ag thickness on the
transparency of the MoO;/Ag/WO; system. The results
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Table 1. Electrical Properties of Representative Electrode Materials

materials synthesis method dimension electrical properties ref
Ultrathin Film (Wetting Layer)
ZnO/Ag/ZnO RF and DC sputtering thickness: 20/6/20 nm sheet resistance: 3 Q sq~* 14
TiO,/Ag/TiO, RF and DC sputtering thickness: 30/9.5/30 nm  sheet resistance: 5.7 Q sq”" 1S
WO,;/Ag/WO, thermal evaporation thickness: 30/12/30 nm  sheet resistance: 7.22 Q sq_1 16
ITO/Ag/ITO RF and DC sputtering thickness: 55/14/55 nm  sheet resistance: 4 Q sq" 17
MoO;/Ag/MoO;, RF and DC sputtering thickness: 20/7.5/20 nm  sheet resistance: 8 sq’1 18
Ultrathin Film (Doping)
Mg 23Zn07,0/Ag/ Mg 55Zn, 7,0 RF sputtering and E-beam Eevaporation thickness: 50/14/50 nm  sheet resistance: 6.36 Q sq™" 19
AZ0O/Ag/AZ0O E-beam evaporation thickness: 25/11/25 nm  sheet resistance: 5.34 Q sq™* 20
Ultrathin Film (Metal Seed Layer)
Ag/Ge/SiO,/Si E-beam evaporation thickness: 10/2/100 nm  sheet resistance: 20 Q sq’1 21
Ag/Ge E-beam evaporation thickness: 100/1 nm resistivity: 2.58 ym cm 22
Ag/Ti RF sputtering thickness: 6 ym/5 nm sheet resistance: 0.023 Q sq™' 23
Ag/Al thermal evaporation thickness: 6/1 nm sheet resistance: 19.5 Q sq™" 24
Metal Nanomaterial
AgNW chemical reduction diameter: 100—150 nm  sheet resistance: ~9 Q sq~* 8
length: >500 ym
AgNW chemical reduction diameter: 40—100 nm sheet resistance: ~8 Q sq~' 25
length: ~10 ym
AgNP chemical reduction diameter: 14 + 3 nm sheet resistance: 9 + 0.8 Q sq”" 26
AgNP chemical reduction diameter: <10 nm sheet resistance: 30 Q sq™* 27
CuNW chemical reduction diameter: 80—120 nm sheet resistance: 37 Q sq~" 28
length: ~50 pm
CuNW chemical reduction diameter: ~46 nm sheet resistance: 52.7 Q sq~* 29
length: 37.7 um
CuNP chemical reduction diameter: ~40 nm sheet resistance: 16.22 Q sq™! 30
CuNP chemical reduction diameter: ~40 nm sheet resistance: 4.7 Q sq~' 31
AuNW (mesh) chemical reduction thickness: sheet resistance: 130.1 Q sq™* 32
193.7 + 67.6 nm
pore size: 8—52 yum
AuNP chemical reduction diameter: 3.2 nm sheet resistance: 150 Q sq~* 3
Carbon-Based Nanomaterial
single-layer graphene mechanical exfoliation lateral size: 10 ym electron mobility: 10000 cm* V™! §'~ 34
single-layer graphene/multilayer LPCVD 0.335 nm for 1 layer electron mobility: ~4050 em®* V™' §7' 3§
graphene
single-layer graphene/multilayer APCVD 0.335 nm for 1 layer sheet resistance: 1150—220 Q sq™* 36
graphene
elecltron mobility: 602.4—450.8 cm® V™
single-layer graphene/multilayer PECVD 0.335 nm for 1 layer sheet resistance: 2661 Q sq~* 37
graphene
SWCNT blown aerosol CVD thickness: ~500 nm sheet resistance: 40 Q sq " 38
SWCNT aerosol CVD diameter: 1.3—2.0 nm sheet resistance: 84 Q sq~' 39
length: 1—-5 pm
MWCNT CVD diameter: <100 nm sheet resistance: 450 Q sq~" 40
film thickness: 6 nm
MWCNT CVD diameter: ~15 nm sheet resistance: ~699 Q sq”’ 41

9985

length: 250—350 pm
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Table 1. continued
materials synthesis method dimension electrical properties ref
Carbon-Based Nanomaterial
rGO reduction of GO produced by Hummers thickness: 10 nm electrical conductivity: 550 S cm™ 42
method
rGO reduction of GO produced by Hummers thickness: ~0.9 nm sheet resistance: 10° Q sq~* 43
method
Conducting Polymer
PANI electropolymerization thickness: 5—20 ym sheet resistance: 1.3 Q sq~' 44
PANI chemical oxidative polymerization thickness: ~250 nm sheet resistance: 4.83 Q sq™* 4S
PEDOT electropolymerization thickness: ~1 pum sheet resistance: 50 Q sq™* 46
electrical conductivity: 210 S cm™
PEDOT electropolymerization thickness: 40—50 nm electrical conductivity: 107 S cm™ 47
PEDOT:PSS chemical oxidative polymerization thickness: 40—50 nm electrical conductivity: 107 S cm™"
Ppy electropolymerization thickness: 6.5 ym electrical conductivity: $9.53 S cm™ 48
Ppy chemical oxidative polymerization particle diameter: sheet resistance: 6.5 Q sq~' 49

~40 nm

indicate that at an Ag thickness of 4 nm, the average visible
transmittance (AVT) exceeds 97%. However, as the Ag
thickness increases, a decrease in AVT is observed. Notably,
when the thickness exceeds 8 nm, the AVT tends to drop
below 80%.°” However, reducing the film thickness results in
increased resistivity or even a loss of conductivity due to a
nonideal surface with high roughness and defect density. The
thickness of a bulk metal is considerably greater than the mean
free path (MFP) of the electron. For instance, the calculated
MEP of the electron for Ag, Cu, and Au is about 53, 40, and 38
nm, respectively.””>* In contrast, the distance between the
boundaries of an ultrathin metal sheet is comparable to or
smaller than the MFP of an electron; hence, scatterings at the
surface and grain boundaries play a considerable role in
deciding the resistivity of the film. It was revealed that as the
surface roughness of ultrathin metal films increases, it leads to a
decrease in the conductivity of the Ag layer and an increase in
light scattering.” Consequently, these effects contribute to a
reduction in transmittance and an increase in resistivity.
Hence, surface roughness emerges as a signiﬁcant factor that
cannot be overlooked in evaluating the overall performance of
electrode materials during the fabrication of composite
electrodes. Therefore, in order to simultaneously optimize
electrical conductivity and optical transparency, it is necessary
to fabricate metal films that are atomically smooth and
continuous.

Ultrathin metal-based transparent electrodes are mostly
fabricated by physical vapor deposition (PVD) methods such
as thermal evaporation and sputtering, where the solid-phase
bulk source is transitioned into the vapor phase, and these
vaporized atoms are diffused and condensed to the target
substrates to form solid thin films.”**” Typically, the growth of
a metal film consists of three distinct steps: nucleation,
coalescence, and thickness growth.>® In the early stages of thin
film formation, a number of atoms and molecules are
condensed and deposited on the substrate. Depending on
the interaction between the metal atom, the adjacent metal
atom, and the substrate, three nucleation mechanisms occur™
(Figure 2A). If the interaction between the metal atoms and
the substrate is greater than the interaction between the metal
atoms themselves, (i) Frank—Van der Merwe mode occurs,
which is layer-by-layer growth. Substrate wetting is favorable,
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hence, the smallest stable nucleus grows mostly in two
dimensions as more atoms condense to form a planar sheet.
When the interaction of metal atoms is more favorable than
the interaction between the atom and the substrate, (ii)
Volmer—Weber mode is observed, with the formation of three-
dimensional islands rather than a layer. (iii) Stranski—
Krastanov mode is characterized by the sequential formation
of layers and islands. In this mode, one or two monolayers of
material are formed first, thereby affecting the free energy of
the films. Consequently, the growth of individual islands occurs
at the top of the layer. Metals usually grow following the
Volmer—Weber mode due to their high surface energy‘so’61
(Figure 2B). Therefore, isolated metal islands are formed at
the early nucleation stage. As the deposition proceeds, those
islands grow in size and are finally connected, which is known
as the coalescence process. The transition from fragmented
islands to interconnected conductive networks can be decided
by percolation thresholds. When the percolation threshold is
exceeded, additional growth promotes an increase in the metal
film thickness, resulting in an improvement in electrical
conductivity. However, the transmittance is inevitably
compromised by the increase of the metal film due to the
intrinsic nature of metals, i.e., high reflectance. Therefore, it is
paramount to adjust the growth condition of the metal to
hamper the Volmer—Weber growth mode, thereby reducing
the penetration threshold, to obtain a smooth surface with
superior optical properties.

Diverse techniques, including the introduction of wetting
layers, doping, and surfactants, have been implemented to
inhibit the Volmer—Weber growth mode and decrease the
penetration threshold. Metal island growth, which induces
poor electrical/optical characteristics, is generally credited to
the weak adhesion of the metal atoms to the substrate, such as
SiO,. Prior deposition of a wetting layer, such as dielectric
materials or metals with higher adhesion energies, is a
reasonable approach that improves the adhesion of metal
atoms to the substrate, hence suppressing Volmer—Weber
growth. Numerous dielectric films, including Zn0,°>%*
Ti0, "% WO, %7 ITO,*** MoO, "' ZnS,”>’> Nb,Oy "
TeO,,”* Cu0,”® and AIN,”” which possess transparency in the
visible and NIR ranges, have been investigated to facilitate the
formation of ultrathin metal films.

https://doi.org/10.1021/acs.chemrev.3c00139
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Figure 2. Thin film growth modes. (A) Schematic illustration of thin film growth modes. Depending on the interaction between the metal atom,
the adjacent atom, and the substrate, three different mechanisms occur over time: Volmer—Weber mode (island growth), Stranski—Krastanov
mode (layer + island growth), and Frank—van der Merwe mode (layer by layer mode). (B) Scanning electron microscopy images representing
different morphologies of Ag thin films with thicknesses of 1, 4.5, 7.2, and 12.6 nm. Scale bar, 500 nm. Reproduced with permission from ref 62.
Copyright 2017 Springer Nature under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/.

ZnO is commonly employed as a wetting layer due to its
transparency in the visible and NIR ranges, as well as its
favorable electrical properties when doped with metallic
elements. For instance, Lee et al. conducted a study to
examine the influence of an Mg-doped ZnO layer on the
surface morphology of ultrathin Ag layers.'” The thickness of
the Ag layer was systematically increased, resulting in a
discernible transition from isolated Ag islands at 4 nm
thickness to a continuous and smooth film at 12 nm thickness.
The resulting layered structure, consisting of Mgy ,5Zn,,,0/
Ag/Mg,5Zny 7,0, exhibited a sheet resistance of 6.36 Q sq~
and an average transmittance of 89.2% within the wavelength
range of 350—780 nm, with the Ag layer measuring 14 nm in
thickness. Moreover, the implementation of this layered
structure led to a reduction in root-mean-square (RMS)
roughness, with values decreasing from 6.2 nm (ZnO/Ag/
ZnO) to 1.1 nm (Mg ,5Zny7,0/Ag/Mgy 15704 7,0).

Besides operating as a wetting layer to improve the
morphology of metal thin films, the dielectric materials can
also serve as antireflection layers through structural ap-
proaches. In a dielectric—metal—dielectric (DMD) structural
configuration, where a metal film is positioned between
dielectric materials, the top dielectric layer functions as both
an antireflection and protective layer, while the bottom layer
serves as a seed layer to ensure the fabrication of high-quality
metal thin films. As the transmittance of an ultrathin metal film
is limited primarily by its high reflectance rather than its high
absorption, the incorporation of antireflection layers at both
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the top and bottom can promote a substitutional improvement
of the transmittance. Formica et al. reported a TiO,/Ag/Al-
doped ZnO transparent electrode with less than 10 Q sq~* of
sheet resistance and 80% of transmittance in the range of 375—
700 nm. In the developed electrode, TiO, acted as a seed layer,
while the Al-doped ZnO layer acted as an antireflection and
protective layer for the ultrathin Ag film.” Ji et al. devised a
quantitative design methodology to optimize the transmittance
of transparent conductors based on the DMD structure,
yielding relative transmittances exceeding 100%.”” Employing
their design model, the researchers fabricated the DMD
structure on a flexible polyethylene terephthalate (PET)
substrate using a sputtering deposition technique. The
structure comprised successive layers of 24 nm ZnO, 6.5 nm
Cu-doped Ag, and 56 nm Al,Os;. The dielectric layers were
deposited through RF sputtering, while the ultrathin layer was
deposited via DC sputtering, utilizing Cu and Ag targets with
distinct deposition rates. The resulting transparent electrodes
displayed exceptional optical properties, characterized by an
88.4% transmittance within the visible spectrum. Concurrently,
the sheet resistance of the electrodes measured 18.6 Q sq~'.
Comparatively, the bare substrate exhibited an 88.1% trans-
mittance, highlighting the achievement of more than 100%
relative transmittance by the flexible and transparent electrode.
Song et al. employed polymer materials with a low refractive
index to enhance the optical performance and mechanical
stability of the transparent electrode.”® They successfully
fabricated an epoxy-Cu-ITO multilayer system, in which the
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inclusion of an epoxy layer reduced the discrepancy with air
admittance in the ITO-Cu-ITO system, resulting in increased
transparency. The final product exhibited a sheet resistance of
50 Q sq”! and 90% transparency at 600 nm, utilizing a 7 nm
Cu and 50 nm ITO bilayer. Notably, the sheet resistance and
transparency varied with the thickness of the Cu layer: a sheet
resistance of 78  sq', and 92% transparency (at 600 nm)
was achieved with a 5 nm Cu thickness, while a 9 nm Cu
thickness yielded a sheet resistance and transparency of 17
sq~! and 80%, respectively.

In addition to dielectric materials, it has been demonstrated
that additional metal seed layer deposition prior to the desired
metal thin film could improve metal adhesion to the substrate,
reduce the percolation threshold, and change the morphology
of the metal thin film. In order to promote the formation of
high-quality ultrathin metal films, diverse metal materials,
including Ge,2"®' T, Nb,* Ni* Cp,%% AL A"
Cu,” and Ca,”” have been extensively explored as candidates
for seed layers. Schubert et al. employed 1 nm seed layers of
Ca, Al, and Au, which have surface energies (y) of 0.5, 1.15,
and 1.5 J m™? for reducing the surface energy mismatch of the
Ag layer and the MoOj substrate.”” Due to the higher surface
energy of gold than Ag, Ag atoms are more energetically
advantageous to adhere to the surfaces of gold as opposed to
agglomerating, resulting in the transition to a Frank—van der
Merwe growth mode. This method enabled the fabrication of
high-performance films with 19 Q sq™" of sheet resistance and
83% transmittance at the visible wavelength. Logeeswaran et al.
observed that the deposition of a Ge seed layer with a
thickness ranging from 0.5 to 15 nm above SiO,/Si substrates
significantly reduced surface roughness to approximately 0.6
nm (RMS).”' Although Ge deposited by electron beam
evaporation grows following the Volmer—Weber growth mode,
Ge islands are significantly smaller in size and denser than Ag
deposited directly on the substrate, resulting in smooth, planar
Ag layer growth comparable to Frank—Van der Merwe modes.

In the meantime, numerous researchers have focused on
developing metal nanomaterial-based conductive networks as a
cost-effective and efficient alternative to traditional metals in
electronic components. Utilizing metal nanomaterials rather
than metals in the form of bulks and foils has a substantial
impact on the cost, weight, volume, and physical characteristics
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of electronic components. In the general manufacturing
process of metal nanomaterial-based electrodes, metal nano-
particles or nanowires are synthesized as cornerstones. Then,
the synthesized ink containing the cornerstones is printed or
coated on the target substrate by numerous solution-based
techniques, including spin-coating, spray coating, and inkjet
printing, to configure conductive networks. The most widely
adopted technique for synthesizing metal nanomaterials is the
solution-based chemical reduction method. Figure 3A
represents the schematics of solution-based chemical reduction
to synthesize metal nanomaterials. Faraday was the first
researcher to disclose the successful chemical production of
gold nanoparticles.*” Turkevich et al. established a synthetic
approach for fabricating Au nanoparticles (AuNP) usin%
hydrogen tetrachloroaurate (HAuCl,) and sodium citrate.”

The reaction proceeds at the boiling point of water and citrate
functions as a reducing agent and a stabilizer. Frens further
specified this method by varying the ratio of citrate, thereby
developing it into a method capable of synthesizing AuNPs
with different diameters.”’ This method has been widely
adopted to obtain solutions of spherical AuNPs with diameters
from sub 10 nm up to 100 nm”” (Figure 3B). However, these
AuNPs stabilized with citrate often incur irreversible
aggregation during thiolate functionalization, which results in
poor quality. Several approaches have been proposed to resolve
this issue, including the mixing of a surfactant (e.g., Tween 20)
before the ligand modification to prevent aggregation” and the
use of thioctic acid as an intermediate during a two-step
functionalization.”

The chemical reduction method for synthesizing Ag
nanoparticles (AgNP) involves the reduction of Ag ions by
various reducing agents, such as sodium citrate,”> ™ ascorbic
id,”**®  sodium borohydride,99 polyol,loo’101 Tollens re-
agents,'”> and N, N-dimethylformamide (DMF),"**'** etc.
These reducing agents reduce Ag ions (Ag"), which results in
the formation of metallic Ag atoms (Ag”) and the subsequent
clustering of Ag atoms. As growth continues, these clusters
ultimately lead to the production of AgNPs. (Figure 3C).
During the synthesis of metal nanoparticles, it is also vital to
utilize protective agents to stabilize the dispersion of
nanoparticles and shield the surfaces of nanoparticles that
can absorb or bind to other nanoparticles, thereby preventing
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their aggregation. It has been observed that polymeric
substances such as poly(vinyl alcohol) (PVA),'*>'%° poly-
(vinylpyrrolidone) (PVP),"*"'**'%” and poly(ethylene glycol)
(PEG)"%%'” are efficient stabilizing agents for nanoparticles.
By manipulating the reaction temperature, the concentration of
reactants, and surface stabilizers, the diameter and size
distribution of synthesized AgNPs can be adjusted to attain
the desired characteristics.

Cu nanoparticles (CuNP) have also gained significant
attention as a promising conductive material due to their
high electrical conductivity and cost-effectiveness, owing to
their mother material, Cu. Similar to AgNPs, chemical
reduction is the most common method for producing
CuNPs. Various Cu salts, such as CuSO,, Cu(Il) acetylacet-
onate,"'’ CuCL,"""""* and Cu(NO,),,""* as well as a number
of reducing agents, such as sodium borohydride,111 ascorbic
acid,''H11e hydrazine,uﬁ’117 1,2-hexadecanediol,"** and glu-
cose,"'® have been utilized to synthesize high-quality CuNPs.
However, unlike AgNPs, CuNPs are highly reactive and readily
oxidized by air. To circumvent this problem, various capping
agents, such as oleylamine,“o'119 and PVP,"*>"*! have been
employed to protect the surfaces of CuNPs, thereby preventing
their oxidation.

Compared to nanoparticles, nanowires exhibit better
mechanical stability and can easily construct conductive
networks owing to their high aspect ratio. Various techniques
for the synthesis of different shapes of Ag nanowires (AgNW)
have been devised, including solvothermal,'> UV irradia-
tion,'”> photoreduction,'** and electrochemical deposition.'*’
However, the solution-based polyol method, which was first
demonstrated by Xia’s group in 2002,"*°7'*® is the most
popular due to its processability and efficiency.'*”"* Similar to
the synthesis of metal nanoparticles, the production of
homogeneous and high-quality nanowires requires the
adequate utilization of precursors and capping agents (Figure
3D). Typically, AgNO;, PVP, and ethylene glycol (EG) are
used as the precursor, stabilizer, and reducing agent,
respectively. PVP capping agents interact more actively with
the (100) planes of Ag than with the (111) planes, resulting in
one-dimensional growth as PVP leaves the (111) planes
exposed and selectively covers the (100) planes.*" Several
researchers have recently attempted to improve the perform-
ance and yield of A%NW synthesis by varying the
concentration of AgNO;,*>'** the molecular weight (MW)
of PVP,"*" and the use of other surfactants and capping agents,
such as clove oil'** and PVA."*

Cu nanowires (CuNW) have also been widely investigated
as possible substitutes for Ag NWs in the electrodes of the next
generation. Chang et al. established one of the earliest chemical
reduction synthesis procedures for CuNWs, utilizing Cu-
(NO;), as the source of Cu** ions, hydrazine (N,H,) as the
reducing agent, and ethylenediamine (EDA, CgHgN,) as the
capping agent'®’ (Figure 3E). Obtained CNWs have diameters
between 90 and 120 nm, lengths between 40 and 50 ym, and
thus aspect ratios greater than 350. Rathmell et al. modified
this method to achieve large-scale synthesis and demonstrated
a 200-fold scaled-up synthesis of CuNWs with a 90 + 10 nm
diameter and 10 + 3 ym Iength.138 They also manufactured
transparent, and flexible films by printing, which exhibit 65%
transmittance and 5—20 Q sq~' sheet resistance. Besides
hydrazine and ethylenediamine, which are typically used for
CuNWs synthesis, researchers have utilized other reducin%
agents, such as glucose,”’9 benzoin,'* and ascorbic acid,'*
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and capping agents, such as octadecylamine,'*” hexadecyl-
amine,>>"'* oleylamine,140 and PVP.'*!

The electrical and optical characteristics of transparent
electrodes are influenced by the dimensional configuration of
the synthesized nanomaterials, particularly the diameter, shape,
and density of the constituent elements. Seo et al. conducted
an extensive investigation into the impact of AgNP size and
protective agents on the conductivity and morphology of
AgNP-based films during the sintering process.'** Their study
revealed that the size of AgNPs and the choice of protective
agents played a critical role in the formation of necks during
sintering. Specifically, smaller AgNPs (3.4 + 0.7 nm) initiated
the necking process at 100 °C, while larger AgNPs (87.2 +
13.8 nm) initiated it at 180 °C. The subsequent formation of
necks was predominantly influenced by the specific protective
agents used. Optimal electrical properties (2.2 uQ cm) were
achieved using 3.4 nm AgNPs with hexyl amine as the
protective agent and sintering the film at 220 °C. Ding et al.
investigated the impact of AgNP size distribution on the
electrical properties of printed conductive patterns.'*> They
found that a broad distribution of AgNPs improved electrical
properties by filling the void gaps between larger particles,
enhancing connectivity, and forming efficient electrical path-
ways. The optoelectronic performance of metal nanowire
networks is affected by various factors, including nanowire
properties and network morphology.'***” The increase in
nanowire diameter directly influences light scattering within
the film, resulting in haze formation.'*® Additionally, the aspect
ratio of nanowires affects the number of interwire junctions,
which directly impacts the conductivity of the transparent
electrode. Niu et al. compared the optoelectronic properties of
AgNWs with different diameters (13, 16, and 40 nm).'*’
Among them, the 13 nm AgNWs (aspect ratio of up to 3000)
exhibited superior performance, with a sheet resistance of 28 Q
sq' at 95% transmittance and a haze factor of ~1.2%.
Moreover, the density of nanowires significantly influences the
conductivity of the network. Numerous studies have shown
that increasing wire density reduces resistance,””'*" but it is
important to note that this increase in density is accompanied
by a decrease in the optical transmission of the network.

As the synthesis method of metal nanomaterials has been
established, research on manufacturing transparent electrodes
using metal nanomaterials, which can be further utilized in
wearable electronics, has also been actively conducted.
Matsukawa et al. utilized a citrate-stabilization method to
synthesize a monolayer of AuNPs and manufacture flexible,
transparent electrodes with visible region transparency of
approximately 80% and UV region transparency of approx-
imately 70%.”> Kister et al. used various ligands to construct
submicrometer lines of AuNPs, resulting in a transparent
electrode with over 90% transparency and 150 Q sq~" of sheet
resistance.”” Our group focused on synthesizing metal NWs
with high aspect ratios and employing them in transparent
electrode fabrication.””"'>* Hong et al. reported a highly
stretchable and transparent electrode for wearable electronics
using AgNWs fabricated by the modified polyol method."”
The fabricated electrodes exhibit excellent transparency over
85% and 30 Q sq~! of sheet resistance. Han et al. developed
transparent conductors with CuNWs, which exhibit a sheet
resistance as small as 37 Q sq~' at a high transparency of
80%.”"

2.1.2. Carbons. Since Novoselov and Geim demonstrated
graphene sheets for the first time in 2004, sparking
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Figure 4. Synthesis of graphene. (A) Major fabrication methods of graphene. Top-down methods include mechanical cleavage and liquid-phase
exfoliation of graphite. Additionally, the chemical exfoliation of graphite produces GO, which is then reduced to rGO. CVD is a representative
bottom-up method that involves the decomposition of carbon sources and the subsequent deposition of carbon atoms onto substrates. (B)
Photograph of a multilayer graphene flake fabricated by micromechanical cleavage. Reproduced with permission from ref 34. Copyright 2004
American Association for the Advancement of Science. (C) TEM images of a typical monolayer graphene flake fabricated by the liquid-phase
exfoliation method. Inset: a diffraction pattern taken from a monolayer. Reproduced with permission from ref 165. Copyright 2010 Wiley-VCH.
(D) SEM image of rGO flakes on Si/SiO, substrate. Reproduced with permission from ref 178. Copyright 2013 Wiley-VCH. (E) SEM images of
graphene on Cu grown by CVD. Reproduced from ref 185. Copyright 2011 American Chemical Society.

worldwide interest, carbon-based materials have been intensely
researched for decades. Graphene attracted the most attention
for transparent conductors owing to its unique physical and
chemical characteristics, such as ultrahigh tensile strength (~1
TPa) with zero effective mass, superior chemical stability, high
optical transparency (97.7%), and high electron mobility
(250000 cm? V7! s71)."**'% Numerous researchers have
made significant advancements in the development of
transparent electrodes using graphene. For instance, Bae et
al. successfully produced a graphene-based, transparent, and
flexible electrode using roll-to-roll manufacturing techni-
ques.”*® Their electrode exhibited a sheet resistance of
approximately 30 Q sq”' and a transparency of around 90%.
This production method allowed for the fabrication of large-
area electrodes, even up to a 30 in. scale. Additionally, Zhao et
al. synthesized reduced graphene oxide (rGO) through a
solution-based process and fabricated a large-area transparent
conductive film measuring approximately 7000 ym>">” Their
film demonstrated a sheet resistance of 840 Q sq~' at 78%
transmittance.

Generally, graphene fabrication techniques are developed
into the following categories: top-down and bottom-up
techniques, as shown in Figure 4A. The top-down techniques,
including mechanical cleavage and exfoliation, involve dimen-
sional decrement of the precursors, whereas the bottom-up
techniques, such as chemical vapor deposition (CVD), involve
dimensional increment of the precursors, such as gaseous
carbon.

As mentioned above, Geim and Novoselov pioneered the
top-down approach to graphene production through mechan-
ical cleavage.”* This method employs repeated peeling of small
mesas of graphite, providing single or multilayer graphene films
up to 10 ym in size (Figure 4B). The graphene produced
through this method exhibits 10000 cm® V™' s7" of electron
mobility, which is compatible with the theoretically predicted
values."*® Blake et al. successfully fabricated graphene through
the process of mechanical cleavage and subsequently employed
it as a transparent conductor within a liquid crystal device."”
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To effectively reduce the sheet resistance, the researchers
introduced PVA, which induced n-type doping and resulted in
noteworthy sheet resistance of approximately 400 Q sq™". The
fabricated graphene conductor exhibited an impressive optical
transmission rate of approximately 98%. In their investigation,
the authors observed a correlation between the number of
graphene layers and both sheet resistance and light absorption.
Specifically, they found that an increase in the number of layers
led to a reduction in sheet resistance, while concurrently
increasing the absorption of light. For each additional layer of
graphene, there was an approximate 2% increase in light
absorption, and when five layers of graphene were utilized, the
absorption reached 10%.

Compared to mechanical cleavage, liquid-phase exfoliation
reduces time costs and exhibits higher yields. This method
enables large-scale graphene fabrication at sizes ranging from
submicrometer to micrometers without compromising its
quality. Gee et al. successfully fabricated high-quality graphene
through the process of electrochemical exfoliation, resulting in
predominantly bilayer thin graphene sheets with lateral sizes
ranging from several to 20 um. ' Subsequently, they utilized
the fabricated graphene to produce transparent electrodes via
spray coating. The resulting film exhibited a sheet resistance of
135 X 10° Q sq™!, coupled with a light transmittance of
approximately 70%. Various aé)proaches involving external
factors such as ultrasonic,>”'®" stabilizer,">'®® and ionic
liquid'®* have been attempted to produce high-quality
graphene. Two different groups, Coleman’s and Novoselov’s,
first reported the liquid-phase exfoliation of graphite powders
using ultrasonication in N-methyl-pyrrolidone and DMEF,
which are typical organic solvents.”'°" Coleman’s group
reported that their method produces unoxidized graphite and
graphene flakes of high quality dispersed at a concentration of
up to 0.01 mg mL™" with a monolayer yield of ~1 wt %. They
found that the proper solvent to produce a large amount of
graphene film should have a surface energy matching that of
graphene, which is about 70—80 mJ] m™. Other variables,
including ultrasonication duration and power, have been
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studied in an effort to improve yield. Khan et al. achieved
higher concentrations of graphene up to 1.2 mg mL™" with 4

wt % monolayers by utlhzmg ultrasonication with low power
for 460 h (Figure 4C)."* Ball milling process in a wet or dry
state and the shear mixing method were also found to be
capable of large-scale production of graphene.'**'° Ut1hzm
stabilizers, such as sodium dodecylbenzenesulfonate,
PVP,'®® and pyrene derivatives,'®> the surface tension of the
solution can be efliciently modified for exfoliation and
improved dispersion stability.

On the other hand, in order to find alternative techniques to
employ graphite oxide instead of graphite, chemical exfoliation
has been investigated for graphene synthesis. This involves the
production of graphene oxides (GO) and typically includes the
following steps: (i) oxidation of graphite to graphite oxide, (ii)
exfoliation of graphite oxides into GO, and (iii) reduction of
GO. The oxidation of graphite and fabrlcatlon of GO are
prlmarll?r conducted via Brodie method,'®” Hummers’
method,”’”*”" and Staudenmeier method.171 Among these,
the Hummers method, which employs sodium nitrate, sulfuric
acid (H,SO,), and potassium permanganate, is currently the
most commonly used. The resulting GO can be reduced to
graphene via several reduction procedures, including chemical
reduction,'”>'”* thermal reduction,'”*'”* photothermal reduc-
tion,"’® and microwave reduction.'”” The graphene fabricated
via these processes is commonly referred to as rGO. However,
rGO typically contains significant structural defects as well as a
large amount of residual oxygenated group, which compro-
mises electrical properties. Recently, several methods to
significantly enhance the quality of rGO have been
published.'”®'” (Figure 4D) For instance, maintaining
temperatures below 10 °C during oxidation allows for the
minimization of CO, formation, resulting in the preservation
of the carbon framework of rGO. After reduction, fewer
defective rGO sheets exhibiting charge carrier mobilities
surpassing 1000 cm® V™! s™! are obtained, which is a superior
value to conventional rGO."”®

Transparent conductor films can be synthesized using
various deposition methods, including vacuum filtration,
spin-coating, the Langmuir—Blodgett technique, and roll-to-
roll production, with rGO as a synthesized material. Zheng et
al. successfully fabricated a transparent conductive sheet
utilizing the Langmuir—Blodgett method, achieving a resist-
ance of 459 Q sq~' at 90% transparency (at a wavelength of
550 nm)."* On the other hand, Ning et al. developed a roll-to-
roll technique capable of producing a 25 cm wide flexible and
transparent conductive film based on rGO."®" The resulting
film exhibited transmittance values ranging from 82.9% to
91.9% and resistance levels of 800—3840 Q sq™"

From low-dimensional carbon precursors rather than 3D
graphite, graphene of high quality can also be synthesized by
bottom-up methods, including epitaxial growth and CVD.
CVD, in particular, has attracted the most attention for
fabricating large areas of homogeneous graphene. This method
typically involves the thermal decomposition of carbon-
containing precursors (e.g, CH, or solid hydrocarbons),
which are then deposited onto a substrate, such as Ni'** and
Cu,™ to form a honeycomb-like graphene layer. Following the
pioneering work of Somani et al. in 2006, who demonstrated
the first application of CVD to synthesize multilayer graphene
on Ni films,'®* numerous advancements in CVD techniques
have emerged (Figure 4E). These include atmospheric-
pressure CVD (APCVD),'®* low-pressure CVD
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(LPCVD),"'®® and plasma-enhanced CVD (PECVD)."®¢
These variations have been developed with the aim of
achieving the successful production of high-quality graphene
on a large scale, as the quality of graphene directly impacts the
performance of transparent electrodes. For instance, Bi et al.
utilized APCVD to fabricate high-performance graphene ﬁlms
and integrate them as transparent electrodes in solar cells.** By
adjusting the H, flow rate, they controlled the layer number of
graphene. The resulting graphene exhibited transparency
ranging from 97% (for 1l-layer films) to 84% (for 7-layer
films) across the 350—2200 nm range, with corresponding
sheet resistances varying from 1150 to 220 Q sq~'. On the
other hand, Cui et al. employed LPCVD with N-type doping
agents to fabrlcate highly conductive graphene on a large scale
(5 in. scale)."®” The resultant graphene had dimensions of 6
cm X 10 cm, a transmittance of approximately 93%, and a
sheet resistance of approximately 1.1 Q sq~'. Although the
synthesis of large domain sizes exceeding 100 ym via PECVD
process has not been reported, it has been found that the
growth temperature of §raphene can be lowered compared to
conventional CVD.””"*

Besides graphene and its derivatives, a lot of research has
focused on one-dimensional carbon nanotubes (CNTs) in the
last few decades. CNTs are usually divided into two types
based on the number of carbon layers. Single-walled carbon
nanotubes (SWCNTs) consist of a single graphene sheet that
is rolled with diameters ranging from 0.4 to 2 nm, whereas
multiwalled carbon nanotubes (MWCNTSs) are made of two or
more layers of rolled graphene with a 0.34 nm interlayer
gap.'®” Historically, Tijima first reported a successful synthesis
of MWCNTs in 1991 through an arc-discharge evaporation
method.'”’ Carbon by arc-discharge evaporation was utilized
to produce CNTs with 4 and 30 nm diameters and about 1
mm lengths on the negative end cathode of a carbon electrode.
Ebbesen et al. modified this arc-discharge evaporation method
for the gram-scale of MWCNTSs.'”" Two years after the first
experimental discovery of MWCNTs, lijima et al. also showed
the first SWCNT's with diameters of about 1 nm.'”” Unlike the
MWCNTs, which are formed on the carbon cathode, these
SWCNTs are found to be grown in the gas phase. The arc-
discharge method offers a viable approach for the fabrication of
CNTs, which can be effectively utilized in the production of
transparent conductor films. In a study by Zhang et al, the
vacuum filtration method was emgloyed to fabricate a
transparent film based on SWCNTs."”” It was observed that
as the amount of SWCNTs increased, the thickness of the film
also increased, resulting in a monotonic decrease in film
transmittance. The optimized film exhibited a sheet resistance
of approximately 160 Q sq~' and a transparency of 87% at a
wavelength of 520 nm.

In addition to the arc-discharge evaporation method,
numerous technologies such as laser ablation, CVD, and
vapor-phase growth have also been utilized for the synthesis of
CNTs. In general these methods employ catalysts such as
Ag"* Au,” 196 7,197 Co,'% Pd,'® and MgO,”* among
others, and the dlameter and crystallinity, as well as the growth
rate of CNTs, can be controlled by the appropriate catalyst.
For instance, Lee et al. showed that the growth rate is most
favorable with Ni catalysts, followed by Co and Fe, while the
average diameter of CNTs is largest with Fe catalysts, followed
by Co and Ni.'”® For the laser ablation, the vaporization of
graphite occurred through a high-energy continuous or pulsed
laser in a high-temperature chamber filled with an inert gas
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Figure 5. Conducting polymers. (A) Log-scale conductivity charts that compare the conductivity range of conjugated polymers to metallic
conductors, semiconductors, and insulators. (B) Chemical structures of representative conducting polymers.

such as N,, Ar, or He. The synthesis of CNT's using the laser
ablation method was first reported by Guo et al. in 1995,
which was modified by Thess et al. in 1996, thereby improving
the yields of CN'Ts to over 70%.”°* Several parameters, such as
the target,zo‘?”204 power, wavelength of the laser,”® pressure
and temperature of the chamber,””® and catalytic agents,”"!
have been found to affect the synthesis of CNTs. Compared
with the arc-discharge evaporation method, the laser ablation
method produces higher yields of CNTs, and the synthesized
CNTs exhibit a similar narrow diameter distribution.*"”

CVD has evolved into the most popular method for
synthesizing CNTs due to its ability to regulate their growth
direction and synthesize a large quantity on the substrate. In
addition, compared to arc-discharge and laser-ablation
techniques, CVD is a straightforward and cost-effective
approach for synthesizing CNTs at lower temperatures and
atmospheric pressure.””® In general, a gaseous carbon source is
introduced into the reaction chamber, and hydrocarbons are
decomposed at a sufficiently high temperature (600—1200
°C), causing atomic carbon to be deposited and forming
CNTs. Methane,*”” ethylene,210 acetylene,211 benzene,”'”
xylenes,”"> and carbon monoxide'* are the most frequently
used precursors for CNTs. Kong et al,, for example, utilized
methane as a carbon source with the aid of FeCl; in the CVD
process to produce high-quality SWCNTs,”"® whereas Huang
et al. synthesized MWCNTSs with 10—500 nm of diameters and
0.1 to 50 m of lengths from acetylene.”'® Several variations of
the CVD process, including catalytic CVD (CCVD),*"”
PECVD,”'* microwave plasma CVD,”"” laser-assisted
CVD,** and water-assisted CVD,**" have been devised to
improve CNT fabrication performance.

2.1.3. Conducting Polymers. Conducting polymers have
gained significant interest in wearable and implantable
electronics owing to their unique characteristics of favorable
electrical and mechanical properties, reliable electrochemical
stability, and solution processability. The vast majority of
conducting polymers used in wearable electronics are
conjugated polymers, which have a backbone with alternating

9992

single and multiple bonds, resulting in 7-conjugation by orbital
overlap and the establishment of electrical pathways for mobile
charge carriers. Nevertheless, in their initial stages of
development, conjugated polymers were found to have poor
electrical conductivity in their pristine form and operate like
insulators or semiconductors. In 1977, Heeger, MacDiarmid,
and Shirakawa et al. discovered that doping with suitable
materials imparts excellent electrical properties to conjugated
polymers and announced the first demonstration of high
conductivity in doped polyacetylene,”***** for which they were
awarded the Nobel Prize in Chemistry in 2000. This
accomplishment confirmed that polymers with the appropriate
molecular designs and doping are capable of transporting
current and can be used as electrical pathways in electronic
devices. Since then, numerous scientists and engineers have
been absorbed in developing conducting polymers and
improving their properties (Figure SA). Polyaniline (PANI),
polypyrrole (Ppy), and poly(3,4-ethylenedioxythiophene)
(PEDOT) are among the representative conducting polymers
that have demonstrated promise as candidate materials for
next-generation wearable devices and are widely adopted
(Figure SB).224

PANTI is one of the most attractive conducting polymers due
to its simplicity of synthesis, low cost, high processability, high
stability, and tunability. Depending on the oxidation state,
there are three types of basic PANI, including totally reduced
leucoemeraldine base (LEB), partly oxidized emeraldine base
(EB), and fully oxidized pernigraniline base (PAB).”*> Among
them, LEB and PAB are intrinsically insulating, exhibiting poor
conductivity even with doping. On the other hand, with
suitable doping, EB states can be converted to the conductive
emeraldine salt (ES) state. In recent decades, a vast amount of
research on the various synthesis methods and processing
techniques of PANI has been published, regardless of whether
the material is doped or undoped and is in bulk or film
forms.”*® Chemical and electrochemical oxidative polymer-
ization are the two most popular techniques of PANI synthesis.
For chemical oxidative polymerization, an oxidant and a
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dopant are employed to produce PANI from an aniline
monomer, with the polymerization reaction typically occurring
in an acidic aqueous medium.””’” Tai et al. fabricated PANT on
FTO glass via chemical polymerization for utilization as a
transparent electrode in dye-sensitized solar cells.*” Ammo-
nium persulfate (APS) was utilized as the oxidant, while
hydrochloric acid (HCI) served as a dopant. The resulting
PANT electrode on FTO glass exhibited a transmittance of 75%
at 510 nm and a sheet resistance of 4.83 Q sq~'. Diverse
chemicals, such as ammonium sulfate ((NH,),S,05), cerium
sulfate (Ce(SO,),), hydrogen peroxide (H,0,), sodium
vanadate (NaVO;), potassium dichromate (K,Cr,O;), potas-
sium free cyanide (K;(Fe(CN)g), and potassium iodate
(KIO;), have been utilized as oxidants, while phosphoric
acid (H;PO,) and H,SO, have been used as dopants.”**
During polymerization, the dopant removes a proton from the
aniline monomer via a redox reaction, thereby linking an
aniline unit to the growing chain. After further processes such
as filtering and washing, conductive PANI in ES form is
produced. The morphology, crystallinity, and hence con-
ductivity of the produced PANI can be adjusted depending on
synthesis parameters such as types and concentrations of the
oxidant and dopant and temperature.”*”**°

The electrochemical approach for synthesizing PANI has
numerous benefits over the chemical method, including cost-
effectiveness, ease of operation, and the deposition of a highly
pure and homogeneous polymer on the electrode. In
electrochemical oxidative polymerization, electrodes soaked
in a solution of solvent, monomer, and doping agent are
subjected to an electrical current.””' The applied current
induces monomer deposition followed by oxidation of the
working electrode, which results in the coating of a thin layer
of PANI on the electrode over time. By simply adjusting
synthetic parameters such as types of electrodes, applied
voltage, temperature, solvent, and dopant, it can control the
thickness, conductivity, and morphology of the thin PANI
layer 226232

PPy is also a promising conducting polymer due to its simple
synthesis and high stability, attracting the interest of several
materials scientists.”>>*** Similar to PANI, chemical®*® and
electrochemical™*® oxidative polymerization have been exten-
sively utilized to produce PPy in diverse organic solvents
(acetonitrile, propylene carbonate, etc.) and aqueous mediums
(water and solutions of acids). For the chemical method,
polymerization of Py proceeds via oxidation of Py monomer in
aqueous and nonaqueous media, allowing for the facile and
economical production of PPy in large quantities. In PPy
polymerization, oxidants such as aqueous or anhydrous FeCl,
and APS are commonly utilized.”*”**® Zhao et al. utilized a
chemical oxidative polymerization method to synthesize PPy
on a flexible PET substrate, aiming to produce a flexible and
transzparent electrode for large-scale flexible organic transis-
tors.”>” To enhance the electrode’s functionality, photo-
lithography techniques were employed to pattern the resulting
PPy electrode, resulting in improved transparency and high
resolution. The fabricated PPy electrode demonstrated a
transparency of approximately 86% in the wavelength range
of 330—800 nm, with an area coverage of 41.6%. Moreover, the
electrode exhibited a conductivity of approximately 80 S cm ™.
In terms of conductivity, the optimal chemical oxidant and
solvent for PPy polymerization are considered to be FeCl; and
water.”****! Besides the oxidants, various parameters have
been reported to influence the performance of the produced
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PPy, such as temperature, polymerization time,”** dopant type,
and dopant concentration.”*’ Electrochemical polymerization
offers several benefits over chemical processes. The first is that
the resultant products exhibit high conductivity. Second, the
yield in terms of charge is near 100%, allowing for mass and
thickness control. Lastly, the properties of the PPy can be
easily modified during the synthesis procedure. Numerous
studies have reported the electrochemical polymerization
synthesis of PPy.”****> Several variables, such as the types of
solvent, the pH of the electrolyte, the purity and concentration
of the initial monomer, and the types and concentration of the
electrolytic salt, have been discovered to influence the
mechanical properties, morphology, and electrical behavior of
PPy, 24247

Polythiophene and its derivatives have garnered considerable
attention due to their high stability and optical properties.
Among them, PEDOT is a significant derivative of
polythiophene that has been extensively explored for its
exceptional optical transparency, as well as its capacity for
simple doping and solution processing. PEDOT was initially
found to be insoluble in water, exhibiting hydrophobicity.”**
This limitation was successfully overcome by introducing a
hydrophilic surfactant additive (i.e., poly(styrenesulfonate)
(PSS)) into the PEDOT matrix, therefore enhancing the
aqueous processability for thin film fabrication.”*” The water-
soluble long chains of PSS are connected with the hydrophobic
short molecular chains of PEDOT via ionic bonds to form
grains, resulting in good dispersion in water.

There are several methods for synthesizing PEDOT,
including chemical oxidation polymerization, electrochemical
polymerization, transition metal-mediated coupling polymer-
ization, etc. Chemical polymerization is the most fundamental
and extensively developed process for manufacturing PEDOT.
Due to its continual development, it has settled in as a general
method to prepare PEDOT and its derivatives over time. The
oxidative polymerization of PEDOT can be explained in two
stages.””’ The first stage is the oxidation of the 3,4-
ethylenedioxythiophene (EDOT) monomer to generate
cationic radicals, which is followed by the dimerization of
the radicals. The resultant dimer undergoes deprotonation to
generate an active neutral dimer that enhances chain
development in the subsequent oxidation process. The neutral
PEDOT is doped with oxidants, whose anions serve as
counterions for the stabilization of the charged PEDOT.*’
Various oxidants such as FeCl,>***** APS,** cerium(IV)
sulfate,” and CuCl,”*° have been utilized to synthesize
PEDOT.

Electrochemical synthesis of PEDOT involves the oxidation
of EDOT in an organic solvent using an electrochemical cell.
The general electrochemical synthesis system is comprised of
EDOT monomers, supporting electrolytes, and an electro-
chemical cell with a working electrode, counter electrode, and
reference electrode. Instead of using oxidants, the EDOT is
oxidized through the transfer of electrons from the monomer
to the oxidizing species in the supporting electrolyte, which
forms the active species that initiate the polymerization
reaction. Lithium perchlorate (LiClO,), 1-butyl-3-methylimi-
dazolium hexauorophosphate (BMIMPF), and lithium bis-
(triftuoromethanesulfonyl)amide (LiTFSI) have been widely
adopted as supporting electrolyte.”””*** The electropolymeri-
zation process involves doping the anions of the electrolyte
into PEDOT as counterions to maintain charge stability. By
altering the electrolyte, different counterions can be intro-
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duced, allowing for adjustment of the morphological and
electrical properties of the PEDOT film.>*”

As previously stated, PSS, a water-soluble polyelectrolyte,
was the commonly accepted method for generating soluble/
dispersible PEDOT until now. Poly(3,4-ethylenedioxythiophe-
ne):polystyrenesulfonate (PEDOT:PSS) possesses exceptional
advantages, including the ability to form high-quality films,
high transparency in visible wavelengths, and outstanding
thermal stability.”®” Additionally, the conductivity of PE-
DOT:PSS can be tuned and improved through secondary
doping. Over the past few decades, numerous efforts have been
undertaken to improve the conductivity of PEDOT:PSS,
including thermal,**! Iight,262 and chemical treatments.”*> In
2002, Kim et al. discovered that by using different solvents,
including dimethyl sulfoxide (DMSO), DMF, and tetrahy-
drofuran, the conductivity of PEDOT:PSS films could be
increased.”®* Since 2008, Xu’s group has investigated the
influence of DMSO and EG additives on the conductivity of
PEDOT:PSS in its various forms.”*® They demonstrated that
the PEDOT:PSS nanofilm doped with DMSO can function as
an organic electrode for electrochemical polymerization.”*°
Furthermore, there have been considerable research efforts
focused on the utilization of PEDOT:PSS for the development
of semitransparent or transparent electrodes. Zhang et al
successfully fabricated a highly conductive PEDOT:PSS
transparent electrode specifically for solar cells.”®” To improve
the electrical conductivity, a post-treatment approach was
employed, involving the application of a precise quantity of
DMSO onto the dried, pristine PEDOT:PSS films, followed by
spin-coating. This post-treatment resulted in a notable
enhancement, leading to an impressive electrical conductivity
of 1335 S cm™.. The optimized film, with a thickness of 80 nm,
exhibited a sheet resistance of 100 Q sq~' and a transmittance
of 92.3% at a wavelength of 550 nm.

2.1.4. MXenes. Apart from the exclusive utilization of the
materials mentioned earlier, researchers are actively engaged in
the exploration and discovery of novel materials for fabricating
transparent electrodes with exceptional optoelectric perform-
ance. Notably, MXenes, which are a class of two-dimensional
inorganic compounds comprising atomically thin layers of
transition metal carbides, nitrides, or carbonitrides, have
emerged as highly promising materials that have attracted
significant attention in diverse fields.”****> MXenes can be
described by the formula M, X, T, where M represents a
transition metal (e.g,, Ti, Mo), X denotes carbon or nitrogen,
and T, refers to surface terminal groups (e.g,, O, F, OH, Cl).
Typically, MXenes are synthesized via an etching process from
precursor materials known as MAX phases.””’ This involves
the removal of the “A” layer, which consists of an A-group
element (primarily IIIA and IVA, or groups 13 and 14).
Hydrofluoric acid (HF)*”' or a mixture of fluoride salts (e.g,
lithium fluoride (LiF)) and HCI*”* is commonly employed as
the etchant. The etching process causes the intercalation of
water molecules into the MAX phase, resulting in layer
expansion and the delamination of the “A” layer. The etched
MAX phase is thoroughly washed to eliminate residual etchant
and byproducts. Delamination is typically achieved through
sonication or mechanical shearing, resulting in the exfoliation
of the MAX phase into few-layer or single-layer MXene sheets.
Surface terminations (represented as “T” in the MXene
formula) of MXene sheets typically comprise hydroxyl (OH)
or oxygen (O) groups.””” Surface functionalization involves
replacing these terminations with other elements or molecules
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to modify the properties of MXene.””* Common techniques

include treatment with various acids or reactive agents. The
synthesized MXene is typically dried under vacuum or low-
temperature conditions to eliminate residual water or solvents.
Subsequently, it can be redispersed in desired solvents to form
an ink for subsequent applications. Furthermore, additional
post-treatment steps, such as thermal annealing””> or surface
modification,*”® may be applied to further enhance the
properties of MXene.

More than 70% of MXene research has focused on Ti;C,T,,
which is the first discovered MXene. Dillon et al. produced
nanometer-scale Ti;C,T, films from aqueous solutions,
exhibiting a remarkable conductivity of 6500 S cm™' along
with a high transmittance exceeding 97%.%”7 To achieve this,
they employed a combination of LiF and HCl to generate HF,
which served as the etchant. The fabricated Ti;C,T, films
possessed single- or few-layer structures with lateral
dimensions in the hundreds of nanometers range. The films
were fabricated using spin-coating, allowing for control of
thickness. Interestingly, a linear correlation between film
thickness and transmittance was observed, with each additional
layer resulting in a reduction of approximately 3% in
transmittance at 550 nm. To achieve enhanced electrical
conductivity in Ti;C,T, films, it is crucial to ensure a compact
and highly organized morphology, as well as the utilization of
high-quality large-sized flakes to reduce interflake resistance.
Guo et al. fabricated Ti;C,T, films with a conductivity of
19325 S cm™), while maintaining transmittances of 83.4% with
a thickness of approximately 6.7 nm.””® This was achieved by
employing large-size Ti;C,T, flakes (~12.2 ym) and adopting
a blade coating technique to construct a compact film
morphology. The researchers observed that blade coating
improved flake orientation, leading to improved film
morphology. This improvement was validated through the
analysis of the Lorentzian curve and the Hermann orientation
factor (f). Specifically, the blade-coated film exhibited an
orientation factor of 0.77, while spin-coated films exhibited a
lower value of 0.63.

2.1.5. Hybrids. In addition to the pursuit of novel
materials, the academic and industrial research communities
widely adopt a hybridization approach to achieve improved
performance in the field of transparent and wearable
electronics. This approach involves the combination of
metal-based, carbon-based, conducting polymer-based materi-
als, and MXenes both within the same category but with
different dimensional configurations, as well as the incorpo-
ration of materials from distinct categories. The resulting
hybrid structures exhibit a synergistic combination of proper-
ties and characteristics that surpass those of individual
materials, enabling enhanced performance and multifunction-
ality. By leveraging the unique properties of each constituent
material, researchers strive to optimize and tailor the desired
optoelectronic properties required for transparent and
wearable electronics applications. The combination of
conducting and insulating materials is also a compelling
strategy for fabricating transparent electrodes and improving
their performance for wearable electronics. A detailed
exploration of this strategy, along with its implications and
outcomes, will be presented in Section 4. In this section, we
will briefly review the notable prior research studies that
employed hybridization approaches within conducting materi-
als to improve the optoelectric performance of transparent
electrodes.

https://doi.org/10.1021/acs.chemrev.3c00139
Chem. Rev. 2023, 123, 9982—-10078


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

The utilization of distinct metal nanomaterials in various
dimensional configurations offers several advantages, as the
void spaces in one species can be effectively filled with smaller
nanomaterials.””” This filling process transforms the voids into
localized electrical paths, resulting in enhanced electrical
properties without compromising the optical properties of
the composite material. Suh et al. combined AgNWs and
AgNPs to create a nanocomposite material with enhanced
mechanical and electrical properties.”®” The researchers
conducted a detailed characterization of the nanocomposite’s
morphology and a comprehensive analysis of its optoelectric
properties. It was determined that the AgNWs acted as the
reinforcement, imparting strength and flexibility to the
material, while the AgNPs primarily served as the matrix,
facilitating electron transport. The nanocomposite exhibited
improved mechanical properties while maintaining excellent
electrical conductivity and transparency. The fabricated
transparent electrode shows a sheet resistance of 5 Q sq™" at
a relative transmittance of about 90% in the visible range. Even
when subjected to bending with a radius less than 1 mm, the
electrode showed a small relative resistance change.

CNT and AgNWs possess similar one-dimensional config-
urations but exhibit distinct dimensional scales. The
combination of these materials gives rise to the formation of
multiscale and hierarchical structures within the percolation
networks, leading to a remarkable enhancement of the
optoelectric properties demonstrated by transparent electro-
des. In a study by Lee et al,, they demonstrated the synergistic
improvement effect by integrating AgNWs with larger
dimensions (d ~ 150 nm, L ~ 50—100 gm) and CNTs with
smaller dimensions (d ~ 1.2 nm, L ~ 2—10 pm), generating a
hierarchical multiscale AgNW/CNT composite.”®' The
researchers observed that the AGNW/CNT electrode effec-
tively establishes percolation networks as the smaller CNT's fill
the voids within the AgNW network, creating local paths for
electrons. These electrons are then efficiently collected by the
larger-diameter AgNW backbone mesh, maintaining the
transparency of the electrode. Additionally, the hierarchical
multiscale AgNW/CNT hybrid nanocomposite electrode
exhibited superior mechanical compliance, demonstrating a
stretchability of over 460%, a large twisting angle of over 540%,
and a folding angle close to 0°.

Hybrid structures incorporating two-dimensional materials
such as graphene, rGO, and MXenes with metal nanowires
have emerged as promising candidates for transparent
electronics. Lee et al. demonstrated that the integration of
graphene and AgNWs could achieve significant improvements
in electrical properties, including low sheet resistance and
robust mechanical/electrical stability while maintaining a high
level of optical transmittance.”** The researchers fabricated the
hybrid structure by spin-coating an AgNW solution onto a
graphene layer synthesized via CVD and transferred onto a
PET substrate. The resulting film exhibited a sheet resistance
of 33 Q sq' with a transmittance of 94% at 550 nm.
Furthermore, when the hybrid structure was fabricated with
the graphene layer positioned on the AgNWs, the graphene
layer effectively protected the AgNWs from thermal oxidation,
resulting in negligible changes in resistance even after exposure
to hot (85 °C) and humid (85%) condition for 240 h. Li et al.
presented a notable study highlighting the exceptional
performance of transparent conductive films (TCFs) compris-
ing composites of reduced rGO and AgNWs, fabricated
through photoinduced reduction of GO.”* The introduction
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of rGO resulted in a significant reduction in resistance, with
values decreasing from 20 Q sq~' for AgNW TCFs and 11.6 Q
sq”! for GO/AgNW TCFs to below 8 Q sq™" for tGO/AgNW
TCFs, while maintaining respectable transmittance levels of
89.7%, 86.8%, and 86.2% at 550 nm, respectively. Remarkably,
the incorporation of the rGO layer further enhanced the
electrical and mechanical stability of the TCFs, especially when
subjected to harsh conditions of high temperature and
humidity (85 °C/85%). Meanwhile, Chen et al. conducted a
study where they synergistically combined Ti;C,T, MXene
with AgNWs to fabricate a transparent electrode, resulting in a
low sheet resistance of 10.91 Q sq~" and a high transmittance
of 82.84%. Additionally, the AgNW:MXene composites
demonstrated remarkable mechanical robustness and long-
term stability under ambient conditions with 60% relative
humidity and exposure to 120 °C for 240 h.

Conducting polymers are actively employed in hybridization
strategies with metal nanomaterials, graphene, and CNT due
to their unique combination of conductivity and mechanical
compliance, offering enhanced softness and stretchability
compared to other conducting materials. For instance, Kim
et al. demonstrated a multilayered AgNW/PEDOT:PSS
structure with a sheet resistance of 22 Q sq' and a
transmittance of 90.8% at 550 nm, while a single-layered
AgNW/PEDOT:PSS structure exhibited a sheet resistance of
23 Q sq' and a transmittance of 88.6% at the same
wavelength.”** Saeed et al. utilized composites of PEDOT:PSS
and Ag-coated CuNWs to fabricate transparent electrodes for
organic photovoltaic applications, resulting in optimized
electrodes with a sheet resistance of approximately 135 Q
sq~" and a high transmittance of around 90% at a wavelength
of 460 nm.”** Furthermore, Liu et al. developed a novel hybrid
ink comprising exfoliated graphene and PEDOT:PSS, which
was subsequently used for spray-coating transparent electro-
des.”®® The resulting films exhibited transmittance values of
90% and 80% at 550 nm, depending on the number of spray-
coating cycles, with corresponding sheet resistances of 500 and
1200 Q sq~.

2.2. Semiconducting Materials

As the demand for wearable technology continues to grow, a
comprehensive understanding of materials capable of actively
responding to various stimuli is crucial to the development of
these devices. Such materials play a pivotal role in determining
the functionality, performance, and durability of wearable
electronics. As previously mentioned, well-designed conduct-
ing materials can detect basic physical signals like strain and
pressure. However, semiconducting materials play a critical and
irreplaceable role in wearable electronics. They enable the
detection of changes in human conditions and environmental
parameters, including temperature, light, and chemicals, as well
as pressure and motion, and facilitate the conversion of these
changes into electrical signals for processing and analysis by
the device. Furthermore, they can be utilized in the fabrication
of transistors, which constitute paramount components in
electronic systems. Transistors offer the capability to amplify
weak electrical signals. By incorporating transistors within
sensors, their sensitivity can be enhanced, enabling the
detection and amplification of minute changes in the input
signal. This amplification improves the accuracy and reliability
of the sensor’s measurements. Specific transistor configura-
tions, such as field-effect transistors (FETs), allow semi-
conducting materials to detect changes in temperature,

https://doi.org/10.1021/acs.chemrev.3c00139
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Figure 6. Metal oxides. (A) Schematic orbital diagrams representing the carrier transport pathways in crystalline and amorphous metal oxides. (B)

Band alignment of the representative metal oxides. Reproduced with permission from ref 328. Copyright 2011 IOP Publishing Ltd.

pressure, strain, and even biological signals with higher
sensitivity compared to sensors made solely from the materials
themselves. This flexibility enables the development of versatile
sensors that cater to a wide range of applications. By measuring
these physical quantities, semiconducting materials enable
wearable devices to interact with the environment, gather
wearer information, and facilitate monitoring, control, and
feedback. Consequently, the user experience is significantly
enhanced, and wearable technology can be applied in
innovative ways.

In addition to their roles as sensors and transistors,
semiconducting materials offer various other functions,
including displays and energy harvesting. For instance, organic
light-emitting diode displays (OLED) employ organic semi-
conductors that emit light when an electric current passes
through them, resulting in vibrant and energy-efficient displays.
Moreover, semiconducting materials form the basis of solar
cells, which absorb photons and generate electric current
through the photovoltaic effect. Detailed explanations of these
functions will be discussed in Section 6.

This chapter focuses on various semiconducting materials
with distinctive properties that are frequently employed in
transparent and wearable electronics. Examples include metal
oxides, transition metal dichalcogenides (TMDCs), and
semiconducting polymers, as summarized in Table 2.

2.2.1. Metal Oxides. Metal oxides have been the focus of
intense research as a promising semiconducting material for

next-generation electronic devices due to their numerous
benefits. These benefits include high electron mobility, low
preparation costs, good optical transparency, and the ability to
achieve uniformity over a large area of fabrication. In metal
oxide structures, the conduction band minimum and valence
band maximum consist primarily of unoccupied ns metal
bonding states and occupied 2p antibonding states, respec-
tively. The interaction between the metal and oxide orbitals
results in significant disparities in charge carrier transport. The
s-orbitals of the metal possess a spherical geometry, resulting in
their flexibility. This flexibility leads to charge transfer through
these orbitals being insensitive to long-range ordering and
exhibiting comparable behavior in both crystalline and
amorphous states (Figure 6A).*” In general, the metal ns
orbitals have a highly dispersive character, while the oxygen 2p
orbitals are localized. This results in a smaller effective mass for
electrons in comparison to holes, contributing to the unique
properties of metal oxides.”***” In many cases, metal oxides
have energy gaps greater than 3 eV, making them transparent
in the visible spectrum (Figure 6B).**® This is in contrast to
traditional semiconductors with lower energy gaps, which are
often opaque in the visible spectrum. As such, metal oxides
provide a superior option for fabricating transparent
electronics, with great potential for applications in fields such
as transparent thin film transistors (TFT),***3% sensors,>*”*°
light emitting diode (LED),**" and solar cells.***

https://doi.org/10.1021/acs.chemrev.3c00139
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Figure 7. Metal oxide-based transparent and flexible sensors. (A) SEM image of ZnO nanoparticle. (B,C) Optical images showing transparency and
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by/4.0/. (E) SEM image of In,0; nanowires. (F) Transparent and flexible gas sensor based on In,O3 nanowires. (G) Sensor response depending
on NO, concentrations under blue LED illumination. Reproduced with permission from ref 300. Copyright 2012 Royal Society of Chemistry.

However, bulk crystalline/polycrystalline metal oxides,
which manifest an intrinsically brittle nature, can sustain
maximum fracture levels of ~19%, hindering the complete
utilization of metal oxides in wearable electronics. To address
this issue, structural approaches, such as the design and
fabrication of wavy and nanomesh structures, have been
conducted to achieve a certain degree of stretchability for
wearable electronics, which is further discussed later. In the
meantime, the utilization of metal oxides in the form of thin
films or nanostructures is attracting a substantial amount of
attention due to the assurance of mechanical stability while
retaining sensitivity. Due to their high sensitivity, excellent
reproducibility, stability, and cost-effective fabrication pro-
cesses, various metal oxides, such as ZnO, In,0;, and NiO,
have been widely adopted as sensor materials for wearable
electronics.

ZnO is a typical example of an n-type metal oxide, which is
widely employed in electronic applications as an functional
material due to its biocompatibility, low processing temper-
atures, wide band gap (3.37 eV), and good optical trans-
parencies.”>® In 2003, Hoffman et al. fabricated a transparent
ZnO thin-film transistor for the first time, which triggered
worldwide attention to the development of transparent and
flexible displays.”** The fabricated devices possess optical
transmission of ~75% in the visible spectrum with threshold
voltages and channel mobilities of ~10—20 V and ~0.3—2.5
ecm® V7' 57! respectively. In a study by Elvira et al, fully
transparent ZnO TFTs were developed using a room
temperature process and exhibited high mobility of 20 cm*
V™! s713% However, these devices required relatively high
gate voltages to turn on as they operated in enhancement
mode. In enhancement mode, however, these transistors
required relatively large gate voltages to switch on. Lim et al.
overcame this problem by doping ZnO with nitrogen during
deposition.”*>**” Nitrogen doping was accomplished by
injecting NH,OH during atomic layer deposition, which not
only improved device mobility but also its stability.

In addition to the numerous benefits of ZnO, the ability to
modulate its electrical properties by doping or alloying with
other elements allows for the adjustment of device perform-

ance and, consequently, their multiple capabilities. For
example, Nomura et al. reported the successful fabrication of
transparent TFTs on flexible substrates in 2004.>*> The TFTs
were fabricated using amorphous In—Ga—Zn oxide (a-IGZO)
films deposited onto the plastic substrates through a pulsed
laser deposition process with a polycrystalline InGaZnO,
target. The elemental composition of the resultant films was
In:Ga:Zn = 1.11:1.1:0.9. These films exhibited stability up to
500 °C in air and had an optical bandgap of 3.0 eV, similar to
the crystalline IGZO (3.4 eV). By adjusting the oxygen partial
pressure from 7 to 0.1 Pa, the carrier concentration of a-IGZO
films could be adjusted between 10'* and 10*° cm™. At high
carrier densities, the Hall mobility of both amorphous and
crystalline IGZO films converged to around 10 cm® V™' 57\,
Furthermore, the TFTs fabricated on PET were mechanically
flexible, with electron mobilities ranging from 6 to 9 cm? V!
s, Iwasaki et al. achieved optimal performance of IGZO
TFTs through the use of combinatorial studies involving
varying levels of In, Ga, and Zn compositions.‘i’?’8 The resulting
devices showed high mobility and low I, /I ¢ ratios when In
concentrations were high. Also, it was discovered that
sputtering power has an impact on TFT composition, which
affects its characteristics.**”

Meanwhile, several reports have focused on the sensing and
energy conversion capabilities of ZnO.*****" Researchers have
demonstrated that ZnO has the ability to detect various gases,
such as N02,292 CO,>33% NH3,294 HZS,S'43 and EtOH,*** and
can therefore be utilized for monitoring air quality and
controlling pollution. Various synthesis methods for develop-
ing electronic devices from ZnO nanostructures have been
attempted, including thermal oxidation,>***¢ wet-chemical,>*’
hydrothermal,‘?’48 and sol—gel methods.**’ Zheng et al
fabricated a transparent and flexible gas sensor based on
ZnO nanoparticles for ethanol detection that is suitable for
integration into wearable devices (Figure 7A—D).*° The
sensitivity can be modified by controlling the irradiation
intensity of the UV light source, providing an added level of
control and versatility. He et al. utilized the piezoelectric
properties of ZnO to convert mechanical energy generated by
body movement into electrical energy. They developed a

https://doi.org/10.1021/acs.chemrev.3c00139
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wearable textile nanogenerator with P—N junction-based
Zn0.”*' By increasing the frequency of shaking from 19 to
26 Hz, 0.2—1.81 V of output voltage was obtained by the
device with ZnO nanorods.

In,0; is another preferred N-type semiconductor for its
wide band gap (3.6 eV) and optical transparency.”””*>* After
the early study was conducted on the semiconducting
properties of In,O;,>>* the majority of research has focused
on the doping process to fabricate ITO and its applications as a
transparent conductor due to its superior optical and electrical
properties.*>>**® Only within the last decades has the utility of
In,O; and related metal oxides as wide-bandgap semi-
conductors been re-established, leading to a comprehensive
investigation of their properties from a semiconductor physics
perspective. Recent research has indicated that In,O; displays
remarkable potential in multiple areas, including TFT,>”**
optoelectronics,358 su3percapacitors,359 field emissions,>®° solar
cells,*** and sensors.”®> Several synthesis methods, including
electrospinning,363 sputtering,z’é“’?’65 sol—gel,366 and thermal
annealing,*®” have been employed to fabricate In,O; with
diverse morphologies, such as nanorods,366 nanowires,>®”
nanotubes,*®® and thin film.>*® Wang et al. manufactured a
flexible and transparent NO, sensor based on In,O; nanowires
capable of operating at room temperature (Figure 7E—G).”"
The authors used ITO electrodes and In,O; nanowires to
achieve sensor transparency. To reduce the operating temper-
ature of the sensor, visible light was illuminated, thus
decreasing the activation energy required for detection.
Under illumination from both monochromatic (blue) and
polychromatic (white) light, the limit of detection for NO, was
as low as 10 ppb, and the sensor displayed a recoverable
response to 500 ppb NO, in low irradiance conditions of 0.56
W m ™2 Also, the sensor exhibits highly selective responses to
NO, compared to other gases, including H,S, NHj;, trimethyl-
amine, CH;COCHj;, benzene, EtOH, toluene, and xylene.

NiO is a P-type semiconductor with a bandgap energy range
of 3.6—4.0 eV.>® Due to its unusual features, including
transparency to visible light and excellent thermal and chemical
stability, it has been the subject of extensive research.

Additionally, NiO has exceptional electrical, electrocatalytic,
and superconducting characteristics, contributing to its wide-
spread utilization in various fields, including sensor technol-

70371 solar cells,*”? energy storage systems,373 and
memristors.””* Over the years, the deposition of NiO thin
films has been accomplished using a variety of synthesis
techniques including spin-coating,®’® spray pyrolysis,”’°
thermal evaporation,””” RF sputtering,””® and DC reactive
magnetron sputtering.379 By controlling parameters including
oxygen flow rates and film thickness, the physical properties of
NiO can be tailored. For example, Sharma et al. investigated
the effect of deposition time and annealing time on the
structural, morphological, and optical properties of transparent
NiO thin films fabricated by the spray pyrolysis technique.’”®
The results showed that a 5 min deposition resulted in an
amorphous film structure, while an increased deposition time
resulted in partial crystallization with a preferred orientation
along the (111) direction.

To improve the applicability of NiO as building blocks in
some electronic devices, new strategies have been sought to
produce low-dimensional nanostructures,”®’ such as nano-
particle,381 nanorods,”®”* and nanowires.>®> The most com-
monly utilized method to fabricate NiO nanostructures is
chemical synthesis routes, such as hydrothermal methods,*®*
sol—gel,**" and thermal decomposition.’** Huang et al. utilized
well-dispersed NiO nanoparticle ink to fabricate flexible
thermistors via inkjet printing.386 The printed thermistor can
function over a wide temperature range from room temper-
ature to 200 °C with high sensitivity (B values of 4300 K) and
without hysteresis.

2.2.2. Transition Metal Dichalcogenides. Several 2D
materials, including graphene, carbides, nitrides, chalcogenides,
and halides, have shown great potential in a number of fields,
such as transistors, solar cells, batteries, sensors, drug delivery,
and cancer therapy. TMDCs, in particular, have gained
significant interest in the field of wearable electronics due to
their cost-effectiveness, eco-friendliness, semitransparency, and
exceptional thermal and chemical stability.**”*** Additionally,
they have moderate bandgaps ranging from 1 to 2 eV,***”

https://doi.org/10.1021/acs.chemrev.3c00139
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which distinguishes them from gapless graphene. As the
thickness of TMDCs decreases, the bandgap increases, offering
a distinct approach to tailoring the energy band structure to
specific requirements.388

In general, TMDCs are represented by the chemical formula
MX,, where M represents transition metals (groups 4—10)
such as Mo and W, and X stands for chalcogens like S, Se, and
Te (Figure 8A). The monolayer TMDCs are constructed by
alternating weak van der Waals (vdW) force-bonded layers of
metal and chalcogen atoms, resulting in different structural
phases such as trigonal prismatic (hexagonal, H), octahedral
(tetragonal, T), and their distorted phase (T’), depending on
the arrangement of the atoms.””>*”' Various crystal phases
result in unique electronic structures, which are principally
attributable to the electron-filling state of the transition metal’s
valence d orbitals. For example, the 1T MoS, phase is known
to be metallic and conductive 107 times more than the 2H
phase.””> Owing to their multitude of electronic structures,
TMDCs show a range of electrical properties, including
semiconducting, metallic, insulating, and superconducting
characteristics. These unique features make the materials
suitable to be utilized in electronic wearables.’”*?%*

Similar to the preparation of graphene, the production of
TMDCs can be achieved through mechanical® and
chemical®® exfoliation methods. Since the discovery that the
mechanical cleavage method can produce single-layer
graphene,” it has been widely utilized to generate nanosheets
of various lamellar crystals, including numerous TMDCs where
the parent crystal is available. Castellanos-Gomez et al. have
demonstrated that viscoelastic stamps can be used to achieve
the same effect in exfoliating lamellar crystals. By repeatedly
peeling TMDC crystals using a poly(dimethylsiloxane) stamp,
nanosheets of NbSe,,>”” TaSe,*”* and MoS,*” have been
obtained (Figure 8B). Geim and Novoselov showed that shear
force applied by the simple rubbing of a lamellar crystal (e.g.,
NbSe, and MoS,) delaminated nanosheets from their parent
crysta1.399 Mechanical cleavage can produce immaculate, large-
sized, single-layer TMDC nanosheets; nevertheless, its low
productivity has limited its practical applications. Instead,
chemical and electrochemical exfoliation technologies have
been developed to produce TMDC nanosheets at a high yield
and on a wide scale. The high quality of the produced TMDC
nanosheets is evident from their superior values of y, and I,/
I 4 in fabricated devices. Liu et al. utilized electrochemical
exfoliation of bulk MoS, crystals to produce atomically thin-
layered MoS, nanosheets with lateral sizes in the range of 5—
50 um (Figure 8C).**® These nanosheets were considerably
larger than those produced by liquid-phase, mechanical, and
chemical exfoliation techniques. Monolayer MoS, nanosheets
prepared by electrochemical exfoliation demonstrated a field-
effect mobility (4FE) of 1.2 cm® V™' s™! and an I,,,/I ¢ current
ratio of 10° which are comparable to those obtained using
mechanical exfoliation techniques.

The bottom-up growth approach has been shown to be
superior in the synthesis of TMDCs, especially for large-scale
films intended for practical applications. The bottom-up
growth method encompasses various techniques such as
CVD,**° metal—organic chemical vapor deposition
(MOCVD),*" atomic layer deposition (ALD),** physical
vapor transport,403 and magnetron sputtering. Moreover,
molecular beam epitaxy was employed for the scalable
deposition of atomically thin TMDCs; however, this technique
necessitated the utilization of costly ultrahigh vacuum

chambers and exhibited suboptimal electrical characteristics.’”’

On the other hand, CVD is considered one of the most
effective methods for producing large areas of atomically thin,
two-dimensional TMDs for device applications. The growth
and quality of the TMDCs are dependent on the substrate,
temperature, and gas flux used in the process. The typical
process of using CVD to grow TMDCs involves the
simultaneous evaporation of metal oxide and chalcogen
precursors, resulting in a vapor phase reaction that forms a
stable 2D TMDCs on an appropriate substrate. In a study by
Zhao et al., high-quality monolayer MoS, was successfully
fabricated on a centimeter scale using the CVD process
(Figure 8D).*°° This material was then utilized to produce
flexible TFTs with remarkable characteristics, including
mobilities of approximately 14 cm® v' s7' and an I,/Ig
ratio higher than 10°. The stability of the device’s performance
under a uniaxial strain of approximately 1% was attributed to
the uniformity of the continuous MoS, film. Notably, metal—
organic MOCVD, which elaborately controls the flow rate of
gas phase metal—organic precursors, enabled wafer-scale
deposition of high-quality TMDCs in facile manners and
with low fabrication costs.””***® A three-atom-thick ultrathin
MoS, film was fabricated by MOCVD with a high electron
mobility of 30 cm® V™' s at room temperature.*”> CVD-
grown scalable transparent MoS, showed high transmittance in
the visible spectrum with controllable transmittance in the
visible range (96.7% at 550 nm for 2 layers of MoS,, and 69.4%
for 8 layers).*"”

Owing to their broad compatibility with different substrates,
and excellent mechanical properties, TMDCs have been
intensively studied for flexible electronic devices such as
FETs,308 memories,408 OLED,409 and sensors.*'® It is
noteworthy that the use of TMDCs in the fabrication of
flexible and deformable FETs provides simple, efficient, and
cost-effective options for modern wearable electronics, as FET's
have been extensively used in the manufacture of wearable
devices. To date, the utilization of 2D TMDCs, including
MoS,, """ WS,,*'* MoSe,,""* and WSe,,*"* in FETs has been
widely adopted. These materials have demonstrated excep-
tional performance, with I /I ratios exceeding 10° which
represents a four-orders-of-magnitude improvement over
silicon FETs with comparable channel thickness. Yoon et al.
developed a highly flexible and transparent FET using MoS, as
a channel, even with a bending radius as low as 2.2 mm.*"®
After 10000 cycles of bending, the device experienced only a
20—30% decrease in mobility, which was easily restored
following low-temperature annealing treatment. Li et al
reported the successful integration of transparent transistors
and logic circuits onto a flexible substrate utilizing lar§e—area
MoS, monolayers (4 in. wafer-scale) (Figure 8E).*” The
resulting device had a high density of 1,518 transistors per cm”.
The fabricated FET showed excellent performance, including
high I,,/I,¢ ratios of 10'°, mobilities of ~55 cm®* V™' s7/,
current densities of ~35 uA pum™, and flexibility.

Due to their 2D structure, TMDCs possess a large surface
area. As a result, even small alterations in the surface
environment can cause significant variations in their electrical
transport properties. This attribute makes TMDCs a highly
desirable material for the development of sensitive wearable
sensors capable of detecting and transmitting gaseous,
biological, and mechanical information. Cho et al. reported
the successful fabrication of a WSe,-based flexible, wearable,
and launderable gas sensor that is sensitive to both NO, and
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Figure 9. Chemical structures for a range of commonly used small-molecule and semiconducting polymers.

NH,.*"* Even after 10 000 bending cycles and a 2 mm bending
radius, the performance of the devices remains stable.
Surprisingly, even after laundering and dry cleaning, the
devices stitched onto a T-shirt continued to function normally.
Guo et al. presented a method for Eroducing epidermal gas
sensors based on large-area MoSe,.”"* The sensors demon-
strated a high sensitivity to low concentrations of NO, and
NH; (2 ppm) and fast response (250 s) and recovery (150 s)
times. The devices maintained their performance with up to
30% tensile strain, allowing for integration onto human skin.
Moreover, by connecting the sensors wirelessly to a cloud
database, accurate remote diagnosis and timely warning were
achieved. Park et al. introduced a large-area tactile sensor array
based on MoS,, covering 2.2 cm X 2.2 cm.”® The sensor
demonstrated high sensitivity, good uniformity, and linearity
over 10 000 loading cycles. The compressive and tensile strain
gauge factors (GF) were found to be —72.5 + 1.9 and —56.5 +
4.8, respectively. It also exhibited exceptional mechanical
flexibility up to 1.98% strain and a high optical transparency of
80%.

2.2.3. Organic Semiconductors. Organic semiconductors
refer to a group of materials consisting of 77-conjugated organic
(carbon-based) compounds, such as small molecules and
polymers, that exhibit semiconducting properties (Figure
9).*'° Small molecules are composed of a limited number of
conjugated monomer units and typically form oligomers,
whereas polymers are composed of multiple conjugated
monomer units that arrange into lon% chains and, in some
cases, more complicated structures.*’” Unlike conventional
inorganic semiconductors, such as silicon, organic semi-
conductors offer the advantages of being lightweight, flexible,
low-cost, and readily available. Their unique electrical, optical,
and mechanical characteristics make them suitable materials
for wearable electronics, including sensors, %417 organic field-
effect transistors (OFETS),420 organic photovoltaics,421 and
OLEDs.*** Furthermore, organic semiconductors can be
processed from solutions, making it possible to create large-
area devices, such as OLED displays, with high uniformity and
low defects.

Organic semiconductors can be further subdivided into
categories that include P-type, N-type, and ambipolar transport
channels in OFETs according to the primary type of charge
carriers they transport in devices. As the injection of metals
with low work functions (2—3 €V) into the semiconductor’s
lowest unoccupied molecular orbital is challenging, the
majority of organic semiconductor materials favor P-type
charge transport. Moreover, electron mobility is hindered
relative to hole mobility due to the more easily trapped nature
of electrons within the semiconductor—dielectric interface or
within charge trapping centers, including impurities or grain

boundaries, owing to their smaller effective mass.*** In contrast
to unipolar semiconductors, ambipolar semiconductors have
the ability to conduct both types of charge carriers, either
electrons or holes, depending on the conditions under which
they are utilized.*****> To be ambipolar, a material must have
energy levels that allow both electrons and holes to be injected
into the material and transported through the material with
similar efficiency.””® One challenge in developing ambipolar
organic semiconductors is achieving balanced electron and
hole transport properties, which requires careful optimization
of the molecular structure and processing conditions. However,
recent advances in material design and processing techniques
have led to the development of many new ambipolar organic
semiconductors with improved performance and stability.

Small-molecule organic semiconductors usually exhibit a
higher degree of crystallinity compared to those polymer
semiconductors, which results in improved performance in
organic thin-film transistors.*'® The most frequently used small
organic molecule semiconductors in OFETs are derived from
polyacenes and heteroacenes.”””*** Due to their simple
molecular structure, which consisted just of carbon and
hydrogen, pentacene and rubrene garnered considerable
attention in the early 2000s."*”**° As a result of the pursuit
of solution-processable small molecules, various other classes
of materials have been discovered. To enhance the solubility of
pentacene, different pentacene derivatives have been produced
through functionalization with side groups. These include 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-penta-
cene),‘*"'l’432 and heteroacene derivatives such as §,11-bis-
(triethylsilylethynyl)anthradithiophene (TES-ADT) and 2,8-
difluoro-S,11-bis(triethylsilylethynyl)anthradithiophene (diF-
TES-ADT)."”*** In addition, these functionalized materials
also display improved z-stacking, resulting in hole mobilities
above 4 cm? V! s71.>'® Heteroacenes, such as [1]benzothieno-
[3,2-b][1]benzothiophene (BTBT) and dinaphtho[2,3-b:2',3'-
flthieno[3,2-b]thiophene (DNTT), have a ladder-shaped
molecular structure composed of fused thiophene rings. The
P-type transport mobilities of their derivatives are as hi% as
164 cm?> V7' 57" and 11 em? V7' s7!; respectively.">~**
Furthermore, due to their improved stability, OFETs produced
from BTBT, DNTT, and their derivatives can operate without
deterioration in ambient conditions."*”**

Compared to small-molecule organic semiconductors,
polymer semiconductors exhibit higher MW and reduced
crystallinity, which generally leads to inferior electrical
performance.”'® However, the advantageous mechanical
flexibility and film-assembling capability of polymer semi-
conductors make them well-suited as functional materials in
wearable electronics. Furthermore, their controllable molecular
structure is beneficial for increasing carrier mobility. In recent
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studies, polymer semiconductor-based organic transistors have
exhibited charge carrier mobilities comparable to those of the
highest-performing small molecules, demonstrating the poten-
tial of these materials for electronic applications.***** ~*
Poly(3-hexylthiophene) (P3HT) and its derivatives are widely
known as solution-processable organic semiconductor materi-
als that possess flexible, long alkyl chains in their thiophene
rings. Various protocols, such as electropolymerization,***
oxidative method (mainly by FeCl3),"** Ni-catalyzed methods
(McCullough, Rieke, GRIM),M(”447 Pd- catalyzed methods**®
and, more recently, direct arylation polymerization (DArP)
have been utilized to synthesize these materials depending on
the desired regioregularity and MW, which significantly affect
their performance.

The effect of MW on charge carrier mobility and thin film
morphology has been extensively investigated in transistors
based on P3HT.****° Low Mn P3HT, which has an MW of
less than 10 kDa, forms highly crystalline nanorods, whereas
high Mn P3HT, which has an MW greater than 30 kDa, has
smaller crystalline domains with greater connections between
crystalline regions. Due to the absence of connections between
domains and the presence of grain boundaries, low Mn P3HT
exhibits low charge carrier mobility. In addition, PZHT MW
affects its mechanical properties, such as Young’s modulus,
tensile strength, and toughness.451 Longer and more entangled
polymer chains resulting from higher MWs lead to improved
mechanical strength and stiffness. This increased chain
entanglement also reduces the amorphous region of the
polymer and increases its crystallinity, further enhancing its
mechanical properties. However, the higher MW of P3HT may
negatively affect its processability and film-forming abilities,
which can limit its use in some applications. Therefore,
achieving a balance between the desired mechanical properties
and adequate processability and film-forming properties of
P3HT is crucial.

Meanwhile, it has been extensively established within the
literature that the regioregularity of polymer semiconductors
exerts a profound influence on the physical properties,
structural characteristics, and ultimately, the performance of
resultant devices. The incorporation of an asymmetrical
monomer presents an intriguing prospect, as it introduces
the possibility of three distinctive configurations in which a
singular monomeric unit can form bonds with another
monomer: head-to-tail (H—T), head-to-head (H—H), and
tail-to-tail (T—T). Within the specific context of P3HT, the
term “head-to-tail” (H—T) denotes the ordered arrangement
of the hexyl side chains on the thiophene rings of the
monomeric units. In a comprehensive study conducted by Kim
et al,, an investigation was conducted to explore the impact of
regioregularity on both the mechanical and electrical properties
of P3HTs.** The research findings revealed a discernible
correlation between the concentration of regio-defects
(specifically, H—H defects) and the crystallinity of the polymer
in a systematic manner. Although P3HT samples with a
regioregularity as high as 98% demonstrated a notably elevated
charge carrier mobility of 1.81 X 107" cm® V™' s7', their
inherent brittleness and stiffness rendered them susceptible to
failure during tensile and bending tests, even under relatively
modest strains. Additionally, a significant reduction in the
tensile modulus was observed, with values declining from 287
MPa for samples possessing a regioregularity of 98% to a mere
13 MPa for those with a regioregularity of 64%.

At scales beyond those of individual monomers, the
mechanical and electrical properties of polymers at the
macroscopic level are influenced by the sequence of monomers
and the overall design of the polymer structure. Various
methods, including backbone engineering,453 functionalization
(side chain engineering),”* and blending,*> have been
employed to improve the mechanical and electrical properties
of organic semiconductors. For example, O’Connor and
colleagues demonstrated that incorporating a thieno[2,3,b]-
thiophene (TT) unit into P3HT to create PBDTT improved
long-range order packing and resulted in enhanced charge
mobility from 0.06 to 0.34 cm? V™! s71.%° However, the
enhanced long-range order packing also led to reduced
ductility and crack onset strain in the PBDTT film. More
recently, new paradigms for polymeric semiconductors have
emerged with the use of donor—acceptor copolymers, which
involve the polymerization of two or more different oligomers.
Diketopyrrolopyrrole (DPP) is one of the most extensively
researched building blocks in this field.*”*** D—A polymers
based on DPP have been found to exhibit high hole mobilities
exceeding 10 cm* V™! s7°** and high electron mobilities of
over 5 cm® V™! s71.°** Notwithstanding the absence of long-
range order, these polymers exhibit superior performance
compared to certain highly ordered semiconducting polymers
that have been produced to date.

2.3. Insulating Materials

Insulating materials play a critical role in wearable electronics,
serving as substrates or passivation layers. As passivation layers,
these materials perform multiple essential functions in the
device, including the prevention of short circuits, mitigation of
electrical noise, and isolation of individual components or
circuit elements. They effectively preserve the integrity of
electrical signals, preventing unintended interactions or
interference between adjacent conductive traces, electrodes,
or circuits. Moreover, insulating materials act as robust
barriers, safeguarding the underlying electronic components
from environmental factors such as moisture, oxygen, corrosive
agents, and mechanical damage. The presence of moisture and
contaminants can lead to the deterioration of electrical
connections and the occurrence of short circuits, resulting in
device malfunction or failure. Similarly, physical damage
caused by bending, stretching, or external impacts can have
detrimental effects on wearable devices. Given the frequent
exposure of wearable devices to outdoor conditions and the
constant movement and mechanical stresses they experience,
the implementation of a resilient passivation layer is of utmost
importance to ensure the maintenance of structural integrity
and prevent malfunctions resulting from unintended damage.
In addition to its role as a passivation layer, the insulating
material serves as a substrate for wearable electronics,
preventing potential harm to the users’ skin caused by
electrical leakage or thermal dissipation. The substrate layer
should exhibit mechanical compliance, including flexibility and
stretchability, to accommodate the bending, twisting, and
stretching movements that wearable devices undergo without
compromising the integrity of the electronic components.
Conformal attachment to human skin while maintaining
functionality is critical to reducing noise and accurately
transmitting signals, as wearable sensors heavily rely on the
physical, chemical, and biological information obtained from or
transmitted through the skin. Therefore, insulating materials
with superior mechanical properties, such as high failure strain
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and low Young’s modulus, are highly required for effective
adhesion to human skin. Furthermore, optical transparency is
highly required in various applications in wearable electronics,
such as displays, contact lenses, and augmented/virtual reality,
where visual information is highly desirable. For example,
biosensors on contact lenses for diagnostic purposes must be
stretchable and transparent to achieve intimate contact and
imperceptibility.**”**’ In optogenetics, the substrate as well as
the device must be transparent to ensure that light is not
blocked as it controls the activity of neurons or other cell
types. 161462

In the subsequent sections, we aim to provide an in-depth
exploration of prevalent insulating materials and their
distinctive properties within the field of transparent and
wearable electronics. Specifically, we have classified these
materials into three categories: polymers, hydrogels, and
cellulose. While it is acknowledged that hydrogels and cellulose
fall within the polymer classification, we have opted for this
categorization to facilitate a more comprehensive examination
of their individual characteristics.

2.3.1. Polymers. Insulating polymeric materials, including
PET, polyimide (PI), parylene, polyurethane (PU), and
various commercial elastomers, have gained significant traction
as highly suitable substrates and passivation layers for wearable
electronic devices.****** The several properties of these
materials are presented in Table 3.

Each material possesses distinctive characteristics that render
it advantageous for specific applications. Notably, PET, a
thermoplastic polyester polymer, offers exceptional attributes
such as exceptional flexibility, transparency, and dimensional
stability. Furthermore, it exhibits excellent resistance to
moisture, chemicals, and thermal stresses. An exemplary
study by Wang et al. demonstrated the utilization of PET as
a substrate for a transparent and flexible chemical sensor,
where the substrate was spin-coated with polydopamine/
MoS,.**® The inherent flexibility of PET played a pivotal role
in the realization of a wearable wrist strap sensor. PI stands out
for its exceptional thermal stability, mechanical strength, and
flexibility. PI finds extensive utilization as passivation layers and
substrates in wearable electronics, particularly in applications
necessitating high-temperature resistance and mechanical
durability, such as flexible printed circuit boards and medical
devices. Although conventional PI films exhibit a slight yellow
hue, recent advancements in polymer technology have enabled
the development of colorless polyimides (cPI), enabling the
realization of transparent electronic devices. An instance of this
is demonstrated by Choi et al., who employed colorless PI to
fabricate a flexible and transparent heater for a wearable
chemical sensor.**® This involved the imidization of polyamic
acid via solution coating onto an AgNWs percolation network.
The resulting embedded structure of AgNWs within the cPI
film ensured stable performance even under dynamic bending
conditions. Parylene, known as poly(p-xylylenes), is commonly
employed as a coating through CVD under vacuum conditions.
These coatings offer excellent electrical insulation properties
and effectively protect against moisture and chemicals.
Moreover, parylene exhibits uniform deposition capabilities
on complex and irregular-shaped surfaces, guaranteeing
comprehensive coverage without gaps or voids. This
remarkable conformal coatinég capability positions parylene as
an outstanding substrate**”**” for achieving conformal contact

with human skin and as a protective layer**® to mitigate

10006

Table 3. Representative Physical Properties of Various Insulating Polymeric Materials for Transparent Wearable Electronics

ecoflex
0.05—0.1 MPa
0.37—1.7 MPa

PDMS
1.32-2.97 MPa

6.7 MPa

parylene
2.8—3.0 GPa

PU
0.00114—3.54 GPa
0.138—65.0 MPa

PC
1.79—-3.24 GPa
28.0—75.0 MPa
3.00—60.0
10.0—138

1.58

PEN
5.00—5.50 GPa

200 MPa

PI
0.107—46.9 GPa
0.0480—345 MPa

2.00—90.0

PET
1.57—-5.20 GPa
22.0—95.0 MPa
4.00—6.00
40.0—600
1.575
good

Young’s modulus

48.3—68.9 GPa

2.4-2.9

tensile strength (ultimate)

elongation (yield) (%)
elongation (break) (%)

refractive Index

800—900

1.4
poor

135
1.4
good

10-250

0.400—1300
1.5-1.7
good

60

0.350—200

1.59—1.66
good

1.7
good

1.68—1.78

poor

good

transmittance

-120 =33

—40

13—-66

—46.0—40.0

80.0

—20.0—-385 120 141-150
270 288-316

247-388

70.0—78.0

glass transition temperature (°C)

290—435

200—-260

melting temperature (°C)

1.38
0.27

0.711-0.837
0.081—1.000

1.17-1.70
0.173—-0.210 0.140—0.390

2.59
0.18

0.920—-1.13
0.0330—-1.73

1.00—1.50
0.190-0.290

specific heat capacity (J/g K)
thermal conductivity (W/m K)
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interference and safeguard delicate components within
wearable devices.

However, it should be noted that the aforementioned
polymers may not possess the desired level of stretchability
required for wearable applications. On the other hand,
elastomers possess a distinct characteristic within the polymer
category, namely their exceptional elasticity. Unlike other types
of polymers that may exhibit rigidity or limited flexibility,
elastomers are distinguished by their ability to stretch under
applied stress and then return to their original shape once the
stress is removed. This unique behavior is attributed to the
presence of long polymer chains that are loosely cross-linked,
allowing them to undergo significant deformations without
undergoing permanent changes in shape or structure. The
inherent elasticity of elastomers endows them with high
suitability for applications demanding flexibility, resilience, and
the capacity to withstand repetitive mechanical stress, as these
properties permit accommodating movements, conforming to
diverse shapes, and providing wearer comfort. Consequently, a
range of elastomers, including PU, thermoplastic PU (TPU),
and silicone-based elastomers, have been utilized for trans-
parent and wearable electronics.**”*”

PU is synthesized through the reaction of diisocyanates with
polyols, resulting in the formation of a three-dimensional
network structure. The cross-linking of polymer chains
establishes physical or chemical bonds and imparts PU with
its distinctive elastic properties, making it a suitable material
for stretchable substrates in wearable electronics. Moreover,
PU serves a crucial role as a passivation layer, enhancing the
performance and longevity of wearable devices. By acting as a
protective coating, it effectively safeguards against moisture
infiltration, the accumulation of dust particles, and mechanical
damage. The application of PU coatings significantly enhances
the durability and reliability of wearable devices, particularly in
challenging environmental conditions or scenarios involving
physical contact. To harness this characteristic, Lee et al.
employed PU in the form of nanomesh, fabricated via the
electrospinning technique, as a passivation layer.*’' The
resulting passivation layer exhibited an impressively thin
thickness of only 2.5 um. Notably, the fabricated passivation
layer demonstrated outstanding durability, enduring 300 cycles
of rubbing with a weight of 50 g while maintaining the pressure
sensor signals at a remarkable level of 95.4%.

Commercial silicone-based elastomers, such as Sylgard 184
(Dow Chemical), Dragon Skin, and Ecoflex (Smooth-on),
typically belong to the category of addition-curing elastomers
incorporating platinum-based catalysts. They find extensive
utilization in electronic applications due to their desirable
properties, including insulating characteristics, optical trans-
parency, biocompatibility, flexibility, low moduli, hi%h failure
strains, thermal stability, and chemical resistance.” These
properties enable them to undergo substantial deformation
without failure and adhere to various surfaces of the human
body, including the arms, knees, and finger joints. Moreover,
several technologies and methods have been developed to
impart desired characteristics to elastomers, thereby enhancing
their applicability and making them ideal materials for
packaging. The surface of polydimethylsiloxane (PDMS) can
be modified to create adhesive and nonadhesive regions for
selective bonding of sensing materials. Altering the composi-
tion of prepolymers prior to polymerization can modify their
elasticity, self-healing capacity, modulus, and transparency
characteristics.*”>*”?

2.3.2. Hydrogels. Hydrogels, characterized by their
hydrophilic polymer networks and substantial water content,
typically possess inherent electrical insulating properties.
However, it is pertinent to acknowledge the potential for
modifying the electrical conductivity of hydrogels through the
integration of conductive additives or the introduction of
ionically conductive elements. Notably, certain engineering
approaches enable the attainment of electrical conductivity in
hydrogels by incorporating conductive polymers, nano-
particles, or ions that facilitate the conduction of electrical
charges. Extensive investigations have been undertaken to
advance the fabrication of conductive hydrogels, and a
comprehensive exploration of these endeavors will be
expounded upon in Section 4.

From the perspective of insulating materials, hydrogels have
garnered significant attention as a promising candidate for
seamless integration between humans and electronic devices.
This interest stems from their remarkable similarity to
biological tissues and epidermis, as well as their biocompat-
ibility. Furthermore, hydrogels offer the ability to engineer
their mechanical and biofunctional characteristics, making
them versatile for various applications. In the realm of wearable
electronics, a major hurdle lies in the mechanical disparity
between the supple human skin and rigid electronic systems.
While human skin exhibits substantial stretchability (30—70%)
and encompasses a wide spectrum of Young’s modulus (5—140
MPa),*”* conventional electronic devices typically manifest a
limited stretchability of less than 5% and boast a significantly
higher Young’s modulus, generally measured in the GPa
scale.*’>*’® Such incongruity can elicit discomfort and
compromise device functionality, necessitating effective reso-
lutions for wearable electronics and, subsequently, implantable
electronics. In this regard, hydrogel coatings emerge as a viable
solution. Hydrogels possess a compliant, adhesive, and
aqueous nature, rendering them amenable to conforming to
diverse cellular structures, tissues, and even dynamically
deforming skin."”” Spencer et al. undertook a study wherein
they applied a polyethylene glycol dimethacrylate (PEGDMA)
hydrogel coating onto rigid borosilicate implants.””® This
approach effectively reduced the interface’s elastic modulus in
close proximity to brain tissue. The reduction in elastic
modulus proved instrumental in mitigating strain at the
interface, thereby making it less damaged even at chronic
time scales (>4 weeks). In addition to the hydrogel coating
method, several techniques have been explored to fabricate
electronics encapsulated with hydrogels, thereby expanding the
potential applications of the hydrogel as a protective layer and
capitalizing on its inherent biocompatibility. These techniques
encompass the entrapment of liquid metals within preformed
channels*”” and the direct encapsulation of titanium wires, **’
enabling the creation of stretchable electronics enveloped by
hydrogels. Liu et al. successfully developed ultrastretchable
bioelectronics composed entirely of hydrogels through the
implementation of a novel fabrication approach.””” The
method involved the utilization of prefabricated microfluidic
channels, created via laser engraving for the encapsulation of
liquid metals. The liquid metal served as the resistive strain
sensor, while the hydrogel employed was a double network
hydrogel consisting of polyacrylamide (PAAm) and alginate.
This hydrogel not only functioned as the substrate but also
served as a protective passivation layer. The inherent
biocompatibility of the hydrogel facilitated the seamless
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Figure 10. The optical and electrical properties of transparent electronics. (A) Trade-off relationship of optical and electrical properties. (B)
Concepts to secure transparency of electronic devices.

Table 4. Engineering Strategies for Enhancing Transparency and Their Corresponding Optical and Electrical Characteristics

engineering strategy materials transparency (visible range) electrical properties FoM ref
Ultrathin Film Deposition
PVD ultrathin metal 88.40% sheet resistance: 18.6 Q sq™* 79
PVD rGO 97% resistivity: 30.3 m& cm 490
CVD graphene 84% sheet resistance: 600 Q sq™* 182
CVD MoS, 89.2% mobility: 0.07 cm®* V™'s™! @ RT 407
ALD Pt doping on graphene  93.40% sheet resistance: 86.8 Q sq™* 491
transfer ultrathin film transfer 85% mobility: 0.1 cm? V7! 7! 492

sheet resistance: 100 Q sq~"

Random Percolation Networks
spin-coating AgNW 90.70% sheet resistance: 8.6 Q sq~" O4c/ Oop: 600 493
spin-coating CNT 71% sheet resistance: 59 Q sq~* O4c/Oop: 17 494
spin-coating PEDOT:PSS 96.10% conductivity: 2084 S cm™! Oac/Oop: 185.2 495
spray coating PEDOT:PSS 90% conductivity: 936 S cm™ O4c/ Oopi 39 496
spray coating AgNW 90% sheet resistance: 47 Q sq" O4c/ Oopt 415 497
spray coating graphene, PEDOT:PSS  90% sheet resistance: 1200 Q sq~' 286
vacuum filtration transfer ~AuNW 83% sheet resistance: 49 Q sq~* O4c/Oop: 54 498
electrospinning metal nanotrough 90% sheet resistance: 2 Q sq~" 499
electrospinning Cu 90% sheet resistance: 50 Q sq~* T/R: 11 X 107 Q™1 500
Grid Patterning
nanoimprinting AuNW 92%, pattern resolution: 250 nm sheet resistance: 227 Q sq~* 501
nanoimprinting Ni 75%, pattern resolution: 4 ym sheet resistance: 0.036 Q sq™' O4c/ Oopt 3.4 X 10* 502
nanoimprinting Metal 83.1%, pattern resolution: 210 nm  sheet resistance: 9.8 Q sq™* 04/ 0oy 198.3 503
nanoimprinting Ag 91.10% sheet resistance: 8.2 Q sq~" 04c/ Oop 350—1000 S04
laser ablation Cu 83% sheet resistance: 17.48 Q sq~! 04c/ Oop: 109.74 505
laser sintering AgNP 91%, pattern resolution: 12 pm sheet resistance: 22 Q sq~* 27
laser sintering AgNP 85%, pattern resolution: 20 ym 506
inkjet AgNP 78.2%, pattern resolution: 10 um  sheet resistance ~3.8 Q sq~' 507
inkjet AgNP 85%, pattern resolution: 1.6 yum resistivity: 1.67 X 107 Q m 508

integration of the sensor with various biological tissues,

observed after a four-week period in soil, underscoring their

including rabbit hearts, as well as human and pig skin.

eco-friendly and sustainable nature.**’

Cellulose possesses the ability to be fragmented into
nanoscale dimensions through various methods such as
mechanical blending484 and 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) oxidation.**> When harnessed in the form of
nanoscale fibers at appropriate concentrations, cellulose
exhibits transparency, further augmenting its potential for
transparent electronic applications.”** Leveraging the unique
properties of cellulose nanofibers, various researchers fab-
ricated electronic devices with mechanical robustness. Kang et
al. fabricated transparent and foldable electrodes with AgNW
percolation on cellulose film, which they named nanopaper.**’

2.3.3. Cellulose. Cellulose, as a highly abundant material in
the natural world, is a naturally occurring polymer that can be
derived from wood fibers, cotton, bamboo, etc. It consists of
repeating units of glucose, making it a structurally fascinating
compound.”®" Within the context of wearable electronics,
cellulose emerges as an appealing option for insulating
materials due to its remarkable combination of desirable
attributes such as flexibility and biocompatibility."** Moreover,
Zhao et al. demonstrated the exceptional biodegradability of
commercial cellulose films, with complete degradation
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Table 5. Engineering Strategies for Improving Electrical Conductivity and Their Corresponding Optical and Electrical

Characteristics

engineering
strategy materials improved electrical properties transparency ref

Directional Alignment

mechanical CNT conductivity increased from 1000 S cm™ to 2500 S cm™ 509
stretching (70% stretching)

mechanical PEDOT:PSS resistivity decreased by 90% at 60% strain 510
stretching

mechanical PVDEF spontaneous polarization increased from S11
stretching 67 mC m™ to 140 mC m™>

solution AgNW sheet resistance, aligned AgNW neworks lower by factors of 96.7% (aligned networks), S12
shearing 1.7—3.4 than random AgNW networks 92.9% (random networks)

solution semiconducting polymer mobility of P2ZTDC17FT4, from 3.4 X 107 to 9.6 X 1072 S13

shearing (P2TDC17FT4 and PBTTT-C16) (maximum, shearing speed 3.5 mm s™")
solution PEDOT:PSS conductivity: 4600 + 100 S cm™ 97.20% S14
shearing
assembly AgNW nanomembrane conductivity: 103100 S cm™ parallel direction), S1S
32900 S cm™" (vertical direction)
Post-Treatments
laser welding ~ CuNW sheet resistance decreased from 107—10° to 20 Q sq* 84.40% 28
flash welding ~ CuNW sheet resistance decreased from several 88% S16
MQsq ' to 17 Qsq!
cold welding ~ AgNW sheet resistance decreased from 2.25 X 10° Q sq”" to 89.40% S17
~179 Q sq”!
secondary PEDOT:PSS electric conductivity increased to 767 S cm™ S18
doping
secondary PEDOT:PSS decreased sheet resistance to 46 Q sq™’ 90% 519
doping

They utilize a transfer method in which cellulose in nanofiber
with a diameter of 22 nm and a length of 1 um solution is
poured onto the prefabricated AgNW percolation networks.
The thickness of the nanopaper is around 15 pm, and the
nanopaper electrode endures the 200 cycles of folding
completely back and forth. Remarkably, even after undergoing
200 folding cycles, the conductivity of the nanopaper electrode
remained consistently high, below 1 Q sq', which initially
started at 0.68 Q sq~ . These findings highlight the robustness
and stability of the nanopaper electrode for transparent and
foldable electronic applications. In addition to its use as a 2D
substrate, cellulose nanofiber has demonstrated remarkable
potential as a nanofiber template for the fabrication of
conductive nanofibers through the direct coating of conductive
materials. Khamwongsa et al. conducted a study wherein they
successfully coated PPy onto the surface of cellulose
nanofibers. This was achieved by incorporating pyrrole into a
cellulose fiber solution, followed by the polymerization of
pyrrole using FeCl; as an oxidant. The resulting cellulose
coated with 20 wt % of PPy exhibited a conductivity of 3.33 X
1075 S ecm™.

Cellulose can also be utilized as a protective layer for
mitigating electronic device malfunctions induced by water.
Kasuga et al. demonstrated the effectiveness of coating Cu
electrodes with cellulose nanofibers, leading to enhanced
electrode stability even under conditions of immersion."*®
Notably, a Cu electrode, subjected to a voltage of 3 V and
coated with a 5 um layer of cellulose nanofibers, exhibited
uninterrupted functionality for over 24 h, while the uncoated
Cu electrode experienced a short circuit within approximately
S min of immersion. Despite partial coverage due to scratches,
the cellulose nanofiber coating maintained its protective
performance thanks to the gradual repair of a gelatinous
layer composed of cohesive cellulose nanofibers, which
eventually enveloped the entire electrode surface.
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3. ENGINEERING STRATEGIES FOR THE PROPERTY
IMPROVEMENTS

The development of electronic materials has revolutionized the
field of engineering, enabling significant improvements in their
properties. However, the optical and electrical properties of
electronic materials, especially electrode and active materials
we mentioned in the previous section, necessitate further
enhancement to create and improve transparent and wearable
electronics with soft mechanical properties. In this section, we
particularly focus on the optical and electrical properties of
transparent conductors and active layers and present a broad
overview of methods for improving their properties. It is
challenging to achieve a linear relationship between optical and
electrical properties, as they often trade off against each other
(Figure 10A). Despite this challenge, numerous efforts have
been made to improve both properties for high-performance
transparent electronics. The figure of merit (FoM) is a
performance metric for transparent conductors that combines
optical and electrical properties, with higher values indicating
higher transmittance and lower resistance in transparent
electronics (eq 1).**” The optical and electrical properties of
transparent electronics for each engineering strategy are
compared and listed in Tables 4 and S, along with FoM
values for transparent conductors if available. It is hoped that
this section will provide valuable insights for researchers in the
field of transparent electronics.
FoM = o€
%op (1)

opc = direct conductivity, o,p = optical conductivity

3.1. Optical Properties

Wearable electronics that are optically imperceptible have
several advantages, such as preserving visual information for
the user and facilitating integration with vision sensor-based
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Figure 11. Random percolation networks. (A) Schematic illustration of transparent electronics enabled by random percolation networks of
electronic materials. (B) SEM image of spin-coated AgNW random percolation networks depending on spin rates. Reproduced with permission
from ref 493. Copyright 2013 Wiley-VCH. (C) Optical image of a spray-coated large area of rGO sheet. (D) The transmittance of a large area of
rGO with over 80% in the visible range. Reproduced with permission from ref 286. Copyright 2014 Wiley-VCH. (E) Optical image of vacuum
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density of random percolation networks. Reproduced with permission from ref 153. Copyright 2015 Wiley-VCH. (G) Schematic illustration of
electrospinning-based random percolation networks transparent conductor. (H) Optical images of electro-spun transparent conductors on various
substrates. Reproduced with permission from ref 499. Copyright 2013 Springer Nature.

machine learning. It also reduces the psychological discomfort
associated with wearing electronic devices. Strategies for
achieving transparency in wearable electronics can be divided
into depositing ultrathin electronic materials and designing the
material’s structures (Figure 10B). We already discussed the
deposition of ultrathin materials in the previous section. In this
section, we focus on the material’s structure which can be
further divided into creating a network of nanostructured
materials and designing light-passing grids using various
patterning techniques. We first discuss the strategies to
enhance the optical properties of materials that are electrically
conducting or semiconducting. Then, we conclude with
research on improving the optical properties of packaging
materials that comprise the largest area of transparent and
wearable electronic devices.

3.1.1. Random Percolation Network. Various solution-
based techniques have been developed to fabricate transparent
conductors and semiconductors with materials such as metal
nanowires, carbon-based materials, and conjugated polymers
to create conductive percolation networks. These networks
have a mesh-like structure that permits light transmission while
also serving as conductive pathways for charge carriers. A
significant advantage of solution processes is their ability to
deposit materials directly onto soft substrates at low temper-
atures without damaging them, thereby enabling the
production of large-area transparent and soft electronics
using low-cost facilities.””” By forming conductive networks
above a percolation threshold, these techniques can achieve
both electrical and optical properties, as light can pass through
the electrically conductive mesh-like structures (Figure 11A).

We highlight several solution processes to form random
conductive or semiconducting percolation networks in this
subsection.

Among the various solution-based techniques, spin-coating
is the most simple, fast, and straightforward method. It involves
depositing a solution or liquid state of synthesized materials
onto a flat substrate, which is then rotated to spread the
solution using centrifugal force. After the solvents evaporate,
uniform thin films of percolation networks can be obtained
through post-thermal annealing processes. The quality of
networks is determined by the hydrophilicity of the material
solution and substrate. Therefore, surface treatment of
substrate through oxygen plasma or corona gun is performed
for better wettability with aqueous solutions. The resulting thin
films of networks show promoted adhesion and spreading over
the substrate. The optical properties of spin-coated materials
are determined by the concentration and viscosity of the
material solutions and spin speed. For the low viscous solution
and high spin speed, better transparency can be achieved
through the thin thickness of the resultant film.>*' Because
spin-coating can be used universally for various electronic
materials synthesized in a solution or liquid state, various types
of random percolation networks have been reported by using
metal nanowires,***** carbon materials,*"*** conducting
polymers,*”>>** and their composites.”*”*** As an example,
facile control of optical and electrical properties of spin-coated
AgNW was possible by modification of spin speed (Figure
11B). High diffusive transmittance of 97.5% at S50 nm of
wavelength with 27.6 Q sq™" of sheet resistance was acquired
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on a flexible PET substrate.*”®> However, it has the limitation of
scalability in laboratory-scale fabrication.

Spray coating is a promising strategy to scale up the random
percolation networks in a facile and cost-effective manner. In
the spray coating system, synthesized materials are carried
along with aerosol or carrier gas through the nozzle to the
target surface while regulating temperature for solvent
evaporation. Because the formation of the percolation network
varies depending on the wettability of the solution on the
substrates, and the spraying speed, it is necessary to design a
suitable process condition for the corresponding material and
substrate. Similar to spin-coating, it also can be applied to
various materials such as conducting/semiconducting poly-

er,%%2% carbon materials,’>’™>*° and metal nanomateri-
als®>*7%%% and their composites”***" for large areas of
transparent electronics fabrication, and it is recommended to
use or mix solvents with low boiling points, such as methanol,
for rapid solvent evaporation.”*” A large area (21 cm X 30 cm)
of the transparent electrode was fabricated using graphene and
PEDOT:PSS composite solutions with controllable optical and
electrical properties by spraying parameters (Figure 11C).»%
Depending on spraying cycles, the thickness of transparent
electrodes varied from 11 to 20 nm with 90% to 80% of
transparency at the visible range. The corresponding sheet
resistance was from 1.2 to 0.5 kQ sq~' (Figure 11D). Despite
its potential as a large-scale fabrication of transparent
electronics, it has disadvantages of uniform quality of
electronics.

The vacuum filtration method is an attractive way to prevent
material waste. While spin or spray coating wastes large
amounts of expensive materials, vacuum filtration can secure
high amounts of involved materials to form percolation
networks. When the synthesized material solutions are
vacuumed by the pump through the filtration membrane,
only solvents pass through the filter, and materials remain on
it. Then, the materials are transferred to the target substrate by
forming percolation networks with little material loss. The
thickness of transparent films can be controlled by the amounts
of solution to be filtrated for modification of optical and
electrical properties. In the case of expensive electronic
materials which require high costs of precursors such as
AgNW and AuNWs, vacuum filtration is the most effective
method for film formation with the minimized waste of
materials.' > 9#7%49%53% Highly transparent and stretchable
AgNW  percolation networks were reported by vacuum
filtration of AgQNW solutions and transfer to PDMS substrate
(Figure 11E). By simply controlling the amount of AgNW
solutions, the areal density of AGNW could be controlled from
132 to 528 mg m > and 132 mg m™> reached 93% of
transparency at 550 nm (Figure 11F)."*’ Various carbon-based
solutions can also be vacuum filtrated and transferred to soft
substrates.”> ™% Large areas of ultrathin transparent rGO
films were also fabricated by vacuum filtration transfer.”*” The
transmittance of ultrathin films was controlled by filtration
volume from 95% to 60% at 550 nm and the lowest resistance
of 43 kQ sq". While it can fabricate transparent electrodes on
various substrates, it is confined to the size of a vacuum filter,
limiting its scalability.

Electrospinning is a facile and cost-effective method to form
percolation networks of materials with enhanced scale. When a
varnish-type polymer solution is ejected to charged collector
board with aid of a high electric field, random polymer
networks are formed after evaporating the solvent. PU,

polyvingrlidene fluoride (PVDF), and PVA are typically
used.”*® Then, thin metals or conducting polymers are
deposited on them to form conductive percolation net-
works.”””  Electrospinning does not require complicated
material synthesis recipes, so the yield of producing percolation
networks is quite high®>*® and the density of percolation can
also be freely controlled depending on the spinning parameters
such as rotating speed, and viscosity of polymer varnishes. In
the case of etching the polymer backbone after conductive
material deposition, free-standing conductive percolation with
better conformability on skins can be obtained (Figure
11G).*”** Outstanding optoelectric properties with 90% of
transmittance at S50 nm and 2 Q sq~" of sheet resistance were
obtained for Cu nanonetworks and could be applied to various
surfaces including curved flasks and textiles (Figure 11H).*?
For mechanical robustness and easy handling property, it is
preferable to preserve polymer backbones.’’”>*" Fabricated
percolation networks are not only transparent and conductive
but also allow the exchange of mass and air between the living
body and the external environment through controlled pores,
which is very advantageous for long-term transparent and
wearable applications.

3.1.2. Conductive Grid Patterning. Patterning conven-
tional opaque materials into periodic grids is an effective way
to create transparent and electrically conductive materials. By
forming grid patterns, light can pass through the spaces in the
grid and the material retains its electrical conductivity. This
method is cost-effective and avoids the time and expense
associated with synthesizing new materials and offers a way to
produce transparent electronics with similar or better perform-
ance than newly synthesized material-based electronics. Unlike
random percolation networks which face difficulties in
precisely controlling their electrical and optical properties,
grid-patterned transparent electronics can easily manipulate
these properties by adjusting the width and spacing of their
patterns, resulting in mass production of electronics with
consistent and uniform characteristics.”*' It is typical to create
grid patterns of thin metals on polymer substrates, but in the
case of transparent materials also such as PEDOT:PSS, CNT,
and graphene, if voids are created through grid patterning, the
optical properties are further enhanced by sacrificing some
degree of electrical properties. Here, we will explain the
processes to secure transparency by patterning various
electronic materials.

Template-assisted printing techniques are simple solution-
based patterning methods that apply solution states of
materials on prepatterned templates. Depending on the use
of templates, various printing techniques have been reported
such as screen printing”z_546 and nanoimprint-
1ng.30’501’5()7“"%7"%8 For screen printing, templates are used for
the masking layer that blocks the applied solutions. Solutions
are directly poured on the target substrate where the mask
template is covered. After drying the solvents, the template is
removed and only areas that are filtrated with materials in
templates remain as the pattern. Nanoimprinting also requires
a prepatterned imprinting template and solutions are infiltrated
in it. A patterned template containing materials is directly
imprinted on the target substrate to transfer the pattern.
Polymer resins are also poured on them to transfer patterned
electronics on stretchable substrates. Various materials can be
applied to these methods including metal nanopar-
ticles,””>*>**>* nanowires,”*>****” and graphene.”* The
precision of these techniques is affected by the viscosity,
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Figure 12. Grid patterning. (A) Schematic illustration of nanoimprinting technique to fabricate AuNW-based transparent conductor. (B) SEM
image of grid-patterned AuNW transparent conductor. Reproduced from ref S01. Copyright 2016 American Chemical Society. (C,D) Schematic
illustration of optical microlithography for patterning organic semiconductors, conductors, and dielectrics. (E) Optical images of fabricated 42 000
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for the Advancement of Science. (F,G) Schematic illustration of direct laser sintering process to fabricate grid patterned Ag transparent conductor.
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concentration of the printing solution, and resolution of
prepatterned templates. Templates can be fabricated in diverse
approaches such as photolithography, nanosphere lithography,
and laser machining. Additional thermal annealing could
improve the properties of transparent electronics. 0,501,548
For instance, submicrometer resolution of imprinted AuNW
grids by direct imprinting methods. The imprinting template
was placed onto solutions of AuNW and conformally
contacted to the substrate (Figure 12A). After evaporating
the solvent, the template was removed for ultrathin grids of the
transparent electrode. The fabricated transparent conductor
showed honeycomb-shaped nanowire grids with high trans-
parency of 92% at 500 nm and 227 Q sq™" of sheet resistance
(Figure 12B). This process can be assembled with the roll-to-
roll process for the mass production of large areas of
transparent electronics.”’

Light-based patterning can fabricate patterns of electronic
materials using the photochemical or photothermal reaction
induced by the irradiation of light on materials. Photo-
lithography is a conventional method that selectively irradiates
light through photomasks on a photoresist (PR). Depending
on the type of PR, cross-linking occurs only in the part that
receives the light or vice versa. Then, after developing the non-
cross-linked part, the pattern is completed by the last etching
step. The pattern produced by photolithography is highly
precise compared to other processes, and mass production is
possible through the matured manufacturing system. However,
the temperature or pressure for the process is harsh and toxic
chemicals used for etching are not suitable to use directly on
the soft polymer substrates. Therefore, metal-based grids were
mainly fabricated by photolithography techniques.”****%#%35¢
Nevertheless, direct patternings of soft materials including
semiconducting polymers, conducting polymers, and insulating
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polymers on the soft substrates have recently been reported
(Figure 12C). UV-triggerable carbene species were introduced
as general cross-linking agents in semiconducting and
insulating polymers and PEGDMA for conducting polymers.
Direct patterning of soft polymers was possible by serial UV
light exposures to polymers with 2 ym for conducting polymer
and 4 pm for semiconducting polymer (Figure 12D). It could
highly integrate all polymer-based 42000 transparent tran-
sistors in square centimeters, which takes advantage of the
mass Eroduction of conventional photolithography (Figure
12E).>!

Compared to the photolithography method, which involves
multiple complex steps for pattern generation, laser-based
techniques offer a more direct and efficient approach.>>” Laser
ablation, for instance, can be used to create precise patterns of
materials in a simple and fast way. Selective removal of
deposited electronic materials can be achieved by pulsed laser
ablation, leaving behind grid patterns. This subtractive laser
ablation process offers a wide range of material options,
including ultrathin metal films,>*> metal nanowires,”>* and 2D
materials,”>* which can further enhance the transparency of the
resulting percolation networks. However, for the ablation of
materials, relatively high powers of pulse laser are required
which results in rough surfaces and irregular pattern
resolutions.”>” Additive laser sintering processes can resolve
these limitations by using the interaction of electronic
materials and the laser.”>” For example, when the metal
nanoparticles are synthesized in small sizes, the melting point is
drastically decreased compared to the bulk state.”>® These
nanomaterials can greatly absorb special wavelengths of the
laser by plasmonic effect, so through appropriate selections of
nanoparticles and lasers, it is possible to locally melt and
transform nanoparticles into thin metal through laser-induced
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L 27,30,506 8
photothermal reactions.””*%%°%%373% As an example, the

AgNP solution was spin-coated on a flexible substrate and a
532 nm laser was scanned for sintering (Figure 12F). When
the laser was scanned on a pristine AgNP layer, photothermal
energy locally melted the AgNPs and interconnected each
other (Figure 12G).”*® Depending on laser parameters, the
morphology of sintered Ag lines can be modulated. It showed a
20 pum resolution of line width and 100 ym of intervals (Figure
12H). Because the laser can provide localized heat for the
sintering process at ambient conditions, it can minimize
thermal damage on soft polymer substrates.

Grid patterns have controllable electrical and optical
characteristics according to line width and pitches. Therefore,
to secure a database of transparent electronic material
properties, it is essential to rapidly prototype each condition
of grid patterns. However, in the case of lithography, the
fabrication costs greatly increase with photomasks for each
pattern condition. Furthermore, while there must be
unavoidable wastes of materials in the photolithography or
laser processes, inkjet printing can fabricate various prototypes
without expensive photomasks and loss of materials.”’
Synthesized solutions states of materials are ejected in the
form of droplets through a nozzle (Figure 12I). The size of
ejected droplets is determined by the size of the nozzles and
the viscosity of the inks. By continuously ejecting these
droplets, the programmed patterns are drawn through the
compute-aided design program. The quality of grid patterns
depends on the discharge conditions (e.g, voltage and
waveform) and the characteristics of the inks and substrates.
Materials used are usually synthesized metal nanopar-
ticles,”%"°%% graphene ink,****" and semiconducting metal
oxides.®> For instance, a stackable transparent integrated
circuit is developed by inkjet printing on the PDMS layer.
Three layers of 1.6 ym width of conductive Ag gird were

stacked by keeping high transparency of 85% at the visible
spectrum (Figure 12, 12K).>*

3.1.3. Subwavelength Structures. So far, we have
discussed various engineering processes aimed at enhancing
the optical properties of electrically conducting or semi-
conducting materials used as functional layers in transparent
electronics. However, it is worth noting that packaging
materials, such as substrates and encapsulations, occupy a
significantly larger area compared to functional layers.
Surprisingly, there is a lack of research focused on improving
the optical properties of them. For wearable electronics, which
often utilize flexible polymers and soft hydrogels as packaging
materials, transparency is inherent. However, when these
materials are applied to the human skin, they tend to reflect
light, creating a noticeable optical contrast with the
surrounding unattached areas. As a result, it becomes crucial
to develop strategies that reduce light reflection and increase
transparency to achieve optical imperceptibility in transparent
and wearable electronics.

There have been various studies for antireflective layers for
transparent electronics,””’ among them we focus on sub-
wavelength structures (SWS) applied to packaging material
that can reduce the Fresnel reflection between the air and the
material. Properly designed SWS can greatly reduce reflectivity
in the broadband and also increase transparency in the target
region in broadband. To minimize the Fresnel reflection
between air and materials, the structure needs to be tapered,
preferably smaller than the optical wavelength and the height
of the tapered structure should exceed the broadband
wavelength, which is referred to as the moth-eye structure
(Figure 13A).>°* To achieve such an intricate and challenging
high aspect ratio of nanostructure array with a high packing
density, various processes have been developed such as
colloidal lithography,®®® laser interference lithography,****%°
and photolithography.*”” Colloidal lithography can conven-
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iently fabricate SWS by employing a colloidal polystyrene
nanoparticle layer as an etching mask.’® To create a
monolayer of nanoparticles, a particle solution with a diameter
of several hundred nanometers is coated. The resulting shape
of the SWS after etching varies depending on the size of the
nanoparticles. Therefore, adjusting the nanoparticle size using
O, plasma allows for control of the packing density. Plasma
etching using a CF, and H, mixture generates the desired SWS
shape, while the remaining polystyrene nanoparticles are
subsequently removed. These produced SWS structures exhibit
distinct transmittance and reflectance properties based on their
shapes. When applied to transparent glass, they achieved
higher transmittance and lower reflectance compared to bare
glass (Figure 13B), and through controlling etching duration,
exceptional transmittance of over 99%, and remarkably low
reflectance ranging from 0.7% to 1.2% were achieved (Figure
13C).

Laser interference lithography enables the fabrication of
finely controlled SWS without the need for a mask layer. After
coating a PR with a thickness of several hundred nanometers
on the desired substrate, two laser beams are irradiated to
induce an interference pattern in the PR. After developing the

10014

pattern, thermal reflow is performed, causing the PR to
transform into a lens-like shape. Subsequently, plasma etching
is conducted, resulting in the formation of a parabolic SWS
structure. The shape of the SWS varies depending on the
period of the PR according to the two laser exposures as well as
the conditions of thermal reflow and etching. Compared to a
flat substrate, the average reflectance of the SWS decreased
significantly to 7.8% in the wavelength range of 300—2000 nm,
whereas it exceeded 30%.°*

Despite the above-mentioned studies that enhanced the
optical properties of materials, to apply this technology to
wearable electronics applications, it is necessary to embed the
SWS in soft packaging materials, and several groups have
reported highly controlled SWS in flexible substrates or soft
elastomers to reduce reflectivity and maximize transparency.
By utilizing the above-mentioned processes, a master mold
with embedded SWS can be fabricated on rigid materials.
Subsequently, soft imprint lithography allows for the
imprinting of inverted SWS structures onto soft or flexible
packaging materials such as PU**® and PDMS.>"” In the case of
PDMS, a Si master mold was fabricated by laser interference
lithography.”®® After dropping and curing PDMS onto the
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mold, an improved optical characteristic of the PDMS sheet
was obtained (Figure 13D). In this process as well, the optical
properties varied depending on the period of the SWS, and at
the optimal period of 380 nm, it exhibited a total transmittance
of 93.8% over a wide wavelength range, whereas flat PDMS
showed a transmittance of 91% (Figure 13E). In terms of
reflectance, the SWS with a period of 380 nm exhibited 5.5%
reflectance, while flat PDMS showed 8.6% reflectance,
demonstrating improved optical characteristics (Figure 13F).
The proposed structural approach can be applied to various
newly developed soft materials to fabricate transparent
wearable devices with superior optical properties, which is
expected to greatly enhance the optical imperceptibility of
transparent wearable devices.

3.2. Electrical Properties

Design parameters of ultrathin materials, random percolation
networks, and grid patterns for high optical properties
inevitably sacrifice the electrical properties of transparent
wearable electronics. This deteriorated electrical property
induces severe noise levels to the biosignal when electronic
devices are integrated with living bodies. Furthermore, the
presence of irregularly high resistance regions can cause
uncontrolled heat generation, potentially leading to burns in
biological tissues. Therefore, to safely and accurately record the
biosignal coming from the living body, sufficient electrical
properties have to be ensured. In this section, we broadly
review mechanical, electrical, chemical, and thermal strategies
that have been developed to improve the electrical properties
of transparent electronic materials while maintaining high
transparency (Figure 14).

3.2.1. Directional Alignment. Random percolation net-
works fabricated by nanowires or carbon nanotubes allow
charges to flow through the backbones of networks. In the case
of semiconducting or conducting polymer, charge flows along
the polymer chains. The random distribution of the
percolation networks results in random charge flow, leading
to increased resistance and delayed electrical signals from living
bodies. However, if percolation networks or polymer chains are
aligned in a specific direction, the charge prefers to flow in the
guided directions by lowering the percolation threshold, which
enables signal transmission through fast charge flow. In this
section, we will introduce various methods in which polymer
chains or percolation networks can impart directionality and
discuss the improvement of the electrical properties of applied
materials.

Mechanical stretching can induce directional alignment most
intuitively. Uniaxial stretching is performed to promote the
directional alignment of electronic materials such as
CNT,>%%¢ 1'aphene,570’571 metal nanowires,’’”> and PE-
DOT:PSS,”'*” to modify electrical properties. PEDOT:PSS
is known to have a low fracture strain of less than 5%, resulting
in a high resistivity increase. It is due to the large difference in
mechanical properties from the substrate where PEDOT:PSS
is deposited, and the difference in conductivity according to
the strain of pristine PEDOT:PSS was reported by matchin%
the mechanical properties with the substrate (Figure 15A).”"
As a result, when tensile strain is applied to PEDOT:PSS,
morphological changes occur in which the connection between
conductive PEDOT-rich domains is strengthened by the strain,
and the resistivity decreases by 90% at 60% tensile strain
(Figure 15B).>”* Piezoelectric polymer, PVDF has permanent
dipoles inside the molecule structure so that voltage is output

according to mechanical strain due to temporal change of the
dipole system. It is widely adopted as transparent functional
layers for various transparent wearable sensors due to its
piezoelectricity. There are three well-established polymorphic
phases of a-, -, and y-phase coexisting inside PVDF. It is
important to produce as much f-phase as possible to get better
piezoelectric properties because it has the highest dipole
moment among them. Many studies have confirmed that the -
phase is greatly increased through morphological changes
inside the polymer chain by mechanically stretching PVDF,
and improved piezoelectricity properties have been re-
ported.”">”* Mechanical stretching, however, can not apply
uniform strain across the entire film, resulting in nonuniform
electrical properties. In addition, because it is difficult to apply
to fragile thin films, it can be seen as suitable for low-quality
mass production of electronic materials.

Solution shearing can give local strain to induce morpho-
logical change or molecular packing of electronic materials in a
facile and precise manner. In solution shearing, shearing plates
or nanomicropatterned shearing channels drag the solution or
liquid state of synthesized materials on the substrate while the
substrate is heated for solvent evaporation (Figure
15C).>"?7>*57> When nanowire solutions are dragged through
a nanopatterned channel, the charge can flow in programmed
pathways, resulting in higher electrical properties with the
same density compared to those of random percolation
networks of AgNWs fabricated by other solution processes
(Figure 15D, 15E).”"* In addition, it is possible to secure high
optical transmittance compared to random percolation net-
works of the same resistance because more light-passing areas
can be created through minimal nanowire density (Figure
15F). Semiconducting polymers are also solution-sheared by
micropatterned channels to enhance hole mobility by tuning
molecular packing in chain structures (Figure 15G).>' "7
The molecular packing and crystallinity in the semiconducting
film are determined by shearing speed and which showed
different lattice spacing. Directional alignment of polymer
chain structure showed a high enhancement of electrical
mobility by up to 6-fold compared with spin-coated samples
and a 3-fold enhancement of mobility under 100% of strain
(Figure 1SH). Solution shearing methods, which can be
applied to various materials described above, are highly
effective in that they can easily improve the molecular
structures and physical properties of electronic materials
without changing sophisticated synthesis recipes.

There exist electric dipole moment systems in certain
electronic materials which can react to the external electric
field. The external electric field can induce directional
alignment or conformational change of such materials with
controlled heat treatment. PVDF can react to the external
electric field through internal dipole systems. Various studies
reported increased ferroelectricity of PVDF through dipole
moment alignment by the external electric field (i.e.,
production of p-phase).””® PEDOT:PSS also have dipole
systems where positively charged PEDOT-rich domains are
ionically bonded to negatively charged PSS-rich domains. By
applying external electric fields to PEDOT:PSS, electrical
conductivity is enhanced by the connection of the conductive
PEDOT-rich domain through phase separation.””’ This
phenomenon can also be applied to various electronic
materials having dipole systems inside their chemical
structures.
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Interface-based assembly of nanomaterials is also an effective
method to fabricate aligned nanomaterials with high scalability.
Langmuir—Blodgett assembly is a representative method to
coat ultrathin layers of nanomaterials on target surfaces. After
dispersing materials on the surface of the water, pressure in a
specific direction is applied through the plate to give alignment
of materials and transfer them to the substrate. The density of
the aligned percolation network can be adjusted according to
the number of depositions to control transparency and
electrical properties. Various electronic materials synthesized
in the solution state such as carbon materials’’**”” and metal
nanomaterials®*’ can form aligned percolation networks for
transparent electronics in large areas through assembly
technique. Recently, similar to the Langmuir—Blodgett, a
floating assemblz is reported to give alignment of various
nanomaterials.”’> By dropping surfactant on the surface of
dispersed nanomaterials, close packing of materials occurs
through Marangoni flow induced by surface tension gradient
(Figure 1SI). Highly packed and aligned nanowire membranes
could be stretched up to 500% of strain which has excellent
compliance with the skin (Figure 15J). Although closely
packed nanomembranes are not sufficiently transparent in this
study, it is expected to be a useful method for transparent
electrodes if the packing distance is adjusted or patterned in
microgrids with photolithography.

3.2.2. Post-Treatment. Transparent electronic materials
fabricated by various processes have unavoidable defects
inside. In the case of ultrathin materials deposited by the
vacuum processes, there exist too many defects and grain
boundaries inside the lattice.”®' Metal nanowire percolations
have high resistances at the junctions between nanowires due
to the polymer capping layers, which are electrical
insulators.”®* For organic semiconductors or conductors, the
electrical properties are severely hindered by excessive
amounts of insulator components in the polymer chains.”*
To decrease these defects, post-treatments such as high-
temperature annealing have been developed. However, to
apply for wearable transparent electronics, new types of post-

treatment processes that can improve the defects of the
material even with heat-sensitive soft materials are required. In
this section, we introduce postprocesses that improve the
electrical properties of transparent electronics that can be
applied on flexible or stretchable soft substrates.

Heat treatment is an important process to control the
crystallinity or phases of materials. To induce these changes in
materials states, most of the processes require high temper-
atures over several hundred degrees Celsius or a vacuum
environment. However, materials used in wearable electronics
are easily burned at high temperatures or mechanically
distorted in vacuum environments. Therefore, there is a need
for developing methods of increasing electrical properties
without damaging soft materials at low temperatures and
atmospheric pressure. Light is an energy source that can freely
supply thermal energies to materials regardless of surrounding
temperature and pressure. Furthermore, in the case of certain
nanomaterials, there are characteristics of greatly absorbing
light in an instant when exposed to light, which is known as the
plasmonic effect. Therefore, various annealing post-treatment
based on photon energy termed “photothermal annealing” has
been widely developed. A laser can selectively supply a high
density of photon energy for recrystallization or phase changes
of materials. When the laser is irradiated on metal nanowire
percolation networks, light is greatly absorbed by the
plasmonic effect at the junctions, heat is generated here, and
the junctions are welded together for better charge
flows.”>***>** Similar phenomena are reported in another
light source, the Xenon flash Iamp.516’586 Unlike a laser, the
flash lamp has no selectivity, but it has the advantage of
scalability to treat a large area of electronic materials with fast
processability. When the flash lamp is irradiated on the metal
nanowire percolation networks, plasmonic welding occurs in
the junctions of nanowires without any oxidation (Figure
16A).>"® These welding spots without insulating PVP shell
enabled fast charge transport along the percolation networks
that showed significant drops of sheet resistance after the
process (Figure 16B). Along with the nanowelding between
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the junctions of nanowires, mechanical interlocking occurred
with flexible substrates which enhanced the robust adhesion of
percolation networks to substrates. However, its accuracy of
property modification is lower than that of a laser, so it would
be more desirable to use it for mass production purposes in
wearable electronics that do not require high electrical
properties.

Cold welding processes without expensive optical equipment
are also developed to improve the electrical properties of
percolation networks. Even though the processes using
photothermal energy apply little thermal stress to the soft
substrate, inevitable thermal strain or burning can occur if
excessive heat is supplied. Therefore, techniques that induce
welding at percolation junctions that do not apply heat at all
are being developed at room temperature and pressure with
cost-effective equipment. Solvents that can dissolve the
capping layers of nanomaterials are also post-treated for
percolation networks to improve junction resistance. By
applying multiple solvent treatments, exfoliation of the capping
layer occurs to decrease the gap of junctions of metal
nanowires.””” Solvents also can induce nanoscale capillary
force for cold welding when it is evaporated which can also
lower junction resistance. Water is normally used as an
evaporation solvent to induce capillary force at staked
nanowire percolation networks.”'” Additional mechanical
pressing can maximize the welding effect with solvent
treatments. By adopting the roll-to-roll system, large areas of
transparent electronics with improved electrical properties can
be fabricated with enhanced scalability.”*”

Applying solvents or chemical treatment can change the
chain structure of organic materials for better electrical
properties. For example, PEDOT:PSS has chemical structures
composed of the benzoid and quinoid structures where the
benzoid structure is disadvantageous for charge transport and
the quinoid structure is much more advantageous.’’® When
dried pristine PEDOT:PSS film is immersed in H,SO,, the
benzoid structures are transformed into the quinoid structure
with morphological changes from coiled to linear conforma-
tions for better charge flow in polymer chains (Figure 16C).>"”
The electrical conductivity was enhanced from 1 S cm™
over 4000 S cm™" by simply dipping in H,SO,. It can improve
the electrical properties of conducting polymer without
composite materials which can affect the optical property
because the solvents can be fully removed by evaporation or
washing steps. Highly transparent and semimetallic conductive
PEDOT:PSS films can be transferred to various substrates for
flexible electronics applications (Figure 16D).

to

4. BRIDGING INTERFACE WITH THE HUMAN BODY

Human body sustains its life through constant mechanical
movement and chemical metabolism. Healthy adults take
7000—13 000 steps per day,”™ where joints are folded and
flexed continuously and facial muscles are repeatedly stretched
and released while talking and eating foods every day. This
continuous movement applies continuous stress and strain to
wearable electronic devices integrated with bodies.”® Biofluid
such as sweat, secretion, and blood that are continuously
generated from the living body easily make the wearable and
implantable devices detached or corroded, which eventually
causes device malfunction.”” Furthermore, inadequate regu-
lation of heat while wearing wearable electronic devices can
lead to thermal discomfort and tissue damage. Therefore,
strategies for bridging electronic devices with biosystems with
high safety are required for reliable operations during desired
periods, such as disease diagnosis or medical treatment.
(Figure 17). This section introduces bridging strategies for
efficient interfaces to the living body in mechanical, chemical,
biochemical, and thermal aspects (Tables 6 and 7).

4.1. Mechanical Interface

Securing tissue-like mechanical properties is essential for the
stable operation of wearable and implantable devices
integrated with biosystems that constantly repeat dynamic
mechanical contraction and relaxation. Human body, for
instance, has a stretchability of ~30% in the case of skin,®*®
and the heart undergoes volume changes of 8—13%
throughout the cardiac cycles.'® In addition, the human
body has soft mechanical properties with low Young’s modulus
depending on the area while widely used electronic materials
show much higher ranges of modulus (Figure 18).* When
conventional rigid electronic devices are attached or inserted
into the living body, they can directly damage the biotissue due
to the difference in mechanical modulus, and side effects such
as foreign body reactions or immune responses can occur. This
is not only dangerous in terms of human safety but also leads
to the failure of electronic devices due to inflammatory
encapsulation.” To resolve these problems, various structural
and material studies have been actively conducted to design
electronic devices with advanced mechanical properties
including stretchability and softness to cope with repetitive
mechanical deformation and the soft nature of living tissues. In
this section, we review strategies to match the mechanical
properties of devices to biological systems by using transparent
electronic materials.

4.1.1. Stretchability. 4.1.1.1. Structural Engineering.
Inorganic electronic materials have been verified for their
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Table 7. Various Engineering Strategies for Improving Softness of Electrode Materials for Human-Machine Bridging

materials Young’s modulus stretchability electrical properties transparency ref
Electrically Conductive Elastomer
PEDOT:PSS, elastomer 56.1-301.0 kPa tensile strain 700% electrical conductivity: 70—95% 604

1-37 S em™
EGaln, elastomer 89 kPa tensile strain 769% semitransparent 605
Ionic Conductive Elastomer
electrolyte salt (LiTFSI)/monomer tensile strain 1100% electrical conductivity: 98% 606
(BA)/cross-linker (PEGDA) 127 X 1077 S cm !

AAm/MA 0.04 MPa (AAm/MA = 1/2), tensile strain: 450% ionic conductivity: 95.1% 607

0.87 MPa (AAm/M
A=2/1)
Electrically Conductive Hydrogels

PVA/PAAm/PPy hydrogel tensile strength 0.2 MPa,

40 x 107* S cm™

tensile strain: 500%, stretching cycles: electrical conductivity: 94.2% 608

compression strength 2000 (100% strain) 03Sm™
1.5 MPa
PEDOT/PAAm hydrogels 8—400 kPa tensile strain >100%, stretching electric conductivity: 609
cycles: 10 (100% strain) 23 +56Sm™

pure PEDOT hydrogels 24 + 5.4 kPa (using AFM)

tensile strain: 20%, stretching cycles:  electric conductivity: 610
10000 (20% strain)

474 +12S cm™

pure PEDOT hydrogels 1.1 MPa tensile strain >35% electric conductivity: 611
28 Scm 7!
pure PEDOT hydrogels 57 MPa tensile strain: 20%, stretching cycles:  electric conductivity: 612
5000 (15% strain) 670 S cm™*
Ionic Conductive Hydrogels
PAAm hydrogel containing LiCl 12 kPa areal strain: 1000%, tensile strain: ionic conductivity: 98% 613
salts 10009%, stretching cycle: 100 (200% 1 S m™*
strain)
NaCl containing polyacrylamide 10° N m™ areal strain: 167% sheet resistance: 98.9% 614
hydrogel 10* Q sq"
thickness of the PDMS membrane with controlled cracked
Material Gel Elastomer Rubber Inorganic morphology for high stretchability. Due to ultrathin properties,
| | | | | it could be conformally attached to various biological tissues
Modulus 1 1 1 1 such as human skin and mouse nerves (Figure 19B,C). High
100 103 10© 10° 1012 1. . .
gas permeability and adhesion to tissues also allowed long-term
Human Tissues Muscle Tendon Bone safe operation of bioelectronic applications.

Figure 18. Elastic modulus of various electronic materials and
biological tissues.

high electrical properties which enabled fast response to
biosignals. However, due to their inherent rigidity, it is not
mechanically matched with biological tissue, so electrical
breakages occur during the repetitive deformation of living
bodies, making their excellent performance useless. To
maintain the high electrical properties of inorganic materials
even interfaced with soft biological systems, ultrathin nano-
membranes have been developed.”'”°'® By thinning inorganic
materials down to hundreds of nanometers, the elastic
modulus and stiffness are greatly reduced but also can ensure
high transparency simultaneously. The silicon nanomembrane
showed a gradual increase in elongation when it is fabricated
down to 25 nm. It also showed a notable decrease in Young’s
modulus, where bulk silicon has 180 GPa of modulus but
drops to 3.25 GPa when it is thinned down to the
nanoscale.”’” Single crystalline GaN nanomembrane also
showed high compliance to human skin when it is fabricated
down to 200 nm.”’® This concept can also be applied to
organic materials such as graphene,””"*" conducting poly-
mers,620 elastomers,””*”* and hydrog.;els.é21 For example,
microcracked gold-coated ultrathin PDMS conductors show
superior stretchability to thick ones by demonstrating 300%
stretchability and recovering electrical properties (Figure
19A).>” A thin layer of gold was evaporated on the ultrathin

Stretchability can be further enhanced by applying prestrain
to the stretchable substrate where the electronic materials are
deposited. Polymer substrate is prestretched before the
deposition of materials such as metal, semiconductor, and
graphene. By releasing after deposition, periodic wavy wrinkle
structures are created and the structures are flattened under the
strain to retain strain-insensitive characteristics.””*~>7*¢*>%** If
the thickness of deposited electronic materials on the
prestrained substrate is reduced to the nanoscale, combined
with the thickness-dependent mechanical property, better
strain-insensitive properties can be designed. Transparent
and stretchable electrodes can be fabricated by depositing
ultrathin metals on prestretched PDMS. It shows 20% of
stretchability with tunable electrical and optical properties.””
This process can also be applied to percolation network-based
transparent electronics such as AgNW,595 GO,*° and CNT.%*?
AgNW percolation networks were prestrained for buckled
structure for higher stretchability and subsequently treated
with various solvents to reduce the instability of the buckled
structure (Figure 19D). Rather than forming out-of-plane
buckling of conventional prestrained AgNW percolation
networks, solvent treatment rearranged the wavy AgNW
networks more energetically favorable for uniform load transfer
(Figure 19E).>”> Water as solvent showed the most desirable
optical and electrical properties by showing a large area (25 cm
X 20 cm) of the stretchable and transparent conductor with
91.8% of transmittance in the visible range and 26.8 Q sq~" of
sheet resistance (Figure 19F). The fabricated transparent
conductor showed much higher stretchability of over 50% than
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Figure 19. Structural engineering. (A) Schematic illustration of the ultrathin thickness of the stretchable elastic conductor. (B,C) Optical images of
stretchable ultrathin electronics interfacing with human skin and rat nerves. Reproduced with permission from ref 593. Copyright 2022 Springer
Nature. (D) Schematic illustration of prestrain methods for high stretchability. (E) SEM image of wrinkled AgNW percolation networks. (F)
Optical image of the large area of prestrained AgNW transparent conductor. (G) The transmittance of prestrained AgNW percolation networks.
Reproduced with permission from ref 595. Copyright 2020 Wiley-VCH. (H,I) Optical images of stretchable serpentine graphene electronics. (J) I—
V curves of yLED under various strains. Reproduced from ref 6. Copyright 2011 American Chemical Society. (K) Schematic illustration of
stretchable Kirigami conductor. (L) Change in resistance of Kirigami conductor under cyclic mechanical deformation. (M) Optical image of
conformal contact of Kirigami conductor on human skin. Reproduced from ref 599. Copyright 2019 American Chemical Society.

straight AQNW percolation networks. As a result of solvent
treatment for reducing the instability of buckling, prestrained
AgNW showed better stability under the cyclic stretching test
than the nontreated counterpart (Figure 19G).

For the hyperstretchability of brittle electronic materials, the
geometry has been structurally designed. Periodically con-
nected arc-shape termed “serpentine design” is broadly
adopted for nonlinear response to applied strain which can
be highly stretched without giving critical strain to brittle
materials.””” The stretchability of such designs can be
systemically decided by the radius, periods, and line width of
the arcs. Ultrathin inorganic materials are normally deposited
on polymer substrates and laser-machined for designed
geometry. Various electronic materials, including ultrathin
metals,” carbon-based materials,6 metal nanomaterials,” and
conducting polymers,”*" are reported in serpentine shape for
stable electrical connection under strain. Although CVD-grown
graphene has been popularly utilized for e-skin applications
due to its low flexural rigidity, it stayed at the level of flexible
applications. For hyper stretchability, transparent graphene
electrodes and interconnections were designed as serpentine
geometry and transferred on a stretchable PDMS substrate for
strain-insensitive electrical properties (Figure 19H).6 HLED
devices were assembled with the transparent circuit of
graphene with high deformability which stably operated
ULEDs under 106% of tensile strain (Figure 19I). The high
electrical conductivity of transparent graphene under mechan-
ical deformation was proved by measuring I—-V characteristics
that showed no clear difference (Figure 19]). Furthermore, if
these geometries are fractally designed, electrical interconnec-
tions can be filled with high density in small spaces, making it

10020

possible to manufacture arrays of sensors or electrodes.”**
However, typical serpentine design can only be stretched in a
single direction with a positive Poisson’s ratio. Because living
bodies are stretched in bidirection, more complex and
elaborately designed structures are being studied. “Auxetic
structure”, or structure with negative Poisson’s ratio, can be
stretched in both directions when biaxially strained.””®>*¢*°
Recently, various studies have been carried out to attach
auxetic—desi§ned electronics to various biological tissues such
as organs”’® and skins.’”’ Simple laser cutting of 2D
electronics can also impart auxetic structures termed “Kirigami
structure” (Figure 19K). For transparent applications (over
80% of transmittance in the visible spectrum), AgNW
percolation networks were embedded in a colorless PI
substrate which is not stretchable. Then, AgNW embedded
conductors are laser-machined as Kirigami structure for
hyperstretchability (400% of strain with negligible mechanical
hysteresis) (Figure 19L). By controlling cutting length, pitch,
and periods, the response to mechanical deformation is freely
tuned. Through the high stretchability of the Kirigami AgNW
conductor, it is easily attached to curvilinear human skins and
stably recorded biosignals for wearable electronics applications
(Figure 19M).599

4.1.1.2. Materials Engineering. The structural design
parameters for stretchability are also correlated with the
optical and electrical properties of transparent electronics. For
example, in the case of wrinkle structures by prestrain methods,
optical clearance can be deteriorated due to light refraction
induced by periodic wrinkles. For serpentine design, when a
large arc radius is used for high stretchability, the length of the
interconnection becomes long, which makes electrical
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Figure 20. Materials engineering. (A) Schematic illustration of supramolecular chain engineering for high stretchability of PEDOT:PSS. (B)
Optical images of stretchable transparent PEDOT:PSS under tensile strain. (C) Conformal contact of stretchable PEDOT conductor on the mouse
brain. Reproduced with permission from ref 603. Copyright 2022 American Association for the Advancement of Science. (D) Schematic illustration
of stretchable organic semiconductor fabricated by nanoconfinement effect. (E) Optical image of organic semiconductor films under tensile strain.
(F),(G) Optical image of the high transparency of organic semiconductors and conformal contact to human skin. Reproduced with permission
from ref 10. Copyright 2017 American Association for the Advancement of Science.

resistance too high. In addition, although the serpentine
structure is made into fractals, it is hard to fabricate high-
density sensors or electrode arrays in confined spaces due to
inevitably possessing large spaces for curved patterns. Material
engineering has resolved these limitations by developing
creative electronic materials that are intrinsically stretchable
that do not require structural engineering. Conductive
percolation networks introduced in the previous chapters are
representative of intrinsically stretchable transparent materi-
als.*">>**! When highly conductive metals are synthesized into
nanomaterials (e.g., nanoparticles and nanowires) and
percolated into the mesh-like structure, optical properties can
be ensured due to voids through which light can transmit, and
simultaneously the mesh can be stretched up can recover its
shape under cyclic tensile stress.”'>® AgNW percolation
networks decorated with CNT change can endure over
200% of strain with strain-invariant electrical properties.”*!
Nanofiber-based percolation networks can also be easily
stretched because their backbones are made with elastic
polymers and also form mesh-like percolation struc-
tures.”*"%*7**® Metalized nanofiber web also showed high
transmittance of 90% in the visible range and sheet resistance
of 3.8 Q sq7! and could be stretched over 70%.°” During
mechanical deformation, electrical disconnections normally
occur at the junctions between the percolation backbones, and
by performing post-treatments that weld the junctions,
strengthened stretchable electronics can be developed.
Among various intrinsically stretchable electronic materials,
conducting and semiconducting polymers are attracting the
most attention due to their dual ionic and electronic
conductivity, which is an important advantage for communicat-
ing with biological tissues. Their soft mechanical properties
bridge the gap between rigid electronic devices and soft
biological tissues. In the case of conducting polymers,
electrochemical performances are superior to metallic materials
due to 3D percolative morphology and ionic conducting
polymer chains, and high transparency can be obtained when

10021

coated with thin thicknesses. PEDOT:PSS has attracted the
most attention among various conducting polymers due to its
excellent electrical conductivity and biocompatibility. How-
ever, it is easily electrically broken when only a little strain is
applied. Furthermore, due to the unique chain structure
surrounding the hydrophilic PSS-rich domain surrounding the
hydrophobic PEDOT-rich domain, it was fragmented in
physiological environments, resulting in device failures.””” To
resolve these limitations, plasticizing methods have been
developed to modify the chain structure by mixing various
types of additives such as ionic liquids and polar
solvents.”®°"°% With the charge screening effect, additives
break the ionic bonds between the PEDOT-rich domains and
the PSS-rich domains to separate conductive PEDOT-rich
domains and soft PSS-rich domains. Mixed additives act as
efficient dopants for the PEDOT-rich domain to induce
morphological change in polymer chains. Plasticized PE-
DOT:PSS reported 4100 S cm™' under 100% of strain with
high transparency over 75%.°°" Recently, a more elaborate and
elegant design of additives for PEDOT:PSS is developed for
high stretchability and electrical conductivity. They designed a
polyrotaxane structure-based cross-linkable supramolecular
additive (Figure 20A).°”* The additives could slide along the
polymer blend’s chains, enhancing stretchability. The electrical
conductivity was further enhanced by treating H,SO, which
reached one of the highest electrical conductivity of 6000 S
cm™! even under 100% of tensile strain (Figure 20B). Through
soft mechanical properties of modified PEDOT:PSS, it could
conformally be interfaced with the brain tissue of a mouse,
whereas rigid devices showed a distinct gap between the device
and tissues (Figure 20C). High resolution of photolithography
patterning was possible for stretchable PEDOT:PSS that can
further increase transparency through grid formations.
Semiconducting polymers have also been developed for the
soft semiconducting component in wearable devices to replace
inorganic semiconductors, but their charge carrier mobility is
drastically dropped when tensile strain is applied. Through the
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Figure 21. Conductive elastomer. (A) Schematic illustration of surface-initiated atom transfer radical polymerization with liquid metal and various
polymer matrices. (B) Optical image of transparent liquid metal-based conductive elastomer. (C,D) High stretchability of liquid metal-based
conductive elastomer. Reproduced with permission from ref 605. Copyright 2019 Springer Nature. (E) Molecular structure of transparent ionic
conductive elastomer. (F) Optical image of highly transparent ionic conductive elastomer. (G) Stress—strain curve of transparent conductive
elastomer. (H) Strong adhesion of ionic conductive elastomer to various substrates. Reproduced with permission from ref 606. Copyright 2018
Springer Nature under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/.

nanoconfinement effect, semiconducting polymer nanofibrils
are infiltrated in easily deformable elastomers (Figure 20D).
High mobility was maintained due to the stable connections
between nanofibrils and soft elastomeric matrix which can
endure stresses.'”>’>*** Developed stretchable semiconduc-
tors with poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-
diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]-
thiophen) as semiconducting polymer and polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene (SEBS) as elas-
tomeric matrix showed high biaxial stretchability of 100%
strain with little change of mobility (Figure 20E)." Due to its
thin thickness of nanoconfined stretchable semiconductors, it
showed great potential to be utilized for transparent wearable
soft electronics (Figure 20F,G). Charge carrier mobility can be
further enhanced through the directional alignment of
nanofibrils by solution shearing processes. Stretchable semi-
conductors with poly-[2,5-bis(7-decylnonadecyl)pyrrolo[3,4-
c]pyrrole-1,4-(2H,5H)-dione-(E)-(1,2-bis(5-(thiophen-2-yl)-
selenophen-2-yl)ethene) (DPPDTSE) as semiconducting
polymer and SEBS as the elastomeric matrix was solution
sheared for directional alignment of DPPDTSE nanofibrils
inside SEBS.””® It showed enhanced stretchability and charge
carrier mobility along the stretching direction simultaneously.

4.1.2. Softness. 4.1.2.1. Soft Layer Coating. Although
various strategies have been developed for stretchable
electronics, still conventional materials over 1 GPa of Young’s
modulus (e.g, metals, stiff polymers) are widely applied to
biological tissues, which have the potential danger of immune
responses in long-term operations. Coating soft materials on
rigid electronic devices can resolve the mechanical mismatch
with soft biological tissues most intuitively and simply.
Transparent microelectrode arrays that interface with neural
tissues to record electrophysiological signals and obtain optical
images simultaneously are usually made of rigid inorganic
materials such as ITO. By coating soft conducting polymer,
PEDOT:PSS on metal electrodes, it can reduce mechanical
mismatch with soft tissues without deteriorating the electrical

properties of the microelectrode array.*' It rather enhances

the signal-to-noise ratio of neural signals due to the higher
electrochemical properties of conducting polymers than metal
electrodes. Through the high electrochemical stability of
conducting polymers in physiological environments, chronic
recording of biosignals and optical imaging of tissues is
possible.

Compared to conducting polymers that are selectively
coated on metal electrodes, hydrogels are coated on entire
devices for better soft interfaces with biological tissues.”**~%**
Hydrogels are hydrophilic polymer networks infiltrated with
high amounts of water inside. Through the highly porous
morphology of hydrogels, it can contain high amounts of water
(over 80%) which is advantageous for continuously supplying
nutrition to interfacing tissues. This high content of water can
make biological tissues feel soft enough when hydrogels are
interfaced with them. Young’s modulus of reported hydrogels
ranges from a few kPa to hundreds of kPa depending on
polymer types.”* A variety of polymers are studied to fabricate
soft hydrogels including synthetic polymers and natural
polymers. Synthetic polymers such as PVA and poly(acrylic
acid) (PAA) are widely reported as soft transparent hydrogels
for bioelectronics interfacing.”* It has the advantage of mass
production with uniform quality, and the physical properties
can be easily tuned with other polymer networks. Meanwhile,
natural polymers such as gelatin and collagen are more
compatible with biological systems due to their similar
composition with them. However, the quality of manufactured
products is relatively not uniform because they are naturally
driven, which is inadequate for reliable and precise electronics
applications. By coating hydrogels on electronics, it can block
charge transfer with biological systems which hinder signal
transfer. This can be resolved by the additional coating of
conducting polymers selectively on electrode sites.’?’

4.1.2.2. Conductive Elastomer. Soft-layer coated rigid
electronic systems must have unavoidable heterogeneous
contacts between soft and rigid materials. Inherently different
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Figure 22. Conductive hydrogels. (A) Schematic illustration of interpenetrating networks of conductive hydrogels using PEDOT:PSS and PAA
networks. (B) Optical image of conductive hydrogels under 250% of tensile strain. (C) Stress—strain curves of conductive hydrogels varying
compositions of PEDOT:PSS and PAA contents. Reproduced with permission from ref 609. Copyright 2018 Springer Nature under the CC BY 4.0
license http://creativecommons.org/licenses/by/4.0/. (D) Schematic illustration of highly tough and stretchable conductive hydrogels by
orthogonal photochemical reactions. (E) Optical images of highly tough and stretchable conductive hydrogels. (F) Stress—strain curve of
conductive hydrogels. Reproduced with permission from ref 653. Copyright 2021 Springer Nature under the CC BY 4.0 license http://

creativecommons.org/licenses/by/4.0/.

properties of these heterojunctions are mechanically vulnerable
when electronic devices are exposed to cyclic strain interfaced
with shape-changing biological systems. Also, in physiological
environments, the adhesion properties of soft materials to rigid
parts are relatively weak resulting in interfacial delamination.
To prevent these latent risks, highly soft and conductive
elastomers are developed to replace rigid electronic materials.
Electrically conductive elastomer is one of the most promising
materials which can reduce mechanical mismatch with soft
tissues and additional soft layer coatings are unnecessary.
Various nanomaterials, including metal nanomaterials, gra-
phene, and CNT, are embedded in elastomeric matrices for
transparent conductive elastomers.”****7** The softness of
conductive elastomer composite is controlled by the mass ratio
of conductive filler to elastomeric matrices. By increasing the
ratio, the mechanical properties get harder while the electrical
properties become higher. Optical properties are also
correlated with fractions of conductive fillers which get darker
when the fraction gets too high due to their unique colorations.
Because typical trade-offs are applied to composite design, it is
essential to find reasonable percolation density while ensuring
high transparency to use for transparent and wearable
electronics.

For the past decade, among various conductive fillers, liquid
metal attracted the greatest attention for the stretchable and
soft interconnection of wearable electronics. Through its
liquid-like physical properties, it possesses high electrical
conductivity under large mechanical deformations. However,
these liquid-like properties hinder its wide usability as electrical
conductors on soft substrates due to its mechanical instability.
Therefore, a lot of studies tried to fill liquid metals inside
microchannels, which inevitably increases the thickness of
devices sacrificing conformability to biological systems.
Recently, liquid metal-based composites are developed to
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resolve these limitations. To fabricate soft composite, liquid
metals are normally smashed into small particles through
ultrasonication and blended with mechanical backbones such
as polymer matrices’*>%**** or metal nanowires.”****” For
example, the surface of liquid metal nanoparticles was
functionalized for uniform blending with polymer matrix and
surface-initiated atom transfer radical polymerization (Figure
21A).5% Through surface modification, a uniform blending of
nanoparticles was possible for various polymer matrices. By
controlling the density of liquid metal nanoparticles, a
semitransparent liquid metal composite was successfully
fabricated (Figure 21B). The mechanical property of the
composite was also tunable by varying types of polymer
matrice where the softest composite showed 89 kPa of elastic
modulus and 769% of elongation (Figure 21C,D). However,
due to its intrinsic coloration, the transparency of liquid metal
was poor. Together with composite techniques, high-resolution
grid patterning is an alternative approach to utilizing liquid
metal as transparent conductors Photolithography,”* laser
51nter1ng,646 %47 and 3D prlntlng * are recently reported to
fabricate micropatterned liquid metal composites. Liquid metal
composite fabricated by lithography showed over 500% of
strain without loss of its electrical conductivity. Laser-sintered
liquid metal and AgNW composite also showed high failure
strain of up to 1358% and 3D printed liquid metal composite
reported 230% of stretchability,"** which are all stretchable
enough for human-interfaced electronics. By selecting highly
soft polymer matrices, Young’s modulus of liquid metal
composites showed below 1 MPa.** However, because the
patterning resolution is still quite low to fabricate highly
transparent electronics, more precise patterning techniques are
required in the future.

As described above, because conductive fillers generally have
their innate colors, transparency must be sacrificed to increase
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electrical properties. On the other hand, the ionically
conductive elastomer (ICE) is a soft material that can secure
high transparency of over 90%. Electrolytes in ICE play as
charge carriers transported along the polymer chains. ICE,
which contains lithium bis(trifluoromethane sulfonimide) as
electrolyte salt and butyl acrylate as monomer and poly-
ethylene glycol diacrylate (PEGDA) as cross-linker, was
reported (Figure 21E).°° It showed high stretchability of
over 1000% of strain while maintaining its transparency over
90% (Figure 21F,G). It was also highly attachable to various
surfaces which is crucial for long-term operation on human
skin showing high interfacial toughness of 150 J] m™* (Figure
21H). ICE using polymerizable deep eutectic solvent (PDES)
monomers could also achieve highly soft mechanical proper-
ties.*0¥°07 0404 Photoinitiated copolymerization of acrylic
amide (Aam)/choline chloride (ChCl) and maleic acid (MA)/
ChCl PDES monomers form highly soft and transparent
poly(AAm/ChCl-co-MA/ChCl) networks which also can
transport charges. By controlling AAm/MA ratio, Young’s
modulus of ICE was lowered to 0.04 MPa, similar to biological
tissues. It also has a high stretchability of over 400% of strain
with 95% of transparency.””’

4.1.2.3. Conductive Hydrogels. Although conductive
elastomers are highly stretchable and durable for biointerfacing
materials, it is hard to contain enough water in physiological
environments which is distinct from biological systems. On the
other hand, biological tissues contain high amounts of water
and transmit biosignals through ion transmissions in wet
physiological environments. Therefore, wet and conductive
hydrogels are the next promising choice for soft biointerfacing
electronic materials. Hydrogel coating techniques on rigid
materials are introduced to reduce mechanical mismatch with
biotissues in the previous section. This section describes
hydrogels that can transport charge carriers inside their
polymer backbones through electrically or ionically conductive
components. Similar to conductive elastomers, -electrically
conductive fillers such as graphene®’ and metal nanomateri-
als®" are incorporated with nonconductive hydrogel networks.
Gold nanorod-incorporated gelatin-based conductive hydro-
gels reported 1.3 kPa of Young’s modulus even with high
contents of nanorods.”' By combining biocompatible gold
nanorod and gelatin, the conductive hydrogels are highly
biocompatible and match with soft biological tissues.
Conducting polymers also attracted great attention as
conducting fillers to fabricate conductive hydrogels. Unlike
metal nanomaterials and carbon materials that highly increase
Young’s modulus of conductive hydrogels with increasing the
contents, conducting polymer-based hydrogels can secure
highly soft hydrogels even with high contents.***>*>* Soft
and conductive hydrogels were fabricated by forming inter-
penetrating networks of PEDOT:PSS and PAA (Figure
22A).°” With PAA backbones that can greatly relieve
mechanical stress, conductive hydrogels showed high stretch-
ability with over 250% of strain (Figure 22B). Furthermore,
PEDOT:PSS as soft conductive fillers showed great perform-
ance with 23 S cm™" of electrical conductivity and 8—400 kPa
of elastic modulus (Figure 22C). Recent studies have reported
a conductive hydrogel that is not only stretchable and soft but
also extremely tough.”>® Here, the phenol-coupling reaction
and the polymerization of PEDOT were orthogonally
photoreacted by visible light. The key components of the
hydrogel precursor are tyramine-modified PVA (PVA-Ph),
EDOT monomer, and thiopheneboronic acid (TBA) for rapid

gelation of conductive hydrogels response to visible light
(Figure 22D). When visible light was applied to the precursor
by controlling the ratio components, PVA-Ph, which quickly
became the mechanical backbone, was gelated by phenol
coupling, and then EDOT was polymerized to form PEDOT.
TBA strongly strengthened the PVA network and PEDOT.
Depending on the composition ratio, the mechanical proper-
ties, as well as the time of photochemical reaction, could be
controlled, and toughness over 2000 k] m™ and stretchability
over 500% were achieved through the strong interconnection
of PVA and PEDOT networks (Figure 22E,F). However,
because a large fraction of electrically nonconductive polymer
networks, the electrical conductivity of conductive hydrogels
with extremely soft mechanical properties by employing
mechanical backbones showed conductivity below 1 S cm™.

Recently, conductive hydrogels fabricated by pure conduct-
ing polymers emerged with their superior electrical properties
to composite hydrogels, especially for PEDOT:PSS. When
ionic liquid is added to the PEDOT:PSS aqueous solution, it
breaks the ionic bond between the PEDOT-rich domain and
the PSS-rich domain through the charge screening effect and
induces phase separation.’’” Subsequent thermal annealing of
the separated PEDOT:PSS system greatly strengthens the
interconnections between the PEDOT-rich domains. By
immersing phase-separated and annealed PEDOT:PSS, it can
be transformed into conductive hydrogels maintaining strong
interconnections between polymer chains and swelling high
amounts of water without losing its electrical properties.
Fabricated conductive hydrogels retain tissue-like elastic
modulus of 32 kPa and high electrical conductivity of 47 S
cm™'. High boiling point polar solvents such as DMSO can
also induce similar phenomena to ionic liquids to fabricate
conductive hydrogels."*** DMSO-mixed PEDOT-based
conductive hydrogels were also applied for 3D printing for
complex structures of bioelectronic applications by showing
enough mechanical robustness in wet conditions.””* The
electrical conductivity of pure conducting polymer hydrogels
was extraordinarily high due to the absence of electrically
insulating polymer backbones with 40 S cm™" of conductivity
but still soft enough with 2 MPa of elastic modulus.”"'
However, developed conductive hydrogels are difficult to use
as transparent biointerfacing electronics due to their low
transparency which requires grid-patterning techniques.
Various patterning methods to pattern conductive hydrogels
are reported, but only several results showed relatively high
resolutions of patterns.”'#®'»*%%%5 Conventional photolithog-
raphy could fabricate the highest resolution of conductive
hydrogels by incorporating UV-curable agents in polymer
chains which succeed in sub 10 um of line width.’’® However,
it required over 10 steps of complex fabrication flow with
expensive vacuum systems. Three-dimensional printing is a
promising patterning tool to pattern paste-like PEDOT but
showed only 30 ym of line resolution, which is not enough for
transparent grid patterns.”>* Recently, the laser annealing
process to induce phase separation and annealing enabled
facile yet high-resolution conductive hydrogels. This process
could fabricate 6 yum of PEDOT hydrogels with 670 S cm™" of
high electrical conductivity.®'*

Similar to the ionically conductive elastomer, hydrogel
backbone also allows ion transportation along the polymer
chains. Compared to conductive elastomers, ionically con-
ductive hydrogels can contain higher contents of ionically
conductive electrolytes inside. Ionic salts are dissolved in
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electrolytes and stored in conductive hydrogels. It has a highly
soft elastic modulus with hundreds of kPa and transparent
optical properties. It is normally applied for e-skin applications
due to its high level of ionic concentration.®'¥®' 9357
Therefore, it is promising to combine both ionic and electric
conductivity in single materials with low concentrations of
ionic salts. With ensured biocompatibility, it might be possible
to transmit biosignals with a high sign-to-noise ratio.

4.1.3. Long-Term Stability. 4.1.3.1. Adhesion. The
human body contains 70% of water and continues life activities
through repetitive chemical metabolism. In the case of the skin,
sweat, and wastes are continuously secreted according to
temperature, humidity, and metabolic state. Inside our bodies,
biofluids constantly circulate in various physiological environ-
ments. Here, most electronic devices lose their mechanical
adhesion to biological tissues due to interfacial waters between
devices and tissues.®>® To solve this, various invasive devices
such as the Utah arrays and Michigan arrays have been
developed, but it is difficult to interact with normal biological
tissues due to damages applied to the biosystem, and device
failure occurs due to fibrotic encapsulation on the device in
prolonged usage.® Therefore, it is required to develop
techniques to give strong wet adhesion to noninvasive devices.

Employing adhesive layers between the device and the
biological system is the most straightforward strategy to ensure
long-term stability (Figure 23A). Various types of adhesives
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have emer§ed such as paste-like adhesives or tape-like thin film
adhesives.””” To utilize as an intermediate adhesive layer for
transparent electronics, thin film types of adhesive are more
appropriate. Film adhesives are made of PAA grafted with N-
hydroxysuccinimide ester and biopolymers such as gelatin.660
The dry state of the thin adhesive film can absorb interfacial
water from biological systems due to carboxylic acid groups for
fast cross-linking to the surface. Additional covalent cross-
linking by amine groups enhances adhesion stability. Water-
swollen adhesive layer transforms into a thin layer of hydrogel
with high contents of water. This thin adhesive hydrogel layer
was inserted between the electrical sensor and porcine heart
for stable recording of the heart beating. This concept of the
adhesive layer is further developed by incorporating conductive
filler such as graphene. Graphene-incorporated adhesive layer
enabled a strong biodevice interface by recording 2 weeks of in
vivo cardiac recording with a high signal-to-noise ratio (Figure
23B).°" Rather than employing additional adhesive layers,
endowing self-adhesion to conductive materials has also
emerged. Conductive composite made of PVA as elastic
networks, PEDOT:PSS as conductive filler was modified by
adopting biocompatible supramolecular solvents. Supramolec-
ular solvents contain citric acid and cyclodextrin which enable
strong adhesion to biological tissues due to a large number of
hydroxyl groups. It showed strong adhesion to the surface of
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the swine liver and stable electromyo(%ram (EMG) recording
performance attached to human skin.*"*

Maintaining device functionality critically depends on
functional layers such as electrodes and sensors. As we
discussed before, conducting polymers are normally coated on
metal electrodes for a high signal-to-noise ratio. Conducting
polymers are also utilized as sensing layers of organic
electrochemical transistors due to their fast response to ion
species in physiological environments. However, due to its
weak interfacial bonding, it easily delaminated from the surface
of metal layers. To improve interfacial bonding, functional
groups such as carboxylic, and amine groups are introduced on
the target surfaces.””"*> After modifying surfaces, deposited
conducting polymers showed strong wet adhesion after 1 h of
ultrasonication.’®> Thin adhesive layers are also employed on
the target surfaces.”*>°** Hydrophilic PU was introduced as an
adhesive layer for conducting polymer which also showed
stable electrochemical properties even after 10000 cycles of
cyclic voltammetry and 1 h of ultrasonication.’* Mechanical
surface modifications also enhanced wet stability and
adhesions to metallic materials. By increasing the roughness
of surfaces, conducting polymers were tightly interlocked to
metallic materials for adhesion enhancements.**>%%

4.1.3.2. Permeability. Gas permeability is a practical
requirement in wearable electronics, especially for long-term
monitoring of biosignals. Typical polymers used in wearable
electronics such as PI or PDMS have low gas permeability.
This inhibits the evaporation of biofluids which can induce
skin irritations. Moreover, the discharged biofluids act as
interfacial waters between the device and skins which results in
interfacial delaminations. In the case of implanted devices, if
sold devices are covering organs, it blocks the supply of
nutrients and oxygens. To solve these problems, device types
that effectively exchange mass or gas in both dry and wet
environments are being develog)ed with ensuring transparency
in the visible range.”*”***°”~%% Electrospun transparent
nanofibers were integrated with transparent AQNW percolation
networks for e-skin applications (Figure 23C). Fabricated e-
skin devices showed high transparency of 84.9% in the visible
range and 8.2 Q sq' of sheet resistance (Figure 23D,E). With
their spaces for gas permeation, at 300 Pa of pressure drop, 6
cm® s"'cm™ was achieved which is similar to fabrics (Figure
23F).°”” Thin gold layers were also deposited on electrospun
nanomesh for transparent and gas-permeable conduc-
tors.” %% Transparent and conductive contact lenses
were developed by depositing a thin Au layer and conducting
polymer on polyacrylonitrile nanofiber.”*® The resultant device
showed transparency of over 80% in the visible range. Through
high permeability, in vivo rabbit eyes wearing transparent and
conductive lenses showed little signs of irritation for 12 h.
Gold-based nanomesh with high optical transparency was
reported using natural polymer backbones.”®” Chitosan was
utilized as transparent nanofiber backbones for permeable
electronics. Chitosan nanomesh has excellent optical trans-
parency of 94.8% with high sweat permeability of 1.91 kg m™>
d™". By combining gold nanomesh with chitosan meshes, it still
retained a high optical transparency of over 80%.

Creating pores in materials also allows high gas permeability
and conformal contact with biological tissues. Through a
simple breath figure method, the highly porous stretchable film
is fabricated for good gas permeability and sweat evaporation.
Porous films showed high transparency of 61% and good vapor
permeability of 23 mg cm™> h™". They assembled AgNW with

porous polymer films for electrophysiological sensing that
could be stably stretched up to 45% of strain.””" Punching
holes to stretchable geometry such as auxetic structure also
enabled sweat-permeable skin electronics. By designing dual
scale of hole patterns in auxetic structure, vapor permeability
was greatly enhanced compared to conventional electronics
designs resulting in fast dehydration of interfacial sweat
between the device and skin tissue. Through high sweat
permeability, skin irritation was clearly reduced after 1 week of
lamination. Stable monitoring in various health conditions was
possible with hole-patterned devices due to stable interfacial
contact with skin tissues.””"

Mass permeability is an important parameter for biosignal
recording through the movement of ion species in the area
where implantable electronics are interfaced. For long-term
monitoring, maintaining the ion concentration of the
physiological environment to natural states is essential not
only for biosafety but also for stable signal recording.
Furthermore, in drug release for medical treatment, efficient
mass transportation must be possible to achieve sufficient
therapeutic effects. Highly porous electronics are required for
these applications, among them, hydrogel-based electronics
made of hydrophilic polymer networks are the most promising
material design. PEDOT-incorporated PAAm hydrogel is
synthesized and fabricated in ultrathin form factor. Ultrathin
porous conductive hydrogel enabled efficient mass transfer
with high amounts of oxygen penetration and reduced
electrochemical impedance compared to thick hydrogels.””*
Due to ultrathin thickness, it also can ensure optical
transparency which has the potential for transparent and soft
implantable devices.

4.1.3.3. Self-Healing. Soft electronic devices interfaced with
living bodies are exposed to unexpected mechanical impacts or
accidental damages that require tedious repair or replacement
work. In the case of implantable electronics, they also suffer
from severe fatigue due to constant body movement during
long-term operation. This fatigue problem can develop into
sudden fractures during long-term implantation, resulting in a
malfunction of the device. In this situation, to repair the
implantable device, secondary surgery is required, which is
highly dangerous for patients. Incorporating robust rigid
materials in the soft matrix can enhance durability to resolve
these issues. However, it inevitably results in relatively high
stiffness of mechanical properties that induce mechanical
mismatches with biological systems. To overcome cumber-
some requirements for safe interfacing with biological tissues,
self-healable electronics have emerged with the breakthrough
idea 6007676682

Self-healing properties are contributed by mixed play of
extrinsic and intrinsic self-healing properties. For extrinsic self-
healing, microencapsulated healing agents and catalysts are
dispersed in polymer matrices. Monomers are loaded in
microcapsules, and the catalysts are uniformly dispersed in the
matrix. When cracks break the microcapsules of healing agents,
polymerization of released monomer agents occurs with aid of
neighboring catalysts at the crack sites for recovery.”’® This
recovery autonomously starts with crack generation without
external intervention. Until now, the extrinsic methods are
closer to commercialization because they can disperse healing
agents and catalysts in various polymer matrices with existing
blending techniques. However, because the healing agents
cannot be reused, it has limitations of difficulty to heal the area
once broken.
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Intrinsic self-healing polymers attracted more attention due
to their highly soft mechanical properties which resemble
biological tissues. It utilizes various types of dynamic
interactions of polymer chains for reconfiguration to recover
crack spots. Dynamic interactions such as hydrogen bonding,
dipole—dipole interaction, and imine bonds were used for
recovery dynamics for intrinsic self-healing methods.®””
Transparent self-healing polymers were developed by utilizing
highly reversible ion—dipole interactions. Amorphous elas-
tomers with high dipole moments can strongly interact with
cations in the ionic liquids for the active reconstruction of
polymer chains. This stretchable self-healing polymer recovers
its mechanical and electrical properties to 99.1% after 24 h
healing at 50 °C.°”* Conducting filler-incorporated self-healing
polymers are also of great interest in bioelectronic devices.
Because the electrode or sensing layers are the core elements of
electronic devices, protecting these elements is essentially
required for long-term operation. Therefore, nanomaterials
such as CNT networks embedded self-healing polymers are
developed for safe biointerfacing functional layers (Figure
23G).°”” Electrical properties recovered after 12 h of healing
process after cutting. After the healing process, it could be
stretched up to 100% of the strain (Figure 23H). Depending
on the concentration of nanomaterials loading in self-healing
polymer, it showed relatively transparent optical properties

10027

which can potentially be used for transparent self-healing
electronics.

Maintaining robustness before and after the healing
processes is very challenging. Recently, a transparent elastomer
that maintains extremely high toughness even after self-healing
has been reported.”®> By employing TPU containing polytetra-
methylene ether glycol as the soft shape memory segment, and
isophorone diisocyanate with asymmetric alicyclic structure as
the hard segment, remarkable mechanical properties with the
self-healing property were achieved. Toughness reached 26.9
MJ m™ and 75% of mechanical properties were recovered
compared to the virgin sample after 2 h of the healing process.
The highly tough elastomer developed is expected to be very
promising as a packaging material for transparent and wearable
electronics because it has excellent optical properties.

4.2. Biochemical Interface

There exist plenty of biofluids continuously generated from
biological systems that make physiological biochemical
interfaces with wearable electronic devices. It is important to
ensure the stability of the biochemical interface from biological
and device perspectives to operate in desired durations. Even
though the characteristics of the device are good on the
electrical, mechanical, and optical sides, it is not desirable as an
interfacing device if it is chronically dangerous (e.g.,
cytotoxicity) to the biological system.’> From the device

https://doi.org/10.1021/acs.chemrev.3c00139
Chem. Rev. 2023, 123, 9982—-10078


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig24&ref=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig24&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

point of view, metallic materials show high electrical properties
but in wet physiological environments, they face oxidation and
corrosion problems®®* that lead to severe degradation of
electrical performances. Therefore, interfacing soft electronic
devices with ensuring the safety of the biological system and
reliability of the devices are practical missions to conquer for
scientists and engineers. In this section, we broadly introduce
pioneering works to develop safe biochemical interfaces with
biological systems by dividing them into biocompatibility and
biodegradability.

4.2.1. Biocompatibility. 4.2.1.1. Natural Biopolymer.
Various polymers have been utilized as soft interfacing
materials with biological systems such as PDMS, SEBS, and
PL** High biocompatibility is required for these materials
because it contacts the largest area with biological tissues
compared with electrodes and sensing parts. However,
although these elastomers do not cause side reactions such
as cytotoxicity, their mechanical properties are not soft enough,
and their inherent properties are different from those of
hydrophilic cell tissues. Hydrogels have been developed to
solve this problem, but synthetic polymer networks (e.g., PAA
and PVA) are still broadly used that have different
compositions from natural tissues.”*” As a way to have highly
similar compositions to biological tissues, studies have
emerged to use materials originating from the natural
biological system as building blocks for electronic devices.
Natural biopolymers are derived from a variety of animals or
plants and have the advantages of abundance in nature and
safety for implantation due to their similar compositions to
tissues.

Natural biopolymers are largely divided into proteins (e.g.,
silk, collagen, and gelatin) and polysaccharides (e.g., alginate,
agarose, cellulose, and chitosan). For detailed composition and
characteristics of each biopolymer, reviews on the classification
of natural biopolymers are recommended.”*>**® Natural
polymers have been tried to replace synthetic polymer-based
electronic components such as transparent substrates, con-
ductors, and sensing layers.”*’ "> Especially, silk showed
promising mechanical and optical properties for transparent
substrate (Figure 24A). Common solution processes are
enabled for silk films and assembled with metallic nanowires
for transparent conductors with 80% of transmittance in the
visible range and 11 Q sq~' of sheet resistance (Figure
24B,C).°*” However, their mechanical properties are still
unstable to be fully compatible with various fabrication
techniques such as thermal annealing for conductivity
enhancement of conductive nanomaterials. Therefore, various
chemical cross-linking agents are introduced to strengthen the
mechanical properties of natural polymer-based electronic
systems, or composites with synthetic polymers have been
considered for practical use (Figure 24D). Highly transparent
(over 85% of transmittance) and biocompatible silk-based
hydrogel was strengthened by cross-linking with poly(ethylene
glycol) diglycidyl (PEGDE) ether for high stretchability and
stability in physiological environments (Figure 24E).”* By
combining natural silk polymer with synthetic PEGDE,
stretchability was enhanced to 400% in wet conditions, and
stability was maintained for 4 months in PBS. Transparent silk
hydrogel was assembled with transparent PEDOT:PSS electro-
des for fully transparent implantable neural signal recording
devices. With its high optical and electrical properties and
biocompatibility, it stably recorded neural signals with visual
information simultaneously (Figure 24F).

Natural polymer solutions are also homogeneouslgf blended
with conductive fillers such as metal nanomaterials,”' carbon
materials,”®” and conducting polymers.®®® For example,
biocompatible Au nanowires are incorporated into alginate
hydrogel scaffolds.””’ Nanowire decoration in alginate hydro-
gel reduced electrochemical impedance on the overall
frequency range and mechanical properties are highly matched
to soft biological tissues (3.5 kPa of the compressive modulus).
However, in the case of these composites, there is a limit in
that the transparency is significantly lowered when fillers are
added for sufficient electrical conductivity. Therefore, highly
transparent ionic conductive organohydrogel have emerged
using natural biopolymers.”> Gelatin hydrogels are simply
dipped into sodium citrate-containing solutions. Sodium ions
strengthened the mechanical properties of organohydrogel
through multiple cross-linking inside polymer networks but
also highly increased ionic conductivity. Fabricated ionic
conductive biopolymer-based organohydrogels were utilized as
biointerfacing strain sensors.

4.2.1.2. Biocompatible Protective Layer. The most
promising materials to fabricate transparent and wearable
electronic devices are metal-based nanomaterials with high
electrical conductivity. Among them, linear nanowires are more
effective to form percolation networks than any other
nanostructures, thus securing high transparency as well as
mechanical stretchability. However, AgNWs, which are
representative metal nanowires, are easily oxidated in
physiological environments, and Ag ion exhibits cytotoxicity
to tissues.””” In the case of CuNWs, they have similar electrical
conductivity to Ag and are much cheaper, but the problem of
cytotoxicity to tissue as well as severe oxidation problem
remains the same.””* In order to keep the excellent electrical
properties of these highly conductive metal nanowires and to
utilize them safely in biological systems, synthesis methods
have emerged to cap highly stable protective layers on the
surface of nanowires that can ensure biocompatibility and
electrical stability simultaneously in physiological environ-
ments. In this section, we introduce recent studies that
successfully protected Ag and CuNWs with highly stable
capping materials.

Au is highly biocompatible, electrically conductive, and
stable in physiological environments. However, synthesizing
pure Au nanowires for percolation networks is too costly.
Therefore, core—shell metal nanowires have emerged to solve
biocompatibility and oxidation issues at the same time. Ag—Au
core—shell nanowires are developed to fabricate transparent
percolation networks (Figure 24G).**7%9%>% Galvanic
corrosion is prevented by precisely controlling the pH of the
reaction solution and injection speed. A 30 nm thickness of
AgNW is coated with S nm thickness of Au shell (Figure
24H).%° These core—shell nanowires showed high stability in
electrochemical environments that endured their electrical
properties in corrosive solutions (Figure 24I). Transparent
electrodes fabricated by Ag—Au core—shell nanowire networks
showed 85% of high transparency with 42.3 Q sq~' of sheet
resistance. Through percolation networks structure, trans-
parent electrodes could also be stretched up to 60% of strain.
Ag—Au core—shell nanowires have also blended with
elastomer to fabricate highly biocompatible conductive
elastomer composites.””> To disperse core—shell nanowires
in toluene-based elastomer solutions, ligand exchange of core—
shell nanowires is introduced. Developed core—shell nanowire
composite showed high biocompatibility and stability in
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physiological environments compared to AQNW composites by
preventing oxidation and ion bleaching. Soft biocompatible
composite electrodes have 266% of optimized stretchability
and 41850 S cm™ of electrical conductivity. By controlling the
amount of introduced nanowire density, this composite is
expected to be used as a transparent conductor.

Capping additional conducting polymer shell on Ag—Au
core—shell nanowire have also emerged.””” Because metallic
Ag—Au core—shell nanowires have inherently low electro-
chemical properties compared to conducting polymer, an
additional conducting polymer layer with high electrochemical
properties can be a good supplement for biosignal transmission
where the ions play important roles. Conducting polymer, PPy
is directly electropolymerized on Ag—Au core—shell nanowires
(Figure 24K). Transparent stretchable supercapacitors were
fabricated through Ag—Au—PPy core—shell nanowire percola-
tion networks. Depending on the cycles of electropolymeriza-
tions, percolation networks showed 62—85% transmittance
(Figure 24L). PPy coating highly increased the surface area of
percolation networks which enhanced the areal capacitance of
devices.

CuNWs are attracting attention as transparent wearable
electronics based on affordable percolation networks due to
their low cost and high conductivity. Therefore, the synthesis
of the Au capping layer on the CuNW:s can significantly reduce
the fabrication cost compared to expensive Ag—Au core—shell
nanowires if their conductivity and stability are secured.
Recently, Cu—Au core—shell nanowires with enhanced
biocompatibility and stability have been developed.”®* To
conformally coat the Au layer without losing the mass of Cu,
galvanic corrosion is prevented by sodium sulfite and
diethylhydroxylamine. The Ligand exchange of CuNWs played
an important role in the penetration of Au ions to form a thin
Au shell. Thin Au shells with 5 to 10 nm thicknesses were
successfully formed on 80—120 nm thickness of CuNWs.
Developed Cu—Au core—shell nanowires maintained their
electrical properties under harsh environments (80 °C, 80% of
relative humidity) and physiological environments while
CuNWs instantly lose their electrical conductivity. Moreover,
through enhanced biocompatibility, Cu—Au core—shell nano-
wires showed 95% of cell viability while most cells are dead in
CuNWs. Developed Cu—Au nanowire was fabricated as
percolation networks and applied for biointerfacing electronics
to read ECG signals.

4.2.2. Biodegradability. In contrast to wearable elec-
tronics that record superficial bioinformation from skins,
implantable devices can obtain versatile biosignals from deep
tissues that provide more accurate information on human
health.®”® Furthermore, by interacting with organs, they have
important functions to give medical treatments such as
electrical stimuli or drug treatments for sudden disorders.
These devices are inserted into the bodies through surgery and
the incision is safely sutured which requires recovery. However,
current implantable electronic devices are not robust enough
and accidental mechanical impacts or chronic fatigue under
continuously moving organs might damage the devices that
result in loss of functionality. Moreover, it is not necessary to
maintain implantable devices when the intended functions are
finished. Here, secondary surgeries are required to take out
those electronic devices which give high burdens and risks to
patients. Therefore, electronic devices have emerged with the
concept of “biodegradability” which can control their device
lifetime in the body, eliminating the risk of secondary surgery.

In this section, we introduce electronic devices that can be
biodegraded safely in terms of materials and degradation rates.

4.2.2.1. Biodegradable Materials. When implanting bio-
degradable electronics, immune responses in biological systems
highly depends on degradation kinetics and byproduct which
require careful selection of candidate materials. Detailed
degradation kinetics and effects on bioloG%ical systems can be
obtained in the following review article."® It is necessary to
rationally design the combinations of degradable materials
regarding their potential effects on biological systems.
Meanwhile, biodegradable electronics are also required to
have enough mechanical robustness and electrical properties to
extract biosignals for intended durations. Recent advancements
fulfilled these cumbersome requirements that successfully
demonstrated biodegradable electronics.®*”***~7** Natural
biopolymers such as proteins and polysaccharides have been
used as biodegradable soft substrates or matrices for
conducting fillers. Owing to natural abundance and similar
chemical compositions to biological tissues, natural polymers
can ensure high biocompatibility with little immune response.
Furthermore, the byproducts of the enzymatic degradation
process of natural polymers are nontoxic such as peptides or
amino acids.””® Plenty of synthetic polymers have also been
widely developed for biodegradable electronics, but poly(a-
esters) groups including poly(glycolide) (PGA), polylactic acid
(PLA), and their copolymers poly(lactide-co-glycolide)
(PLGA) showed the most practical applications from the
sutures to electronics devices. Compared to natural biopol-
ymers, synthetic biopolymers have the disadvantage of eliciting
an immune response due to the accumulation of their
degradation products,””® which can lead to the fibrotic
encapsulation of implanted devices and the subsequent loss
of functionality. Despite this limitation, synthetic polymers
possess a significant advantage in that they can be mass-
produced with uniform quality through the existing manu-
facturing system. Therefore, while further research is necessary
to better understand and address the immune response
induced by synthetic biopolymers, their ability to be produced
on a large scale with consistent quality makes them an
attractive option for the development of biodegradable medical
devices and implants. For conducting materials, metals based
on M7g, Zn, and Fe that naturally exist in our body were mainly
used.””” Au is a typical biocompatible and conductive metal
but is not suitable for biodegradable electronics due to its
insoluble properties in physiological environments and
increase in fabrication cost. On the other hand, Mg, Zn, Fe,
Mo, and W are easily dissolved in physiological environments
with relatively high electrical conductivity. However, because
high amounts of these metals can bring excessive byproducts
such as metal ions, hydroxide ions, and hydrogen gas that can
induce side effects to biological systems, careful material design
of devices are required.

Among various studies on biodegradable electronics, few
groups reported practical demonstrations of biodegradable
electronics with high optical transparency. Natural biopolymers
are fabricated into highly transparent substrates and assembled
with metallic nanowires for transparent conductors.””” Fish
gelatin was obtained from fish scale and after multiple
purification processes, it was dispersed in water. Then, fish
gelation solution was cast for film fabrication that showed high
transmittance of over 91%. Then AgNW percolation networks
were assembled for gelatin-based transparent conductors that
showed 224 Q sq' of sheet resistance with 82.3% of
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Figure 25. Biodegradability. (A) Optical image of biodegradable and transparent optical fiber fabricated by PLLA. (B) SEM image of transparent
PLLA fiber. (C) Transmittance of PLLA optical fibers. (D) Biodegradation of PLLA fiber in water. Reproduced with permission from ref 700.
Copyright 2017 Wiley-VCH. (E) Optical image of biodegradable and transparent conductors. (F) The transmittance of biodegradable conductors
varying thicknesses. (G,H) SEM images of biodegraded electronics for 6 days. Reproduced with permission from ref 701. Copyright 2019 Wiley-
VCH. (I) Schematic illustration of actively triggered biodegradable electronics using ultrasound. (J) Optical images of degraded electronics by
ultrasound. (K) The output voltage of energy device under different power of ultrasound. Reproduced with permission from ref 710. Copyright
2022 American Association for the Advancement of Science under the CC BY-NC 4.0 license https://creativecommons.org/licenses/by-nc/4.0/.

transmittance and then degraded within 24 days in nature.
Chitosan membrane was also used as a transparent substrate
with over 94% of transparency for biodegradable electronics.*”
Then transparent chitosan substrates were assembled with Au
nanofibers with 84% of transmittance at 800 nm wavelength
and 25.8 Q sq~' at 80% of strain. Au nanofiber-assembled
chitosan conductors were completely degraded in acidic
solutions for 1 h, in enzyme solutions for 30 h, and in
hydrogen peroxide solutions for 30 h. A synthetic polymer,
poly(t-lactic acid) (PLLA) was fabricated into transparent and
biodegradable optical fibers for the optical neural interface
(Figure 25A).”%" Transparent PLLA fibers were fabricated by
thermal drawing process and the diameter of obtained fiber
was about 220 um and transparency reached 95% in the visible
range (Figure 25B, 25C). Fabricated optical fiber could deliver
a 473 nm LED with loss coefficients of 1.64 dB cm™" in the air
and 1.87 dB cm™ in water. After more than 40 days, loss
coefficients increased to 4.75 in the air and 4.90 dB cm™ in the
water (Figure 2SD). Through high biocompatibility and
biodegradability, optical fibers were implanted in the brain of
the mouse for light stimulus applications. For biodegradable
conductors, Mo and W were deposited through pulsed laser
deposition in ultrathin thickness (Figure 25E).””" With 4 nm
of thickness, Mo, and W showed transparency of about 60% in
the visible range and 1 kQ of sheet resistance (Figure 25F).
With an ultrathin ZnO layer, transparent Mo and W were
assembled into LED devices. Degradation of each metal
showed 25 nm d™" for W and 8 nm d™* for Mo in PBS solution
at 37 °C (Figure 25G, 25H).

4.2.2.2. Degradation Rate. In general, degradation in the
body begins immediately with implantation and proceeded

with time, so it is ideal to completely degrade the implanted
electronics when the intended functions are finished. There-
fore, precise design of degradation rate is crucial for
biodegradable electronic devices for the safety of patients.
To control the degradation rates of biodegradable electronics,
critical variables on materials have been modified for natural
biopolymers, synthetic polymers, and biodegradable met-
als.””””7'"" Degradation rates of natural polymers can be
tuned by controlling the density, and pore size of resultants
polymer networks. Silk fibroin was studied by controlling its
density and porosity and showed much slower degradation
rates for high density of polymer networks and smaller pore
sizes in them.””® Similar behavior is shown for synthetic
polymers such as PLA, scaffolds with small pore sizes showed
slow hydrolysis while large pore sizes resulted in fast
degradations.””” In the case of synthetic polymers, the
degradation rates can also be modified through design
parameters such as crystallinity, MW, and copolymers. For
biodegradable metals, degradation rates can be controlled by
designing various types of metal alloys where each has different
degradation rates in physiological environments. Engineering
mechanical structures of metals can also affect the degradation
rates such as porosity, §rain size, and composite structure with
nonmetallic materials.”"”

Meanwhile, despite the reasonable design of degradation
rates, unexpected situations of removing devices can happen
which require acceleration of degradation or even direct
destruction of devices. To fulfill these requirements, active
triggering methods to accelerate the degradation rates have
emerged using ultrasound (Figure 251).”'®”'" Moderate
ultrasound can deliver mechanical energy to implanted devices

https://doi.org/10.1021/acs.chemrev.3c00139
Chem. Rev. 2023, 123, 9982—-10078


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig25&ref=pdf
https://creativecommons.org/licenses/by-nc/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00139?fig=fig25&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

A

w
2

Skin

©
N

Temperature (C)
8 8

n
=)

36°C 36°C

‘P'urc »l-03°G

" S
|___Polyest: ! f—

0 50

Phase change

Solid state

Heating
E—
— &
Cooling /
Liquid state | G

B |20 °C PR vy I 20°C
100 150 200 250 300
Time (s)
D E

<

h 2cm 25

Figure 26. Thermal protection layer. (A) SEM cross-sectional image porous aerogel fiber that have graded structures inside. (B) The temperature
response to the thermal protection layer. Reproduced from ref 713. Copyright 2022 American Chemical Society. (C) Schematic illustration of
PCM microsphere embedded PDMS composite (D) Digital image of highly stretchable thermal protection layer. (E) Thermal images of mouse
skin under normal PDMS and thermal protection layer after heating. Reproduced with permission from ref 716. Copyright 2022 Springer Nature
under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/.

without secondary surgeries with certified biocompatibility. By
designing compositions of biodegradable materials, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) combined with Mg
electrode, transient triboelectric energy devices were fabri-
cated. Ex vivo demonstration of biodegradable electronics
under porcine tissue showed that with low-energy of
ultrasound (0.5 W cm™2), the device generated electrical
energy stably, but when the power overcome the triggering
threshold (3.0 W cm™2), the degradation started, and finished
in 120 min (Figure 25J,K).”"" Ultrasound first triggered the
mechanical disintegration of biodegradable materials enabling
high surface areas for subsequent hydrolytic degradation
processes.

4.3. Thermal Interface

4.3.1. Thermal Protective Layer. When wearing wearable
electronics for extended periods, continuous operation can
lead to heat generation and excessive device temperatures.
From the device point of view, such occurrences can cause
performance degradation, including the warpage of the
functional layers due to thermal deformation. More critically,
there are risks of thermal burns to the biological tissue due to
prolonged wearing of overheated devices.”'> Therefore, to
ensure the safe use of wearable electronics in daily life, efficient
and smart thermal management is required. Additionally, for
the optical imperceptibility of the device system discussed in
this review article, transparency should also be incorporated.
However, achieving both high transparency and effective
thermal management remains a challenge, with limited
research focusing on maintaining consistent transparency
while implementing thermal management. Thus, the main
focus of this review will be on presenting pertinent research
regarding thermal management, even if it means sacrificing
optical properties.

Highly porous aerogels, known for their low thermal
conductivity facilitated by air as a medium, have been widely
recognized as thermal protective layers. However, they still face
limitations in terms of mechanical strength and flexibility,
which hinder their application as heat protection layers for
wearable electronics during overheating conditions. Therefore,
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the development of a thermally insulating material that is
mechanically flexible and possesses an appropriately low
thermal conductivity is crucial for efficient thermal insulation
in wearable electronics. Recently, wearable textiles made of
aerogel have been reported, to exhibit impressive mechanical
strength and thermal insulation properties. Unlike previous
cellulose-based aerogels, which suffered from mechanical
fragility, this aerogel incorporates a graded structure within
its fibers, with dense internal regions and porous outer regions
(Figure 26A).”"” This design enables the achievement of
excellent mechanical properties. The fabrication of this
structure employed a strategy of flow-assisted dynamic dual-
cross-linking within a microfluidic chip, resulting in a thermal
conductivity of 0.023 W m™ K™ and fabricated showed 3 °C
lower than skin temperature without aerogel textiles (Figure
26B). In terms of mechanical characteristics, it demonstrated a
fracture strength of 71.83 MPa, and even in a wet state,
recorded a fracture strain of 105% and a fracture strength of
0.36 MPa. This remarkable combination of mechanical and
thermal properties makes it a promising material for use as a
thermal insulation layer in wearable electronics. Aramid
nanofiber-decorated with SiO, nanoparticle composites have
also been reported, ensuring mechanical properties through the
3D nanofiber networks while achieving very low thermal
conductivity through SiO, nanoparticles.”'* These materials
could be fabricated in textile form for application in wearable
electronics, and they recorded a thermal conductivity of 0.034
W m™' K" and a compressive strength of 1.1 MPa.

Phase change materials (PCMs) are suitable materials for
thermal protection layers due to their excellent heat absorption
capacity. However, for them to be used as protective layers in
wearable electronics, sufficient flexibility must be ensured.
Therefore, the development of materials that are both
inherently flexible and capable of efliciently absorbing or
releasing heat is required. Soft thermal protection layer
consisting of PDMS composite incorporated by Ag flakes as
heat diffusive component and a hydrogel matrix containing
sodium acetate as heat storing component was reported.”' It
could effectively protect the skin using the high heat storage
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capacity of the phase-changing sodium acetate-based hydrogel
matrix when wearable devices overheat. In normal conditions,
the excellent thermal conductivity of the Ag flakes allows for
the diffusion of heat. Additionally, the softness of the hydrogel
matrix enables convenient application to various parts of the
body. PDMS composite incorporated with PCM microspheres
could also serve as an efficient thermal protective layer for
wearable electronic applications.”'® When wearable electronics
are overheated, the n-eicosane microspheres, which are PCM
mixed with PDMS, undergo a phase change, absorbing heat
and protecting the skin (Figure 26C). Due to its soft
mechanical properties, it can stretch reliably up to 150%
strain, making it highly suitable for wearable electronics
applications (Figure 26D). PCM containing PDMS composite
successfully lowered the surface temperature of the mouse to
40.8 °C while PDMS showed 48.0 °C (Figure 26E).

4.3.2. Heat Dissipation from the Human Body.
Wearable electronics, worn directly on the body, face thermal
discomfort due to prolonged use, physical activity, and humid
conditions. Both the human body and wearable devices can
serve as heat sources, therefore, effective thermal management
is necessary, requiring materials with built-in heat regulation
capabilities to ensure comfort, performance, and durability in
daily life use of wearable electronics. In this section, we aim to
discuss research focused on enhancing three modes of heat
transfer (conduction, convection, and radiation) passively
through materials. First, to induce efficient conduction from
the curvilinear human body, it is reasonable to design
composites by incorporating thermally conductive fillers into
a soft polymer matrix. Commonly used polymer matrices
include PDMS, TPU, and PVA, while a prominent filler is
boron nitride (BN).”'* Metallic fillers can also effectively
dissipate heat from sources, but they can critically disturb the
wireless communications of wearable electronic devices. On
the other hand, BN possesses high thermal conductivity and
electrical insulation properties, making it highly suitable for use
in the thermal regulation layer of wearable electronics. A recent
study reported composites, consisting of BN and polymer that
exhibit superior thermal conductivity when aligned in a specific
direction compared to random alignments (Figure 27A).”"
Composite materials composed of BN and PVA can achieve
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directional alignment through 3D printing, resulting in
excellent directional thermal conductivity (Figure 27B).

When these composites designed for heat conduction are
fabricated in the form of textiles, they can more effectively
dissipate heat in the convection mode (Figure 27C). Wearable
electronics can also generate sweat during long-term use or
intense physical activity. Therefore, it is necessary to have a
material structure that not only manages heat but also
facilitates sweat evaporation. By utilizing 3D printing to create
textile structures using the aforementioned heat conduction
materials, it is possible to achieve exceptional cooling
performance with a thermal conductivity of 0.078 W m™!
K™!, which is more than 222 times higher than that of
commercial textiles. Electrospinning can enhance convective
heat transfer at a smaller scale. A study involving the
electrospinning of a composite of PVA and BN nanoplatelets,
followed by the deposition of AgNW through spray coating
and hot pressing, demonstrated a highly desirable thermal
conductivity of 109 W m™ K™' and a low electrical
conductivity of 1072°S em™, making it suitable for wearable
electronics’ thermal management layer.”'® Additionally, the
porous nature of the nanofiber mat is expected to provide
significant advantages in convective heat transfer.

When wearing electronics for outdoor activities, the heat
source includes the human body and the device, along with
additional solar heating. In this case, through material design,
by enhancing solar reflectivity and thermal radiation through
the long-wave infrared atmospheric window, a passive cooling
effect can be achieved. It is commonly used to lower the
temperature of confined spaces and its cooling performance is
generally lower compared to other heat transfer mechanisms.
However, composites designed for conduction often have
inherent colors that make it difficult to maintain transparent
optical properties. Conversely, the layer involved in radiative
cooling can be made transparent, making it suitable as a
transparent thermal regulation layer of wearable electronics.
Furthermore, considering that the human body maintains
homeostasis and even slight differences in body temperature
are closely related to physical condition, radiative cooling can
be a highly attractive cooling method. A recent study
developed a radiative cooling material that partially transmits
visible light while reflecting light in the NIR range (0.74—1.4
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pum) and radiates heat in the atmospheric window (Figure
27D).”" This cooler is composed of a multilayer structure
with alternating layers of dielectric materials, specifically
amorphous silicon, and SiO,. On top of these layers, PDMS
was stacked as the radiative emitter to complete the
composition (Figure 27E). By using dielectric layers instead
of metal layers, the cooler used in this study is expected to be
suitable for wearable electronics without interfering with
wireless communication, and they can also be applied on
soft and flexible substrates. Their optical properties are highly
favorable compared to other thermal regulation materials,
making them very promising as a heat dissipation layer for
transparent and wearable electronics (Figure 27F). The
fabricated cooler was able to lower the temperature inside
the device by 14.4 °C compared to regular PDMS (Figure
27G).

5. ELECTRICAL DEVICES

Understanding nanomaterials, engineering strategies, and
human—electronics bridging described in previous sections
have expanded the development of transparent wearable
electronics. This section summarizes various transparent
wearable devices such as sensors, energy devices, actuators,
displays, filters, and heaters.

5.1. Sensors

The wearable sensor captures and interprets stimuli related to
human activity, making it an objective indicator of human and
electronic device status. Although commercially available
wearable electronic devices can detect heart rate, blood oxygen
saturation, and body movements, the intrinsically rigid
components hinder stable attachment to the skin, leading to
compromised sensing performance and real-time monitoring.
Consequently, numerous studies have investigated strategies to
replace sensors with flexible and stretchable forms that can
ensure stable attachment. Advancements in cognitive technol-
ogy through vision sensors necessitate the preservation of
visual data and prevention of visual information infringement,
particularly when wearable sensors are attached to joints,
muscles, or skin. This aids in delivering delicate judgment by
integrating multiple data sets from visual information and
wearable sensor signals.””’ The electrical properties require-
ments for wearable sensors vary based on their operational
principles, necessitating thoughtful design considerations. In
this section, we discuss recent advancements in the develop-
ment of sensors for transparent wearable electronics (Table 8).

5.1.1. Physical Sensors. 5.1.1.1. Mechanical Sensors.
The majority of wearable mechanical sensors function by
detecting changes in electrical properties due to the structural
deformation of the sensing material. The tracking of body
motion, such as hand gestures, limb movement, facial
expression, and external sensations, has been an area of
interest for a considerable period of time.”**””*® Humans
possess more than 650 muscles and over 100 joints, and even a
simple expression like frowning involves more than 70 facial
muscles. Therefore, the ultimate objective for future wearable
mechanical stimulus sensors is to achieve high sensitivity with
high stability. However, this presents a challenge, as these two
characteristics have a trade-off relationship, and it is
challenging to achieve both simultaneously, for example, GF
of greater than 50 and a maximum strain of over 100%.”*’ To
achieve a high level of mechanical sensitivity, it is necessary for
the structure of the sensing material to undergo significant

changes, even at low levels of strain. At the same time, to
ensure that the sensing material remains stable during
deformation, it must be securely attached to the stretchable
substrate to prevent any damage or fatigue. In order to satisfy
both of the high GF with a wide strain range, various sensing
mechanisms such as a resistive type,75 7 a capacitive

e, > a piezoelectric type,”"’>> and a triboelectric
type ave been employed.

Resistive-type mechanical sensors operate by detecting

)
756,757 1,

variations in resistance due to deformation. This mechanism
enables the use of simple read-out circuits, low-cost
fabrications, and improved mechanical robustness. The typical
approach involves forming a percolation network using
conductive materials such as CNT,”*® graphene,746 and
metal nanowires’>’ as a sensing channel. Transparent
resistive-type wearable sensors do not demand high electrical
conductivity. It is more crucial, in this case, to design for
enhanced mechanical stability and appropriate resistivity.
Transparent wearable sensors should be designed to be
comfortably worn on any body part, implying the need for
high stretchability. A design that minimizes distortion from
environmental factors, while remaining sensitive to the
targeted stimulus, is imperative. A resistance value that is too
low diminishes sensitivity, while a resistance value that is too
high renders the sensor susceptible to noise.

When the sensor is subjected to strain, the electrical
resistance increases due to the loosening of the electrical
connections between the sensing materials. During mechanical
deformation, the geometry of the conductive path, contact
resistance between nanomaterials, and connection/disconnec-
tion between nanomaterials change.”*” The percolation feature
of nanomaterials is a key factor for optical and mechanical
characteristics, influencing resistivity, transparency, and sensing
performance.”®’ Wearable sensors based on the percolation
network exhibit high responses to mechanical deformation at
low percolation densities while preserving high transparency.
Nonetheless, a trade-oft between sensitivity and stretchability
exists, as the network forms a bottleneck at low mechanical
deformation, potentially leading to disconnection.”*”

One of the solutions to this issue is enhancing mechanical
stability through the application of a protective layer that
ensures network connectivity under mechanical deforma-
tion.””> A PU-PEDOT:PSS/SWCNT/PU-PEDOT:PSS
structure was proposed in which PU—PEDOT:PSS and
SWCNTs are stacked on stretchable PDMS.””' SWCNTs are
partially embedded in the lower soft PU-PEDOT: PSS and
protected by the upper PU-PEDOT:PSS layer. The developed
sensor had a transmittance of 63%, GF 62.3 at 2.5% strain and
stretchability of more than 100%, and there was little
performance change after 20% 1000 cycles. As another
approach, a combination of different dimensions of nanowires
improves transparency, conductivity, and stretchability com-
pared to a single type of nanowire electrode.””* After drop
casting AgNWS on PDMS, the AuNWs were subjected to
Langmuir—Blodgett transfer several times to fabricate a sensor.
Very thin AuNWs smoothly connect relatively large AgNWs
and show a trade-off between stretchability and sensitivity
depending on the number of transfers of AuNWs. At 66.7%
transparency, the AgNWs/AuNWs hybrid-based strain sensor
offers a GF of 236.6 in the strain region within 5%. At a
transmittance of 58.7%, the maximum strain is improved to
70%, but the GF is reduced to S.
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Table 8. continued

ey
3]
-

transparency

mechanical stability

sensitivity

material

nano-Au/CNT/PDMS (Rs: 350 Q/s

742

~65%

stretching cycles: 100 (50% strain)

H,0,: 8 nM (S/N ratio: 3)

q) nanostructured Au

(clusters)

743

graphene: 2.7%
PET substrate: 98%

tensile strain: 0.324%

conductance: 39.73 uA V!

0.763 uA mM™*
folding: 150°

sensing layer: graphene electrode: WO;/Au/WO;

radius of curvature: 175 ym

shrinking: ~50%

electrode: 81%

Resistive-type pressure sensor utilizes the change of the
contact architecture as a sensing principle.”** The sensing
properties are directly influenced by the geometrical design of
the conductive materials used in the sensor. Adjusting the
nanomicro scale morphology by controlling the parameters of
laser sintering was suggested.”’® Localized heat by laser
irradiation instantaneously melts AgNPs to form Marangoni
flow. This geometrical perturbation tends to minimize energy.
However, energy equilibrium is not reached when the laser
scans too fast, and melted AgNPs are solidified and structurally
fixed. The surface morphology of the sintered electrode can be
controlled through the laser parameters. Afterward, a trans-
parent AgNW electrode was placed vertically on the AgNP
electrode to fabricate a pressure sensor whose contact area
varies depending on the pressure (Figure 28A). Compared to
the flat shape, the regular wave structure had a larger contact
area variation depending on the pressure, and a broader range
of pressure (10—100 kPa) was detected (Figure 28B).

Another strategy is to utilize intrinsically transparent
conductive materials such as ionic gel or hydrogel.”>*~"**7%
Low modulus and self-healing properties are beneficial
properties for wearable mechanical sensors. For example,
self-healable jonically conductive zwitterionic nanocomposite
hydrogels ([2-(methacryloyloxy) ethyl]dimethyl-(3-sulfoprop-
yl) ammonium hydroxide (SBMA) and 2-hydroxyethyl
methacrylate (HEMA) copolymers) can be elongated to
2000% at fracture stress of 0.27 MPa. This hydrogel skin
strain sensor shows a GF of 1.8 (Figure 28C, 28D).7**
Mechanical deformation only changes the arrangement of the
crossed-linked polymer and inert liquid, so the ionic
conductive hydrogel does not affect the ionic transportation
characteristics. Therefore, like a common bulk conductor, the
electrical conductivity is inversely proportional to the length
and directly proportional to the cross-sectional area. According
to Poisson’s ratio, the geometrical transformation in the three-
dimensional determines the resistance change.”® It exhibits
much higher stretchability than the percolation network-based
mechanism.”®”

The capacitive-type mechanical sensor has a sandwich
structure with a dielectric layer between two electrode layers.
Stress modifies the gap between the electrodes at both ends of
the dielectric layer and causes changes in capacitance.
Compressed by strain or pressure, it narrows the two
electrodes and increases the capacitance. The capacitive-type
mechanical sensors have higher linearity and lower hysteresis
than the resistance type. These characteristics are important
because extra calculations are not required according to strain
and deformation directions.”*® The transparent capacitive type
mechanical sensor can be manufactured by replacement to
transparent electrodes (e.g, CNT,**>7¢° graphene,728 ITO,”*°
metal nanowires,”’°~""* and conductive hydrogel”*”) and the
dielectric layer.

Theoretically, the capacitive-type mechanical sensor cannot
have a GF higher than 1, and the signal range is very low (pF),
making it vulnerable to external interference.”*® Tontronic film
is a capacitive pressure sensing material that provides high unit
area capacitance by forming an electrical double layer on the
electrolytic—electronic interface. The composite of the highly
conductive ionic liquid 1-ethyl-3-methylimidazolium tricyano-
methanide [EMIM][TCM] and the photoinitiator PEG
diacrylate and the photoinitiator 2-hydroxy-2-methylpropio-
phenone (HOMPP) is placed between two spaced ITO
electrodes (Figure 28E).””® The transparent iontronic

https://doi.org/10.1021/acs.chemrev.3c00139
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Figure 28. Physical sensors. (A) Optical image of a free-standing transparent electrode. (B) The variation in the electrical current by the different
surface morphologies Reproduced with permission from ref 506. Copyright 2019 Springer Nature. (C) The change in the resistance of an L4590
hydrogel before and after self-healing. (D) The relationship between the resistance ratio and strain. Reproduced from ref 724. Copyright 2019
American Chemical Society. (E) Thin, transparent iontronic film on the electrode substrate. (F) The capacitive values measured from the device
when subjected to repetitive cycles of external pressure, exceeding 30 000 cycles. Reproduced with permission from ref 726. Copyright 2015 Wiley-
VCH. (G) The transparent piezoelectric motion sensor conforming to the contours of a human wrist. (H) The voltage output of sensors with PLA
and SWNT-embedded PLA. Reproduced with permission from ref 591. Copyright 2014 Wiley-VCH. (I) Optical image of micropatterned PDMS
triboelectric sensor. (J) The output voltage of a PDMS thin film sensor with different micropatterns. Reproduced from ref 731. Copyright 2012
American Chemical Society. (K) Optical images of a stretchable and conformable gated temperature sensor. (L) A comparison of the temperature
responses of a gated sensor and a resistor sensor. Reproduced with permission from ref 733. Copyright 2015 Wiley-VCH.

capacitive pressure sensor (transmittance 77%) showed high
sensitivity (3.1 nF kPa) and large unit-area capacitance (5.4 uF
cm?) and maintained its performance even after 30 000 testing
cycles (Figure 28F).

The piezoelectric sensor and triboelectric sensors are other
strategies for sensing mechanical stimuli. Such types require
low power because it measures the charges generated by
converting mechanical energy into electrical energy. The
transparent piezoelectric mechanical sensor has a structure in
which a transparent piezoelectric layer (e.g,, ZnO,””” BN,”*’
PVDE,”**””* and P(VDE-TrFE)””") is sandwiched between
two transparent electrode layers. The dipoles are aligned after
applying high voltage to both ends and maintained even when
the voltage is removed.”’® When the external stress is applied,
the electric dipole moment generates piezo potential. The
electrical charge accumulates on both electrodes by stress, and
the piezoelectric mechanical sensor creates an electrical
current. When the stress is released, it makes a reversed
current in the opposite direction.

Flexible, transparent piezoelectric polymers show low
piezoelectric coeflicients, so their performance can be
improved by infiltrating conductive fillers.””” The structure in
which the PLA/SWNT composite was sandwiched between
graphene electrodes showed higher piezoelectricity depending
on the structural deformation than when pristine PLA was
used as the piezoelectric layer (Figure 28G).””" SWNTSs with a
relatively high modulus than PLA increase the local strain of
the piezoelectric layer and maximize the charge generation. As
a result, the current and voltage are more than five times
greater than the pristine state, with a slope of —0.8 mV kPa™!

10037

by the applied pressure (Figure 28H). The serpentine structure
transparent wearable piezoelectric pressure sensor effectively
detects dynamic human body movements by showing different
signal patterns according to the pressed, stretched, and
compressed states.

The triboelectricity generated at the contact region of
dissimilar materials is another operation principle for
mechanical sensors. By anchoring it with a transparent
electrode, transparent triboelectric mechanical sensors have
been demonstrated.””””*"7*>””® When two materials with
different electronegativities come in contact, opposite elec-
tricity is generated on each surface, and a dipole moment is
formed when they are separated.””” Accordingly, the
accumulating charge establishes the electric potential, and as
a result, the electric current flows. Triboelectricity can be
induced by various operation mechanisms (contact, sliding,
single electrode, and freestanding triboelectric layer modes).
Material selection and geometrical structure affect the degree
of friction and polarization and are studied to improve
performance.””

The friction effect is improved through the transparent
micropatterned PDMS film so that even slight pressure and
vibration can be detected (Figure 281).73! Fabricating
micropatterns such as lines, cubes, and pyramids through an
etching process on a Si wafer mold to cast and peel off PDMS.
After transfer to ITO-coated PET, a transparent triboelectric
self-powered pressure sensor was demonstrated (transmittance
50%). Among them, the PDMS film with a pyramid pattern
effectively induced surface charge and generated more
triboelectricity (a peak voltage of 18 V and a current of 0.7

https://doi.org/10.1021/acs.chemrev.3c00139
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Figure 29. Physiological sensors. (A) Schematic illustration of transparent Kirigami electrophysiological sensor. (B) Capturing various
electrophysiology signals (EMG, ECG, and EOG). Reproduced from ref 599. Copyright 2019 American Chemical Society. (C) Optical images and
electrophysiological mapping of the PEDOT:PSS-EG electrode applied by a blue laser. Reproduced with permission from ref 739. Copyright 2021
Wiley-VCH under the CC BY-NC 4.0 license https://creativecommons.org/licenses/by-nc/4.0/. (D) Schematic illustration of glucose detection.
(E) The current values at the glucose concentration from 1 mM to 10 mM. Reproduced with permission from ref 460. Copyright 2017 Springer
Nature under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/.

uA) (Figure 28]). The air gap between the microstructures
improved the friction, showed an electricity generation more
than five times larger than the flat film, and showed a low-end
detection limit (13 mPa).

5.1.1.2. Temperature Sensors. Body temperature is vital for
health monitoring and all medical diagnoses. Healthy humans
maintain a constant body temperature with a very narrow
range (around 36.5 °C with 3 degrees °C of differentiation). If
the body temperature is out of this range, it can be suspected
as a critical sign of health abnormalities such as shock,
infection, and inflammatory reaction.”*® Therefore, body
temperature sensors require high resolution, fast response
time, and long-term continuous measurement. However, due
to rigidity, conventional thermometers cannot accomplish
long-term continuous measurements. The wearable temper-
ature sensor conforms to the skin to deliver fast heat transfer.
The thin active material layer has a low heat capacity and
quickly reaches thermal equilibrium.’**

Most wearable temperature sensors utilize intrinsic electrical
resistance change according to the temperature coefficient of
resistance. Metal has a positive temperature coefficient of
resistance, whose resistance increases linearly as the temper-
ature increases. Transparent Cu nanomesh showed 0.00272
°C™!, which has a minor change than bulk Cu due to reduced
electron—phonon coupling.”®" Also, metal oxide’®* and
hydrogel”*>7*>7** have a negative temperature coefficient of
resistance because carrier mobility increases as the temperature
increases. Transparent PEDOT:PSS is a transparent, temper-
ature-sensitive material showing a linear change in temperature
near body temperature (0.03% °C™').”>" Because such
materials typically respond to mechanical strain, the wearable
temperature sensor should minimize the sensor’s electrical
properties change according to the skin’s deformation.”**
Therefore, the sensing signal must be precisely structurally
designed and deconvoluted.

Alternatively, a gated structure can improve thermal
responsivity. PEDOT:PSS/PU composite was used as an
elastomeric conductor for the source, drain, and gate, and R-
GO/PU nanocomposite was used as a temperature-responsive
channel to fabricate a transparent, stretchable gated temper-
ature sensor.””> All made of transparent materials with PDMS

substrate showed 70% transparency in the visible region
(Figure 28K). As the temperature rises, the transport by means
of hopping across the barrier at the RGO junction increases,
increasing the conductivity of the channel. As a result, the
resistance changes by 1.34% °C~', which shows a higher
sensitivity than the resistive type made of the same sensing
material (Figure 28L) (0.9% °C™"). This sensor shows only a
slight resistance change even at 30% strain 10 000 cycles.

5.1.2. Physiological Sensors. 5.1.2.1. Electrophysiolog-
ical Sensors. The human body performs functions through
chemical and electrical signaling between cells. Humans
continuously emit electrophysiological signals for the activities
of organs and tissues. Nerve cells, cardiomyocytes, skeletal
muscle cells, and endocrine gland cells generate electrical
action potentials that can propagate to distant organs or
stimulate microscopic tissues. As representative examples,
measuring EMG, electrocardiogram (ECG), and electro-
encephalogram (EEG) is valuable for health status validation
and pathological diagnosis (e.g., muscle fatigue, myocardial
infarction, and brain tumors).”***’®° These are easily
disrupted by external noise, leading to inaccurate measure-
ments, hence higher conductivitgr of transparent electrodes
ensures effective data acquisition.”””37%’

Gold, one of the promising biocompatible and highly
conductive skin electrode materials, improves stability through
thin overlayer coating on other electrode materials.””” After
embedding AgNWs in ultrathin cPI, a transparent kirigami E-
skin was fabricated by partial laser cutting (Figure 29A).
Afterward, the exposed AgNWs were selectively replaced with
Au thin layer by galvanic replacement to enhance biocompat-
ibility and enable them to be directly attached to the skin. The
resistance change is within 5% of hysteresis at 400% strain, and
high reversibility is shown even after 10 000 cycles. It was used
as an electrophysiological sensor capable of detecting EMG,
ECG, and EOG (Figure 29B).

The implantable biosensors attach to soft organs, tissues,
and nerves and capture physiological signals. To prevent
inflammation, electronic materials with high biocompatibility

and low modulus are suitable for the neural interface.”*¢
Therefore, chemically stab717’e9 7g981d,549’787 graphenes,738’788’789

and conducting polymers are utilized as transparent
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neural interface materials. Simultaneous integration with
electrophysiological recordings and neural activity modulation
is beneficial for comprehensively understanding the neural
system and developing remedies for disease. Optical
stimulation is prospective for the modulation method of
bioactivity due to high temporal and spatial controllability.””"
Accordingly, neural interface sensors must ultimately be
optically imperceptible. The opaque neural interface material
blocks not only external light, greatly hindering light
stimulation, but also generates unwanted current by light.
Metal electrodes have free electrons by the external photo-
electric effect at wavelengths with light energy above the
threshold.””> These problems significantly affect results
because it is challenging to distinguish between electro-
physiological signals and noise.

PEDOT:PSS was used as a transparent neural interface
electrode, reducing the gap between electrodes and biological
tissue with low electrochemical impedance.”*” After patterning
the PR in the form of an electrode array on the PET substrate,
PEDOT:PSS is spin-coated. After that, dipping in EG after
lifting off by ultrasound in an acetone solution reduced the
electrochemical impedance. The completed transparent
conductive sensor array (transmittance 85%) effectively
captures the neural signal in response to optogenetic
stimulation of the genetically engineered mouse. Unlike the
Au electrode, the transparent conducting polymer electrode
did not produce any photoelectric artifact under laser
irradiation (Figure 29C).

5.1.2.2. Biochemical Sensors. Biochemicals such as electro-
Iytes (e.g, Na*, K*, Ca”, and Cl~), metabolites (e.g., glucose,
uric acid, lactic acid, and ascorbic acid), and nitrogenous
compounds play essential roles in the human body for
maintaining homeostasis and performing the functions of
nerves. When concentrations of biochemical are out of balance,
it can be considered a health problem. In situ measuring
biochemical compounds in the body will be very important in
future portable health monitoring.793 Currently, urine and
blood are evaluated for medical diagnosis. However, these
methods need direct bodily extraction, potentially risky and a
considerable barrier to real-time monitoring. In addition, such
methods are expensive and challenging to manufacture mobile
devices. Therefore, other body fluids (sweat, saliva, tears),
which can be obtained easily, are promising replacements for
real-time monitoring electronics."”””*”*> However, body
fluids contain many biochemical molecules with low
concentrations and are easily contaminated by uncontrollable
external factors. Thus, choosing appropriate biomarkers and
developing suitable sensors for diagnosis and prediction is
challenging. Biomarkers must be sufficient in bodily fluids and
not react with other molecules. Biochemical sensors must
capture the concentration range of markers in body fluid with
high resolution and respond quickly. Biosensors detect changes
in electrochemical properties caused by oxidation, reduction,
and redox of the adhesion surface through binding with active
molecules. Transparent sensing materials, includin
CNT, #0742 graphene,459’460’743 and ion-selective optodes,74
have been successfully used to fabricate transparent bio-
chemical sensors.

Glucose is an essential biomarker in the diagnosis and
treatment of diabetes. A FET-based transparent sensor was
proposed for noninvasive monitoring by forming a graphene
channel between graphene/AgNWs electrodes (91% trans-
parency).*®® Graphene is functionalized by selectively linking

glucose oxidase (GOD) to the graphene surface via 7—7
stacking (Figure 29D). GOD oxidizes glucose to gluconic acid
and reduces H,O to H,0,. Hydrogen peroxide generates
oxygen, protons, and electrons, increasing the channel’s
concentrations of charge carriers and drain current (Figure
29E). The signal-to-noise ratio was 7.34 at a glucose
concentration of 1 yM under zero gate bias. It had a detection
limit of 0.4 yM and sensitively detected the normal tear
glucose concentration range.

5.2. Energy Devices

The wearable energy device plays a crucial role in wearable
electronics by converting external stimuli into electrical signals
and supplying them to the electrical device. With the
advancement of wearable technology, more sophisticated
functions are being integrated into smaller platforms. A high-
capacity energy storage device and a high-efficiency energy
harvester are necessary to ensure long-lasting usage with
minimal charging time. In this respect, the demand for high-
performance and sustainable energy devices is increasing
urgently. Furthermore, with the development of transparent
wearable electronic devices, transparent wearable energy
devices are sought after due to their potential to seamlessly
integrate into other transparent wearable electronics such as
displays’**””” and touchpads."***** It can be achieved by
innovative transparent electrode material design, allowing the
devices to blend in visually with the surrounding environment.
Transparent wearable energy devices can enhance the aesthetic
appeal of wearable electronics and provide a more immersive
user experience. This section discusses transparent wearable
energy devices categorized by energy storage and energy
harvester (Tables 9 and 10).

5.2.1. Energy Storages. Transparent energy storage
devices are essential to ensure the total device maintains its
transparency when coupled with other components. Currently,
these storage devices present the most significant obstacle in
the development of transparent wearable electronics. Thus,
transparent electrodes exhibiting high conductivity are crucial
for superior electrochemical performance. Unlike transparent
electrodes for other components, these electrodes also require
significant capacitive properties. Given that volumetric
capacitance is proportional to thickness, there is a trade-off
between electrical properties and transparency.””***" Electrical
properties tend to decrease rapidly as transparency increases in
the high transparency range. Also, low conductivity makes it
easier to reach the cutoff voltage, which lowers the total
amount of energy, power delivery, lifetime, and efficiency, so
high-performance electrodes have been developed. In this
respect, most energy storage devices have been developed with
a transparency of 50—80%.

5.2.1.1. Supercapacitors. The supercapacitor, the repre-
sentative energy storage device type, consists of an electrode,
current collector, and electrolyte. The reactions on the
electrode surface store electrical energy, resulting in a high
power density, quick charge and discharge times, and a long
lifetime.*”> With the advancement of transparent electrode
materials such as ITO,*"%* graphene,wg’80 metal,697’803’824
PEDOT:PSS,*”**** and MXenes,**"*"* transparent super-
capacitors have been reported.

The performance of energy storage devices is greatly
influenced by the size of the electrode’s surface area. A
common approach for increasing the surface area is the
formation of a percolation network using nanomaterials.**®

https://doi.org/10.1021/acs.chemrev.3c00139
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Figure 30. Energy storages. (A) A series-connected supercapacitor. (B) The areal capacitance of Ag/Au, Ag/Au/ppy supercapacitor as a function
of the current density. Reproduced with permission from ref 697. Copyright 2017 Springer Nature under the CC BY 4.0 license http://
creativecommons.org/licenses/by/4.0/. (C) Areal capacitance at various current densities and photographs of SWCNT film and the asymmetric
device. (D) Galvanostatic charge—discharge at different current densities of the asymmetric device. Reproduced with permission from ref 800.
Copyright 2017 Wiley-VCH. (E) Optical image and SEM image of a transparent and flexible battery electrode. (F) The optical transparency versus
energy density. (10Wh/L at 60% transmittance) Reproduced with permission from ref 805. Copyright 2011 National Academy of Sciences. (G)
Image of an FE-ZiB device in the (left) charged state at 1.6 V and (right) discharged state at 0.3 V. (H) Areal capacity under various area current
densities. Reproduced with permission from ref 807. Copyright 2021 Wiley-VCH.

Due to the high surface area of the percolation network of 1D a gradual increase in capacitance due to the enhanced active
material, it showed higher performance than the film type.””” site region between MXene sheets during 20000 cycles.

Ag@Au core—shell nanowires allow for lowering the 5.2.1.2. Batteries. The lithium-ion battery, which utilizes Li-
consumption of expensive Au and improving electrochemical ion as the charge carrier, is a popular energy storage solution
stability. Then, through electropolymerization, a Ag/Au/ widely used in electronics. This type of battery is characterized
polypyrrole core—shell nanowire network was utilized for the by its high energy density and lack of memory effect from
transparent supercapacitor electrode (73% at 550 nm) (Figure repetitive charging and discharging.**’ The lithium-ion battery
30A). After that, the supercapacitor was fabricated by coating includes cathode and anode active material, cathode, and
PVA H;PO, gel electrolyte and showed a performance of 580 anode current collector, electrolyte, and separator. During the
{Fcm™ at the current density of 5.8 yAcm™ (Figure 30B). redox reaction at the electrode, Li-ion from the electrode

These electrochemical properties were maintained even after
5000 cycles of bending with a radius of curvature of 5 mm.
The mechanism of charge storage in supercapacitors is
dependent on the electrode material. Carbon and graphene-
based materials store energy through electrical double-layer
capacitance, which is based on the desorption of electrostatic
charge at the electrode—electrolyte interface. Metal oxides,
conducting polymers, and metal carbides store energy through
pseudocapacitance, which is based on faradaic electron charge
transfer between the electrode and electrolyte.*” This transfer
is caused by reversible faradaic redox, electrosorption, or
intercalation processes. The use of asymmetric supercapacitors,
which incorporate electrical double-layer capacitance electro-
des and pseudocapacitance electrodes, has improved energy
density and specific capacitance.

diffuses into the electrolyte to reach the counter-electrode for
charge compensation. Recently, researchers have developed a
flexible version of the lithium-ion battery that uses thin film
technology.”' This design replaces traditional components
with flexible layers, resulting in improved mechanical stability.
However, the transparent wearable lithium-ion battery is still
limited, and further development is needed to enhance its
electrochemical performance.****%°

As the representative work, the transparent anode LiMn,0,
and cathode Li,TisO,, were patterned in a grid structure (50
um width) by the microfluidics-assisted method (Figure
30E).*” By patterning the grid spacing with a width lower
than the human resolution, it was possible to manufacture a
transparent lithium-ion battery visually through the combina-
tion of transparent gel electrolyte and packaging material. As a
result, the performance does not change even after bending,

MZXenes, a class of transparent pseudocapacitive materials, and an energy density of 10 Wh L™! was obtained at 60%

have shown promising results in high electrical conductivity
and electrochemical performance.®”” Parallel aligned MXenes-

transparency (Figure 30F). Due to the grid shape, aligning
multiple layers does not sacrifice transparency.

(TisC,T,) to substrate exhibit high volumetric capacitance Nontoxicity is another crucial factor in wearable electronics
characteristics (676 F cm™) with the electrical conductivity of like E-skin, implantable devices, and health monitoring
5736 S cm™" at 93% transparency.""’ An SWCNT electrode systems. While traditional lithium-ion batteries contain highly
was used as the opposite electrode for a transparent toxic and flammable chemicals,**” such as multivalent materials
asymmetric supercapacitor (Figure 30C). As a result, the are being considered as alternative materials due to their low
asymmetric design shows relatively inferior rate performance toxicity and environmental safety.”*”> One such material is zinc,
compared to a symmetric supercapacitor. However, the areal which has a high capacity density (5855 mA h cm™) and
capacitance is improved (1.4 mF cm™ at 4 yA cm™?), and the shows positive potential as a power source for wearable devices
current density is improved by 12 times (Figure 30D). through the use of zinc ion batteries (ZIBs) 507808834 Ag, Nj,
Asymmetric supercapacitors have high coulomb efliciency with and Zn were sequentially coated on electrospun nanofiber for a
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Zn@Ni@AgNFs nanofiber network and used as an anode for
transparent flexible ZIB.*"” As a result, color and transparency
distinguished the discharged state (50% transparency, 0.3 V)
and the charged state (dark blue-violet, 1.6 V) (Figure 30G).
ZIB exhibited a high volumetric energy density of 378.8 W h
m™> at a power density of 562.7 W m™ and a high areal
capacity of 174.8 mA h m™? at 0.013 m A cm ™2 and maintained
its performance even under mechanical strain (Figure 30H).

5.2.2. Energy Harvesters. Energy storage requires
recharging or replacement over time, which can be
inconvenient and costly. An ideal alternative would be to
convert external stimuli directly into electrical signals,
eliminating the need for charging or discharging. Humans
constantly generate energy through movement, heat produc-
tion, and biological processes, with estimates ranging from 0.8
to 60 W.*> This presents an opportunity to harness this
energy to power wearable devices through energy harvesting
systems. By converting human movement into electrical
current, energy harvesting systems can supplement or even
replace traditional energy storage systems. It is imperative for
transparent wearable energy harvesters to employ transparent
electrodes of high conductivity for the efficient collection of
electrical signals. This aids in effectively capturing the electrical
signals generated by the devices and mitigating energy leakage
during transmission. Moreover, ensuring close contact between
the energy harvesting layers is crucial to optimally harness the
energy. This approach offers the potential for a more
convenient and sustainable solution for powering wearable
electronics.

5.2.2.1. Piezoelectric Energy Harvesters. The energy
generated by body movement can be converted into electrical
current using the piezoelectric and triboelectric principles.**®
This principle can be utilized to convert the kinetic and
vascular dynamic signals generated by body movement into
electrical energy. In the piezoelectric method, a piezoelectric
nanogenerator generates a piezoelectric potential from an
external force.*>” The charges induced through electrodes on
the ends of the piezoelectric material (e.g, ZnO,**”""’

10043

Zn,Si0,,°*"" BaTiO4,** MOS,*” PVDE-TRFE,*'’ and
PVDE-HFP®'?) are then harvested as current pulses.

In order to avoid performance degradation under repeated
deformation, the conductivity of the transparent electrodes and
the adhesion force between electrode material and substrate
are critical issues.**" Radiation of the UV flash lamp on
AgNWs electrode achieves high transparency and electrical
conductivity (5 © sq™" at 90% transmittance) by local junction
welding (Figure 31A).°*® Moreover, surface plasmon polar-
itons partially melt PET and dramatically improve adhesion
energy (30.7 Jm™?) with AgNWs. This electrode—substrate
interlocking prevents delamination, so the transparent energy
harvesting device used as a single crystalline Pb(Mg, ;;Nb,,3)-
0;—PbTiO; (PMN—PT) piezoelectric layer showed excellent
mechanical stability and harvesting performance. This device
exhibited an output voltage of 38 V and a current density of 6.8
pAcm™ and maintained harvesting performance even under
100 000 cycles at a bending radius of 4.75 mm (Figure 31B).

5.2.2.2. Triboelectric Energy Harvesters. Triboelectric
energy harvesting is highly effective for generating electrical
energy from mechanical movement, even in small devices.
Triboelectric nanogenerators are robust, cost-effective, and
generate high voltage, making them an attractive option for
powering wearable devices. This method works by harvesting
the electrostatic force generated through the contact and
separation of dissimilar materials. The contact between the
materials creates opposite charges on each surface, generating a
current when the two surfaces are separated. The performance
of triboelectric nanogenerators is greatly influenced by the
material’s electron affinity, surface roughness, and pressure.”*’
Triboelectric nanogenerators have four operating modes,
including contact, sliding, single electrode, and freestanding
triboelectric layer modes. They can be used as a power source
for self-powered sensors and complex electronic device sensor
platforms.58L814-817

A transparent and stretchable triboelectric nanogenerator
was fabricated by using elastomer (PDMS or VHB 9469) and
ionic hydrogel PAAm hydrogel containing lithium chloride
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(LiCl)) as the electrification material and electrode material,
respectively.”'* This triboelectric nanogenerator exhibits
1160% stretchability and 96.2% transmittance (Figure 31C).
It has a single-electrode operation mechanism that discharges
electric charge to an externally grounded electrode through
contact and separation with an external dielectric film in the
form of an elastomer-wrapping ionic hydrogel. It showed a
maximum open circuit voltage of 145 V and an instantaneous
areal power density of 35 mW m™ (Figure 31D). The
performance was maintained even after 5000 contacts and
20000 cycles of stretching.

5.2.2.3. Thermoelectric Energy Harvesters. Body heat can
be harnessed as an alternative source of electrical energy using
a thermoelectric generator. This device, when attached to the
skin, generates a voltage by leveraging the temperature
differential between the skin-facing surface and the exterior
surface.”*’ While the limited temperature difference between
the skin and ambient air limits the maximum power density
that can be achieved, the thermoelectric generator has the
advantage of providing a steady output of electricity. A
temperature gradient between the two sides of a semi-
conductor material can be utilized to generate electricity
through the thermoelectric effect. The difference in temper-
ature causes the holes in the transparent N-type semi-
conducting material (e.g, Bi,Te,**” and ZnO:GA®') and
electrons in the transparent P-type semiconducting material
(e.g, Cul®'%%) to migrate to the colder side, thus creating a
flow of electricity between the two electrodes. To improve
energy harvesting efficiency, exploring appropriate materials
with a high Seebeck coefhicient, high electrical conductivity,
and low thermal conductivity is required.

Typically, N-type semiconducting materials possess higher
Seebeck coefficients and greater transparency compared to P-
type semiconductors. To achieve more efficient energy
harvesting, developing P-type transparent thermoelectric
materials is essential (band gap >3 eV). Polycrystalline P-
type y-Cul thin films deposited on PET and glass by reactive
sputtering showed superior performance compared to other P-
type semiconducting materials.”'® It showed high transparency
(60—85% at 410—2000 nm of wavelength) and a high Seeback
coefficient and has high thermoelectric performance even at
room temperature, making it highly applicable for transparent
wearable thermoelectric devices (Figure 31E). Such a thin film
only shows a resistance change of 0.2%, even at 400 cycles with
a compressive bending angle of 90 °C. Furthermore, the
transparent single-leg thermoelectric module showed 0.10 mW
em™? at AT = 10.8 K, similar to Bi,Te;/Sb,Te; (Figure 31F).

5.2.2.4. Radio Frequency Energy Harvesters. As another
strategy, wireless power transmission is a preferred technology
for battery-free wearable electronics due to its higher reliability
and controllability, and it also offers the potential for data
transportation.”'®*** The stretchable and transparent energy
transfer between two coils holds promise for attachable
wearable devices,*** optical lenses,*” and wearable glasses.845
This technology has proven effective in supplying energy to a
variety of wearable applications, such as complex integrated
circuits and smart lenses. Currently, wireless charging of cell
phone watches and mobile devices is achieved through
electromagnetic induction, which exhibits a high efficiency at
short distances. Despite improving the stability against
electromagnetic interference, this method’s efficiency drops
quickly with increasing distance. Utilizing magnetic resonance
between two coils with matching resonant frequencies offers a

more effective solution for maintaining high efficiency over
longer distances, making it a future technology for wearable
electronics. Through the design of Ag nanofibers (AgNFs), a
stretchable transparent spiral coil capable of wireless power
transfer was suggested (Figure 31G).**" The design and
structural deformation of the coil affects the quality factor,
radio frequency properties, and electrical properties (induc-
tance, resistance, capacitance) of the coil (Figure 31H). The
five-turn stretchable spiral coil showed an excellent trans-
mission capability of 15% at 10 MHz in magnetic resonant
coupling mode, even under 100% tensile state.

5.3. Soft Actuators

Wearable robotics are rapidly gaining popularity in various
fields, such as human augmentation and medical rehabilita-
tion.*****” Conventional rigid robots are precise and powerful
in performing repetitive tasks. However, they lack the ability to
adapt to unpredictable situations and operate safely in human
activities. In this context, soft robotics, composed of soft
matter, has emerged as a promising alternative to rigid robots.
Soft actuators’ mechanical properties are similar to biological
organs and muscles, allowing them to perform distinctive
functions that are impossible with rigid robots.*****

Soft actuators have the unique ability to reach a force
equilibrium state without complicated control actively and can
be stably worn in dynamic environments. The human—
machine interface has been greatly improved through multi-
lateral studies on soft materials and working principles, leading
to an expansion of various application fields such as haptic
reproduction,” implantable drug delivery,®*"** and assistive
robotics.*>>*** Furthermore, transparent soft actuators hold
immense significance in the field of soft robotics, attributed to
their unique characteristics and potential applications.
Primarily, they offer an aesthetically agreeable and unobtrusive
solution, merging seamlessly into attire or attaching directly to
the body without drawing attention. Integration of soft
actuators with additional sensors can enhance controllability,
and the combination with vision sensors could potentially yield
superior performance.”>* Hence, the advent of the transparent
soft actuator is likely to pioneer a new trajectory in the future.
The actuation capability, encompassing power, strain, strain
rate, and operation mechanism, holds significant importance
when evaluating soft actuators. It must transmit large forces
and maintain their mechanical properties under repeated
deformation. However, the development of optically impercep-
tible soft robotics is still in its early stages due to the inferior
mechanical properties of transparent materials. In this section,
we will discuss the principles of soft fluidic actuators, dielectric
actuators, and shape memory polymers, which are developed
with various transparent materials, such as elastomeric
materials, liquid crystal elastomers, and hydrogels (Table 11).

5.3.1. Soft Fluidic Actuators. Soft fluidic actuators
(SFAs) have been widely researched in wearable robotics. By
applying fluidic pressure to the chamber embedded within a
soft and elastic material, the material can be mechanically
stretched, resulting in the production of mechanical move-
ments."® SFAs have many advantages compared to other
operating principles. Complex movement by simple operation,
SFAs make large deformation with simple fabrication such as
soft lithography, delivering high force."*”*’® Actuating force
and direction are modulated through the magnitude and
direction of the fluid pressure. Asymmetric modeling of the
stiffness of the chamber enables various motions (e.g,

https://doi.org/10.1021/acs.chemrev.3c00139
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of actuators can induce multi-DOF motion.””> Elastomeric
materials must be simulated through sophisticated theoretical
modeling due to their nonlinear mechanical behavior.*”*

The properties of the chamber material greatly influence the
force transmission and deformation of the fluidic soft actuator.
Low-cost and light, semitransparent, or transparent dragon
skin,"’® Ecoflex,*”” PDMS,*”® and hydrogelsss’856 are used as
chamber materials. Ecoflex, which has a low modulus, shows
large deformations even with low-pressure inflow but is more
disadvantageous in terms of force transmission. Through soft
lithography, a soft pneumatic robot with a difference in strain
between the top and bottom was demonstrated by using
translucent Ecoflex and transparent PDMS as the upper and
lower layers, respectively.”’” The Ecoflex layer, which has a
relatively lower modulus than the PDMS layer, stretches more
even at low stress and enables bending. The exact mechanism
consists of five actuators, one main body, and four limbs, and a
pneumatic channel independently controls each actuator. A
crawling group undulation gait was achieved by continuously
operating each component in a different sequence (13m h™").

Most wearable soft actuators are composed of opaque
materials, as highly transparent soft materials have poor
mechanical properties compared to other opaque materials.
Therefore, there is a need to develop transparent soft materials
with higher mechanical properties. Hydrogel is intrinsically
transparent, allowing the building of transparent actuators with
a bulkier and thicker layer than flexible silicone elastomers.
PAAm-alginate hydrogel is used for a hydraulic soft actuator
with fast response (<1 s) and high force (<1 N).*>* Hydraulics
soft actuators generate more force than pneumatics soft
actuators. Because PAAm-alginate hydrogel is composed of
more than 90% water, its optical properties are very similar to
water. This way, under the water, optically and sonically,
camouflaged swimming fish, a bending actuator, and a gripper
were fabricated (Figure 32A—C). Due to the robustness of the
hydrogel, it could operate over 1000 multiple cycles.

5.3.2. Dielectric Elastomer Actuators. Another method
is the dielectric elastomer actuators (DEAs), operated by
electricity. The electrically driven actuators show large and fast
responses obtained with low current, have high controllability,
and are easy to interface with other electrical devices.**"~*
When an electrical potential difference is applied to both
stretchable electrodes on both ends of the dielectric elastomer,
positive charges on one side and negative charges on the other
are accumulated to form an electric field and generate a
Coulomb attraction that compresses both ends.*** Due to the
elastomer’s low modulus, the deformation occurs until the
mechanical stress and the Coulomb attraction are in
equilibrium. Strain and strain rate can be controlled according
to the applied voltage, and the soft elastomer returns most of
the input energy as mechanical strain energy, not capacitive
energy. For high deformation, thin electrodes are required.
Because the electrodes must be stretched together, interference
by the electrodes must be minimized for large deformation.
Metal nanowire,*>®* CNT,*” and conductive hydrogelgsl’%2
have been used for the electrode of optically imperceptible
actuators. Prestretched VHB tape was used as a dielectric layer,
and it was confirmed that the area of the dielectric elastomer
widened when voltage was applied to the electrodes.
Compared to other methods, it can produce high power
while maintaining transparency, which has high potential in
transparent wearable soft robotics.

However, the manufacturing process for complicated
geometry is difficult, and there is a risk of leakage due to a
high voltage (kV) requirement. Complex structural trans-
formations were achieved through submerged actuators in
which both electrodes were fluids.*” The interface between
the fluid electrode and the dielectric elastomer improved light
transmittance compared to the air—elastomer interface, so it
maintained high transparency in water (active area, 97%;
border area, 90%). When an external voltage is applied to one
of the two independent fluid electrodes surrounded by three
layers of elastomer, maxwell pressure compressed the dielectric
layer. As a result, the chamber is tensioned and bent. By
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on nylon mesh. (G) Bacterial growth and corresponding thermal antimicrobial efficiencies. Reproduced from ref 912. Copyright 2022 American

Chemical Society.

connecting three elastomers in an aligned form and controlling
each individually, movements similar to those of leptocephali
were fabricated.

A hydraulically amplified self-healing electrostatic (HASEL)
actuator that utilizes a DEA and a hydraulic principle has been
presented.”*” This soft actuator achieves higher deformation
and greater force. It is manufactured simply by filling the PAM
hydrogel fluid dielectric into an inextensible but flexible thin
chamber and then patterning the electrode with conductive
hydrogel electrodes on the outside. The electrode, which is half
the size of the chamber, pushes the fluid inside to generate
contraction when electricity is applied (Figure 32D,E). It
showed 10% contraction, 50 Hz, and 900% s~! strain rate, and
the power to lift 200 times its weight, and it could drive
complex movements through rational design.

5.3.3. Shape Memory Polymers. Shape memory
polymers (SMPs) are materials that can temporarily hold a
specific shape and revert to their original form in response to
external stimuli. These properties allow SMPs to produce
motions such as bending and twisting through stimuli. Unlike
traditional actuator mechanisms, SMPs have the potential to be
used in untethered robotics. The configurations of SMPs can
be fixed via physical or chemical triggering, allowing them to
temporarily retain their deformed state in the absence of
external stimuli. Upon application of an additional external
stimulus to remove the internal fixing energy, the SMPs return
to their original shape.gé‘%‘géé‘gé7 For example, liquid crystal
elastomer (LCE) undergoes a change in length in response to
temperature owing to its ability to transition between different
phases based on temperature, causing a variation in molecular
configuration. When the LCE molecules are aligned, the
application of heat triggers a noticeable and reversible
contraction in the direction of alignment, resulting from the
changes in molecular configuration attributed to the thermal
response.

A thermally controllable actuator was fabricated by arranging
the internal mesogen by irradiating UV light on a sandwich
type.”®> A stretchable heat wire was inserted between two
layers of loosely cross-linked LCE films. The increased
temperature by joule heating of the hot wire caused a phase

transition from the nematic state to the isotropic state,
enabling contraction in the longitudinal direction. The film-
type actuator was controllable with a low voltage of 3 V,
homogeneous contraction within 40% was achieved, and the
lightweight of the 1 g of soft actuator lifted 3.92 N (Figure
32F). In addition, the tubular actuator manufactured by rolling
the film form can be bent in the desired direction through
independent control of the heater. It can be manufactured as a
gripper or untethered soft robot.

Transparent soft actuators have also been presented that
utilize various external triggers as the actuation principle. The
soft hydrogel actuator composed of PAM precursors and
polymer chains of alginate-PBA is multiresponsive to moisture,
multivalent cations, and pH.*** Hydrogel has a shape memory
property in which the volume changes reversibly and
significantly depending on the water content. Because the
PDMS film does not deform in external triggers, an asymmetric
bilayer of hydrogel and PDMS is bent by dehydration. This
mechanism enables complex actuating, such as flowering with
simple stimulation through the structural design of the bilayer
actuator. In addition, alginate is combined with multivalent
cations to improve the water absorption of the hydrogel so that
structural changes are possible even with the influx of ions such
as Ca*".

5.4. Others

5.4.1. Display. Display conveying software information in a
visual form or serving as a medium for people to give
commands to software, significantly impacting the human
lifestyle. Personal, flexible displays and head-mounted displays
can be purchased in the market. Accordingly, developing a
transparent and flexible new format with high wearability and
convenience is expected. It will play an important role in the
metaverse, IoT. Transparent top electrodes, such as metal
oxide,*3°75%%  metal, **7%%° and graphene,891 have been
effectively utilized to manufacture transparent flexible displays,
including OLEDs,*”**”* QLEDs,”””*** and PeLEDs.”” A
transparent flexible display requires the background on the
opposite side to be seen without obstruction, and high
intensity and clear security are required when emitting light.
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Transparent displays necessitate exceptionally high trans-
parency (>90%) and hi§h conductivity (<50 Q sq~') in top
and bottom electrodes.””® Transparency is particularly crucial
for the top electrodes due to the susceptibility of underlying
materials to environmental conditions such as oxygen
exposure, humidity, plasma interactions, and temperature
fluctuations. These constraints can cause the performance of
transparent devices to lag behind their opaque counterparts.
Furthermore, characterizing the morphology of transparent
electrodes is significant in stacking multiple thin layers. For
instance, a network of metal nanowires demonstrates superior
transparency and conductivity. However, due to its uneven
surface, it may intrude on the underlying layer and cause
potential damage.

Among light-emitting materials, colloidal quantum dots
(QDs) have been investigated as promising candidates for
thin-film displays due to their exceptional luminous efficiency
and versatility in tuning colors. For example, electron transport
layers composed of an ultrathin alumina layer with ZnO
nanoparticle assembly and transparent quantum dot light-
emitting diodes (Tr-QLEDs) achieve high optical and
mechanical properties (Figure 33A).””” Electron transport
layers improve active layer stability and balance carrier
injection. This device showed more than 84% transparency
in the visible spectrum range and a total performance of 73 000
cd m™2 and was patterned with red, green, and blue Tr-QLED
with high resolution (513 pixels in~') (Figure 33B). In
addition, with an ultrathin film structure of 2.7 pm, light
emission was stable even in bending, folding, and stretching
(Figure 33C). There was no degradation in performance even
under 50% strain.

5.4.2. Heater. The heater is an indispensable component in
many fields requiring thermal regulation. It can be applied to
defogging of the disglay,gw’898 personal thermotherapy,*”” and
heat preservation,g0 and it needs to be highly stretchable and
transparent to adhere to curved target skin. When current
flows, a transparent conductive electrode increases the
temperature by Joule heating. Transparent flexible heaters
have been demonstrated CNT,”°" graphene,902 metal nano-
wire,"”*”* and conducting polymer.””* Wearable heaters
which operate with high power on the skin, necessitate designs
for a moderate operating voltage range. Typically, these
wearable heaters function at a few volts, ensuring an optimal
power level while minimizing the risk of device damage and
potential harm to the wearer. When excessively conductive
materials are used, there is a risk of high currents traversing the
nanomaterials, leading to damage due to electromigration.
During this process, ions can migrate and induce the formation
of voids or hillocks within the nanomaterials. Such structural
irregularities can escalate the electrical resistance of the
electrode, consequently undermining the device’s performance.
Conversely, wearable heater with too low conductivity
electrodes requires a high-voltage power source for adequate
output. This condition diminishes wearability and safety during
operation, thereby restricting the device’s practical utility.

As a representative example, a stretchable, transparent heater
was fabricated by vacuum filtration of AgNW percolation
networks on PDMS.">* Depending on the AgNWs density, the
electrical conductivity and transmittance were varied, and high
heater characteristics were exhibited under transmittance
>85% at 30 Q sq~' (Figure 33D). It showed a maximum
temperature of over 80 °C at an applied voltage of 5 V. The
stable operation was performed even under deformations such

as 60% strain, bending, and twisting. Although the heat
generation decreased due to resistance increasing under
applied strain, it was possible to obtain a uniform temperature
distribution by actively controlling the voltage (Figure 33E).

In order to maintain a high temperature for a long period,
wearable heaters must improve their stability. Electrodes based
on percolation networks have advantages in terms of high
conductivity, transparency, and mechanical properties. How-
ever, the metallic nanowire network is vulnerable to high
temperatures and high currents. The thermal instability of
metallic nanowires can result in spheroidization, causing a loss
of the percolating nature of the networks.”” Additionally,
electrical instability can occur when the networks are subjected
to electrical stress.””® Various techniques, such as core—shell
nanowire and layer coating, have been proposed to improve
stability against harsh environments.”*®> The selective electro-
deposition of GO nanosheets on AgNWs and pulsed laser
irradiation greatly improved thermal stability.””” The heater
with a sheet resistance of 3.3 Q sq' and transparency of 91%
showed even at Joule heating temperature of 366 °C.

5.4.3. Air Filter. Particulate matter (PM) is composed of
various toxic substances from soot, dust, and forest fires and,
when inhaled, causes many diseases related to the
cardiovascular and respiratory organs.908 In particular, micro-
particles with a diameter of less than 2.5 ym (PM2.5) are more
dangerous because they can easily penetrate the human body.
In addition, fine particles play a role in mediating the spread of
viruses and bacteria.”” Air quality management in living spaces
has become an essential factor. In particular, wearing a
personal mask, which has become an essential element of daily
life during the Covid pandemic, disturbs communication
between people and screens the transmission of facial
expressions and mouth movements. Therefore, a mask requires
high wearability and optical transparency.

Conventional air filters have a thick thickness, which causes
a pressure drop and degrades performance. Electrostatic
precipitators typically entail the deposition of a conductive
material onto a fiber filter, requiring a highly conductive
substance to generate a robust electric field.”'*”"" One notable
challenge with wearable filters lies in the decrement of air
permeability due to the accumulation of microparticles over
time, which can significantly impair their performance.
Consequently, attributes such as the maintenance of physical
integrity and the potential for reusability emerge as pivotal
considerations in the design of wearable filters. Furthermore, it
is essential to ensure the preservation of conductivity even after
repeated wash cycles. In particular, Cu-based air filters can
inhibit the secondary transmission of microbes due to their
intrinsic bactericidal properties. CuNW air filter is fabricated
by partially filling the pores by vacuum filtration of CuNWs on
a flexible nylon mesh (Figure 33F).”"* In addition to
mechanizing air pollutants, electrostatic filtration performance
was enhanced. (PM0.3 conditions, 68.4—93.4%) In addition,
Joule heating greatly enhanced the sterilization of Escherichia
coli and Geobacter anodireducens (Figure 33G). The proposed
filter could be integrated with a commercial mask with 70%
transparency.

6. APPLICATIONS

The performance of individual electronic components,
integration technology, and the development of data analysis
are accelerating wearable electronics to the systematic level.”"”
This section describes usage possibilities for health monitoring,
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Figure 35. Transparent wearable electronics applications. (A) Schematic illustration of an integrated system including strain sensor, antenna, NFC
chip, and interconnects. (B) Digital image of smart contact lens. Reproduced with permission from ref 919. Copyright 2021 Springer Nature. (C)
Digital image of multiplexed scleral lens with fluorescent probes. Reproduced with permission from ref 920. Copyright 2019 Wiley-VCH under the
CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/. (D) Digital image of a multifunctional endoscope system. (E) Digital image of
tumor captured by transparent bioelectronic devices, and control metal devices. Reproduced with permission from ref 922. Copyright 2015
Springer Nature under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/. (F) Illustration of the data sets for multimodal fusion.
(G) Digital image of stretchable transparent strain sensor. Reproduced with permission from ref 720. Copyright 2020 Springer Nature.

medical treatment, and human augmentation in which various

electrical components are organically functioning (Figure 34).
6.1. Health Monitoring
The increasing demand for health monitoring is expected to

revolutionize the role of portable electronic devices, position-

ing them as critical tools for remote medical services, early

health issue detection, and preventative diagnostics. Recent
advancements in physical’'*'® and physiological **7'*7!791¢
sensors have made precise detection of human activity and
health status possible, allowing for a more comprehensive
understanding of individual health. Furthermore, the growth in
wireless transmission capabilities has been a vital factor in the
evolution of wearable health monitoring devices. Smart contact
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lenses serve as an innovative solution for noninvasive,
continuous monitoring of both physical and chemical
biomarkers. Tears, which contain a diverse array of electrolytes,
provide a noninvasive, readily accessible source of biomarkers.
The challenge with smart contact lenses lies in ensuring high
transparency to not obstruct the wearer’s vision while
integrating various electrical components and ensuring the
biocompatibility of materials used. As such, significant strides
in research have been made in developing biocompatible
materials, integrating technology that preserves the wearer’s
vision.

Recent research has successfully developed a transparent,
wearable smart contact lens to aid glaucoma patients by
monitoring intraocular pressure (10P).°"” The lens is
constructed from PET and integrates a strain sensor, wireless
antenna, and an NFC chip (Figure 35A,B). The strain sensor,
an ultrathin boron-doped single crystalline silicon layer, is
strategically placed on a rigid-soft hybrid substrate, enabling it
to detect very minor changes in IOP. The system also includes
a stretchable AgNF-AgNW antenna and an NFC chip with
embedded passive elements, interconnected by direct pattern-
ing of a stretchable material. A temperature sensor embedded
within the NFC chip calibrates the IOP value and wirelessly
transmits this data to a mobile device. The lens has been
successfully tested in practice on a rabbit’s eye, with results
recorded wirelessly. Human trials further confirmed that
wearing the smart contact lens caused no noticeable
discomfort.

The acquisition of complex signals is vital for precise
diagnosis. Advances in integration technologies are poised to
enhance compact platforms, allowing for the sensing of
multiple biomarkers in small devices.”'” This progress may
lead to more sophisticated diagnostic capabilities. Notably,
multiplexed scleral lens sensors have been developed to
quantitatively monitor pH and various electrolytes (Na¥, K,
Ca*, Mg®, and Zn**) (Figure 35C).””° These are made by
incorporating multiple fluorescent probes into laser-engraved
microfluidic channels. The optical measurements of the
colorimetric changes of these sensors enable the extraction of
quantitative results for individual sensors. This technology has
facilitated the assessment of dry eye disease severity without
the need for an internal power source.

6.2. Medical Devices

Wearable medical devices present an innovative approach for
managing and treating various health conditions. By using
biometric signals for continuous patient monitoring and
treatment, they provide a more effective solution than
traditional methods. This approach could potentially reduce
reliance on regular medical appointments and enable more
responsive treatment plans. With the integration of cutting-
edge technology, wearable medical devices are capable of
detecting changes in a patient’s condition and adapting
treatments accordingly.””' Aligning the detected health issue
with the targeted treatment location is crucial. In this regard,
transparent wearable electronics show significant promise.
They can facilitate precise monitoring and treatment by
leveraging visual information, providing a more accurate
representation of the patient’s condition and treatment
requirements.

Providing transparency to sensors can preserve visual
information on interfacing biological tissues for multimodal
optical imaging purposes. Transparent sensor arrays are

integrated with a commercial endoscope system (Figure
3>5D).922 For the transparent sensors, typical transparent
electronic materials (graphene, AgNW, and IrO,) were
combined for excellent performance, and the transparency of
the final device reached about 80% at the visible range. The
sensor array developed in this way was attached to the camera
of the endoscope for comprehensive and accurate diagnosis of
the tumor by combining optical imaging and sensor data (e.g.,
pH and temperature). Also, within the endoscope, the laser
system for photothermal therapy that can be coupled with
nanoparticles is combined. Because the transparent sensor
does not block the camera of the endoscope, it was possible to
readily observe the area to be irradiated by the laser and to
perform precise treatment treatments (Figure 3SE). The smart
endoscope system combined with a transparent sensor was
demonstrated to accurately diagnose and treat cancer through
optical imaging and comprehensive signal interpretation
through sensing data.

6.3. Human Augmentation

Wearable electronics have increasingly become an integral part
of our daily lives, offering vital information about our health
and activity levels and enhancing human capabilities beyond
their inherent abilities. Recent advances in wearable robotics,
sensors, and artificial intelligence have paved the way for
wearable electronics to generate artificial senses and improve
overall human performance. A standout development in this
domain is the wearable cognitive system, a device that operates
like human cognition, demonstrating the immense potential for
various applications. The advent of intelligent wearable
electronics has been enabled by the integration of mechanical
sensors and machine learning algorithms, endowing these
devices with the ability to recognize tasks and perceive
materials.””’ Such wearable cognitive systems, that couple
state-of-the-art technology with human-like abilities in a
compact device, are a highly sought-after advancement in
this field 626924925

The collection of high-quality data to improve cognitive
abilities is a significant focus of current research. Vision data,
being a pivotal factor in decision-making processes, can be
substantially enhanced by the use of transparent wearable
sensors. These sensors play a crucial role in collecting signals
from the same location without interfering with vision data. A
recent study has shown that the multimodal fusion of vision
data with data from wearable transparent strain sensors can
significantly increase recognition accuracy (Figure 35F).”*° To
gather somatosensory information, a strain sensor was
fabricated using a SWCNT sensing layer, PDMS substrate,
and PAA adhesive layer. This sensor exhibited 89% trans-
parency and 100% stretchability, which allowed for a
conformable attachment to the skin (Figure 35G). The
collected vision and somatosensory data were processed
through the following steps: a sectional convolutional neural
network (CNN) was used for visual processing, a multilayer
neural network was employed for somatosensory information
processing, and a sparse neural network fused the visual and
somatosensory information. As a result, this multimodal fusion
approach could classify hand gestures with an impressive
accuracy of 100%. Furthermore, this method maintained a high
accuracy rate of 96.7%, even in the dark, where visual
information is typically less accurate.

In addition, the creation of virtual sensory information
technology has seen significant progress with the growth of
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interest in the metaverse. Currently, these technologies are
limited to generating visual and auditory information through
rigid devices. Although humans heavily rely on spatial and
temporal cutaneous sensations, the generation of haptic
sensations is still in its infancy stage.””® The technology of
reconstructing haptic sensations is vital in enabling a realistic
artificial feeling in the next-generation virtual world.>**?*7%*¢
The integration of optical and mechanical imperceptibility has
the potential to significantly enhance user experiences by
providing a more immersive environment. Research has been
presented on the integration of a transparent touch display
with a haptic actuator.””” In this study, a dielectric elastomer
microactuators (DEMA) array was fabricated, utilizing a
AgNW electrode with a multiple three-dimensional structure.
Each actuator in this expands vertically, thus producing a
localized force. This DEMA array was integrated with both a
tactile sensing layer and a display layer, resulting in the
construction of a transparent, dual-functioning device. This
device exhibits a total thickness of less than 200 gm and a
transparency of 90%. This system allows for the simultaneous
transmission of visual and haptic information directly onto the

skin.

7. CHALLENGE AND FUTURE WORKS

The continued innovation of transparent electronic materials
and processing techniques discussed in this review has led to
the emergence of a new class of electronics with novel optical
properties that were not achievable in previous wearable
devices. While recent regulatory approvals for wearable and
implantable devices have encouraged progress in this field,
numerous challenges remain to be overcome (Figure 36).

Material
Strategies

Transparent
\Wearable
Electronics

Multi System
modality Integration

Figure 36. Challenges of transparent wearable electronics.

One of the key challenges in developing transparent and
wearable electronics is the urgent need for highly transparent
materials with high electrical and mechanical properties.
Imparting the three required characteristics simultaneously
will be one of the ultimate goals for researchers in transparent
wearable electronics and related fields. From the perspective of
electrical properties, progress has been made in developing
electrode materials with high transparency and conductivity.
Although several studies have achieved high transparency of

over 90% and high conductivity below 5 Q sq™' simulta-
neously, the electrical properties still fall short of those of rigid
materials such as bulk metals. The electrical conductivity of
transparent electronics significantly impacts the performance of
electrical components such as displays, energy devices, and
interconnects, so further improvements are needed.

Another concern due to a higher resistance than bulk
conducting materials, is the possibility of overheating in
operation. Even in the most highly conductive structure, the
AgNW percolation network, the high junction resistance can
lead to localized overheating due to partial heating. In the most
severe scenarios, this can lead to the breakdown of the device
and injury to organs and delicate skin. In this regard, studies on
thermal management are needed for transparent wearable
electronics applications, and techniques such as the develop-
ment of thermal storage and radiative cooling technology will
be used for safe working.

Validation of the process to form the transparent electrode is
also a critical step, as it directly affects the performance of the
entire device and can reduce its efliciency, lifetime, and
reliability. During the formation of the upper conductive layer
by vacuum deposition or a solution-based process, these
processes can damage the existing lower layer. Achieving
scalability and uniformity in these processes also remains a
hurdle, requiring further development of processing techni-
ques. In addition, because integrating multiple sensors enables
more accurate decision-making in health monitoring and
medical applications, the development of more diverse
transparent active materials is needed. Although much research
has been investigated on the electrical properties of transparent
active materials, achieving great functionality for wearable
applications remains challenging due to the need for more
material options. Exploring a broad range of transparent active
materials is becoming more critical for complex and
sophisticated features.

In addition, the mechanical properties of highly transparent
materials are essential for maintaining conformal attachment
on biological tissues, necessitating the development of
materials with superior transparency, electrical conductivity,
and softness. In this respect, polymer-based materials, such as
conducting or semiconducting polymers and their hydrogels,
have been proposed as promising alternatives for simulta-
neously achieving these three characteristics. However, they
still have a long way to go. Advances in the mechanical
properties of transparent packaging materials, such as modulus,
stretchability, and toughness, are also necessary. Soft robotics
has emerged as a promising solution for supporting human
physical movements and enhancing musculoskeletal abilities,
with a high potential for daily life, exercise, and rehabilitation.
The rational design of soft robotics has allowed attachment to
body parts (e.g, the waist, legs, arms, and hands).*>#93%93!1
However, previous research has been limited to using
translucent materials due to the weak mechanical properties
of transparent polymeric materials. As the integration of
wearable robotics and vision sensors is verified to improve
controllability, wearable robotics need to be replaced by
transparent packaging materials with high mechanical perform-
ance.

Integration of multiple components is another challenge in
developing transparent wearable electronics applications. This
requires designing intelligent wearable systems that perform
independent functions while avoiding device interference and
reducing power consumption. Various commercial chips are
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currently used for complex system integrations to drive
wearable electronics. In fact, surpassing the electrical perform-
ance of these rigid chips and batteries is extremely difficult.
Therefore, a hybrid system of commercialized chips and
flexible electronics, or a simplified system to replace chips,
could be a potential solution for future transparent wearable
electronics applications.

We recommend reading about the recent advancement of
systemized biointerfacing electronics.”’® The combination of
multiple sensors, advanced data processing, and wireless
communication technology is crucial for a comprehensive
personal health monitoring system. The integrated circuit
configuration of multiple sensors and commercial chips
demonstrated a fully integrated system capable of simultaneous
measurement and in situ analysis of body signals. In addition,
the future research direction is to go toward wireless a chip-less
sensor system that can collect various biosignals by stacking
thin materials. In this regard, to read biosignals without
multiple chips, a single sensor must be designed to carry out
multiple functions called multimodality. Current multimodal
sensor systems are composed of stacked sensors that
individually sense signals or parallelly arranged sensors. To
measure signals more elegantly, reading multiple signals
through multiple operating mechanisms of a single sensor
can drastically reduce the complexity of the integrated system
and allow a high density of sensor arrays in a small area.
However, in the case of these sensors, various signals are
inevitably coupled, and the introduction of Al is expected to
decouple and separate signals into meaningful results precisely.
We have been pioneering these single-sensor and deep-
learning-integrated systems to measure precise biosignals
from the wrist of humans and separate them into a single
movement of fingers.””®”**

For practical use, proactive and in-depth research into the
issues that can occur when wearing electronics is necessary.
Long-term stability is another critical requirement for wearable
and implantable electronics. The materials used in the devices
must be robust and have high adhesion in wet physiological
conditions as well as dry conditions to ensure stable
attachment to the packaging materials and biological tissues.
While interfacial adhesive layers have been introduced to
prevent unwanted delamination from substrates or tissues,
further development is required to ensure robustness and high
adhesion to packaging materials and biological tissues.
Molecular engineering may offer a solution for developing
self-adhesive materials that can maintain adhesion even in wet
environments. Biocompatibility is a major factor that
determines the approval or regulation of the use and
commercialization of wearable and implantable electronics.
Various techniques have been attempted, such as the
engineering configuration of materials and encapsulation with
biocompatible materials. Natural polymers may offer a
promising solution due to their similarity with biological
tissues. However, their mechanical properties still have room
to be improved. Combinations of natural polymers with
synthetic polymers will be a consensual direction for
biocompatible and green electronic fabrications.

Despite the challenges, transparent and soft wearable
electronics offer an ideal research direction for merging
wearable electronics with humans to provide extreme physical
and mental comfort and blend into everyday life. As Al
technology advances, optical information becomes increasingly
valuable. For future industries such as the XR industry, the

ultimate goal would be to blur the distinction between the
virtual world and the real world, and transparent wearable
electronics could offer ideal routes for various interesting
applications ranging from simple entertainment to medical
treatments such as telesurgery and teletherapy by overcoming
geographical limitations.

In conclusion, while progress has been made in the
development of transparent and wearable electronics, many
challenges remain. Further material development, long-term
stability, and system integration are critical requirements for
the advancement of this field. However, transparent and soft
wearable electronics offer a promising research direction for
the integration of wearable electronics with humans, blurring
the distinction between the virtual world and the real world
and offering numerous applications in the future.’
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