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Skin-Mountable Functional Electronic Materials for

Bio-Integrated Devices

Jin Young Oh,* Yeongjun Lee, and Tae-Woo Lee*

Skin-mountable electronic materials are being intensively evaluated for use in
bio-integrated devices that can mutually interact with the human body. Over
the past decade, functional electronic materials inspired by the skin are
developed with new functionalities to address the limitations of traditional
electronic materials for bio-integrated devices. Herein, the recent progress in
skin-mountable functional electronic materials for skin-like electronics is
introduced with a focus on five perspectives that entail essential
functionalities: stretchability, self-healing ability, biocompatibility,
breathability, and biodegradability. All functionalities are advanced with each
strategy through rational material designs. The skin-mountable functional
materials enable the fabrication of bio-integrated electronic devices, which
can lead to new paradigms of electronics combining with the human body.

1. Introduction

Developments in science and technology have led to the evolu-
tion of device form factors, impacting all aspects of our lives.
Currently, we are at the forefront of the emergence of new device
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form factors.'>] Beyond mobile phones,

bio-integrated devices that can be combined
with the human body in the aspects of
software and hardware have received con-
siderable attention as a new device form
factor.[*11 Bio-integrated devices on the
skin require a new skin-like form factor to
stably and mutually interact with our body,
which can provide unprecedented abilities
to humans.!”12] This could possibly lead to
a big paradigm shift in human evolution,
which means that humans could choose
a man-made strategy for evolution rather
than a natural evolution strategy.!13-1°]

Bio-integrated devices can operate on
various surfaces of the human body,
akin to a supplementary layer of skin
(electronic skin, e-skin). Their successful
integration necessitates the development
of suitable skin-mountable functional materials that can
seamlessly merge with the human body as a secondary
skin.??) The required functionalities of electronic materials
for Dbio-integrated skin devices have been categorized
into five traits(!®'7l:1)  stretchability!’®*)  2) self-healing
ability, %2 3) biocompatibility!??], 4) breathability!*?’], and 5)
biodegradabilityl?®! (Figure 1), which are briefly described as
follows.

Stretchability is required for the mechanical compliance of
bio-integrated devices with the dynamic surface of the body.
Conventional electronic materials such as silicone, metals, and
oxides are rigid or brittle. Therefore, they are not appropriate for
use in skin-attached electronics, and alternative materials and
geometries are necessary. Hence, various methods have been
proposed to provide stretchability to electronic materials, includ-
ing strain engineering for non-stretchable electronic materials,
molecular engineering for intrinsically stretchable materials,
and composite engineering for hybrid materials.[?} Self-healing
ability is essential for recovering functionalities after physical
damage of living things. Self-healing materials have been de-
veloped through extrinsic and intrinsic approaches.?!! Extrinsic
self-healing approaches use a composite of healing agents and a
matrix material. When a material is damaged, the healing agent
spills and chemically reacts with the damaged region to repair it.
Intrinsically self-healing materials can heal themselves through
intrinsic dynamic molecular interactions, which enables repeat-
able and reliable self-healing.[?] Breathability is another crucial
functionality in bio-integrated devices, as it plays a vital role in
managing the accumulation of skin by-products that can impede
correct sensing from the body and restrict stable adhesion at the
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Figure 1. Representative functionalities (stretchability, self-healing ability, biocompatibility, breathability, and biodegradability) for skin-mountable func-

tional materials.

interface between the skin and the device. The usefulness of bio-
integrated devices has evolved significantly with the implemen-
tation of geometrically porous structures that facilitate the trans-
mission of by-products between skin and the environment.*!
Biodegradability becomes more important when a device is
implanted in the body and discarded naturally without severe
surgery for extraction in the end. Various chemical reactions have
been applied to functional materials to make them bioresorbable
after the device has served its function. Moreover, biodegrad-
ability might be a solution to reduce the amount of electronic
waste.[31:32]

In this perspective article, we discuss recent progress in
the development of skin-mountable functional materials, with
a focus on these five main functionalities, and identify the
current challenges in the adaptation of materials for practical
applications. Finally, we conclude with an outlook on the future
development of functional materials for bio-integrated skin
devices.

2. Stretchability

Stretchability refers to the ability of the skin-mountable elec-
tronic materials to undergo significant deformation, typically
stretching, without losing their electrical properties.*-3¢] This
functionality is essential for creating bio-integrated devices that
can conform to the dynamic and complex contours of the human
body or other surfaces, thereby enhancing their practicality and
comfort in real-world applications.’’#0] Stretchable electronic
materials can be categorized into conductor, semiconductor, and
dielectric materials.'115#-43] [n this section, we mainly highlight
recent progress on stretchable semiconductors in stretchable
field-effect transistors integrated with stretchable conducting
and dielectric materials, which are essential components of
bio-integrated devices.
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2.1. Stretchable Semiconducting Materials with Macro- and
Micro-Scale Modulation

In the initial phase of the development of stretchable electronic
materials, structural (or geometrical) stretchability was inten-
sively adopted to conventional rigid electronic materials.[*443]
Designing wavy (or serpentine) patterns that utilize strain
engineering is an effective method to provide structural stretch-
ability to rigid electronic materials that have been developed
over the past few decades and exhibit excellent electrical
characteristics.*#’] Recently, this approach has been applied to
scalable nanoscale polymer electronics. One option is to use ser-
pentine semiconducting polymer nanowires (SPNWs) for fully
stretchable organic field-effect transistors (Figure 2a).*8] The
electrospun SPNWs were molecularly aligned along the length
of the wire by the shear force of the electrospinning extrusion;
As a result, intramolecular charge transport was promoted along
the aligned SPNWs. Electrospun SPNWs composed of dike-
topyrrolopyrrole (DPP) semiconductors and polyethylene oxide
binders exhibit extreme flexibility and even intrinsic stretcha-
bility. To increase the mechanical reliability during strain, the
SPNWs were deposited on a pre-strained stretchable substrate
to form a serpentine SPNW structure after the pre-strain was
released. Serpentine SPNWs have additional structural stretch-
ability, enabling the assembly to retain field-effect mobility after
stretching up to 100%. The stretchable SPNW transistor showed
highly stable electrical properties during uniaxial strain up to
100% strain and even on a dynamic surface that mimics the
3D expansion during a heartbeat (Figure 2b-d). This approach
has been applied to stretchable organic optoelectronic sensori-
motor synapses and low-power stretchable neuromorphic nerve
systems.[4930]

The molecular blending of semiconducting polymers
(SPs) and elastomers can provide intrinsic stretchability to
non-stretchable SPs through the nanoconfinement effect
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Figure 2. Stretchable semiconducting materials with macro- and micro-scale modulation. a) Schematic of fabrication and optical microscope images of
a stretchable transistor with serpentine semiconducting polymer nanowire (SPNW) before and after 100% stretching. b) A stretchable SPNW transistor
attached to the surface of a dynamic balloon that emulates a beating heart. c) Drain current of stretchable SPNW on the balloon during >1700%
volume expansion. d) Drain and gate current of stretchable SPNW on a dynamic balloon. Reproduced with permission.[“®] Copyright 2018, Wiley-VCH.
e) Schematic of nanoconfined polymer semiconductor fibril networks embedded in the elastomer matrix. f) Photographs of nanoconfined stretchable
polymer semiconducting film before and after 100% stretching. g) Elastic moduli and onset strains of crack formation and plastic deformation of
nanoconfined stretchable polymer semiconducting films (upper right). h) Changes of the on-current and carrier mobility in both parallel (left) and
perpendicular (right) directions with strains up to 100% (left). Changes of the on-current, off-current, and carrier mobility after 1 000 stretching cycles
at 25% strain along the parallel direction (right). i) Demonstration of a finger-wearable stretchable transistor for LED operation. Reproduced with
permission.[3 Copyright 2017, American Association for the Advancement of Science.

(Figure 2f).5Y The nanoconfinement effect amplifies the poly-
mer chain dynamics in the nanoconfined structure, which
significantly reduces both the glass transition temperature
and Young’s modulus of the SP in the elastomer matrix, thus
making the SPs intrinsically stretchable in nanoconfined di-
mensions (Figure 2g). The blended film could be stretched up
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to 100% strain without sacrificing charge-transport mobility
(Figure 2h). The film was used to demonstrate a skin-like
wearable device that uses fully stretchable transistors to power
a light-emitting diode. It has been widely applied to various
stretchable electronic devices and further developed for skin
electronics (Figure 2i).[51-3]

© 2024 Wiley-VCH GmbH

85U80]7 SUOWIWIOD A0 3|cedldde aup Aq peusenob ae ssjolie YO ‘8sn JO se|nu oy Ariqi]8UljUO A8]IM U (SUOTPUOD-pUe-SLLBILI0D A3 | 1M ARe1q 1 BU1|UO//SANY) SUOTIPUOD pUe SWie | 8L 885 *[202/70/20] Uo A%iqiauliuo A[1Mm ‘AIseAIUN [UOEN NosS Ad £6/£0£202 WUPe/Z00T OT/I0P/W00" A8 1M ARe.d 1 jpuljuo//Sdny Wwouy pepeo|umoq ‘0 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

2.2. Stretchable Semiconducting Materials with Molecular-Scale
Modulation

The intermolecular crosslinking of SPs using elastomeric
crosslinkers is a systematic method that provides elasticity to
non-elastic SPs via a chemical reaction for stretchable semi-
conducting films (Figure 3a).’*] One method uses chemical
crosslinking via hydrosilylation to produce an elastically stretch-
able semiconductor.**! SPs derived from DPP were crosslinked
using a siloxane crosslinker via a hydrosilylation reaction with
reactive side chains, which provided mechanical elasticity to the
SP. This elasticity was controlled by the content of the reactive
side chains, and the cross-linked semiconducting film did not re-
dissolve. A polymer semiconductor reacting with 20% elastomer
crosslinker can be stretched >100% without mechanical damage
(Figure 3b,c).>4

The incorporation of intermolecular dynamic bonds into SP
is a multifunctional strategy that provides both intrinsic stretch-
ability and self-healing ability to SP. The first report of an in-
trinsically stretchable self-healing SP utilized hydrogen bonding
(Figure 3d).I®! A pyridinedicarbozamine (PDCA) moiety capable
of hydrogen bonding was incorporated into the backbone of the
DPP-derived SP. When a polymer is stretched, hydrogen bonds
can easily break and spontaneously reform; therefore, the main
backbone does not break permanently. The reversible rupture of
hydrogen bonds also provides an energy dissipation mechanism.
Appropriate control of the content of non-conjugated PDCA units
in the polymer backbone maximizes the intrinsic stretchability
without a significant loss of electrical properties (Figure 3e). In
addition, the SP film healed after mechanical damage. Nanoc-
racks caused by fatigue failure in the semiconducting film can
be healed by exposing it to solvent vapor to achieve recontact, fol-
lowed by thermal treatment to reorganize the film morphology
(Figures 3f,g).>%

2.3. Stretchable Conductors and Dielectric Materials

Stretchable electrodes are essential components of stretchable
transistors. Carbon nanotubes (CNTs) are widely used as stretch-
able electrodes because of their moderate stretchability and con-
ductivity. However, uniform deposition of CNTs on large-area
substrates needs improvement to achieve reliable characteristics
of device array.l’*8 In contrast, metal is an ideal conductor with
high conductivity and capability of uniform deposition on large-
area substrate. However, it is difficult to make it soft and elas-
tic. Recently, Kim et al. presented a creative method for fabri-
cating a silver (Ag) stretchable electrode through metal-polymer
intermixing for transistors (Figure 4a).>”) They utilized vapor-
ized Ag atoms interfused with an elastic polymer semiconduct-
ing film. Ag has a higher surface diffusivity than other noble
metals, such as gold and copper, allowing it to efficiently diffuse
into an elastic semiconductor matrix, forming a metal-polymer
nanocomposite (Figure 4b). The metal-polymer nanocompos-
ite layer has versatile functions for stretchable electrodes: E.g.,
the nanocomposite acted as a physical glue at the interface Ag
electrode/semiconductor layers, which made the Ag electrode
stretchable up to 100% uniaxial strain (30% biaxial strain) with-
out significant changes in conductivity (>10* S/cm) (Figure 4¢,d).
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Even after several peel-off tests using the 3 M adhesive tape, its
morphology and electrical properties were almost completely pre-
served. Moreover, the high work function of Ag, O (5.2 eV) created
on the Ag nanoclusters by surface oxidation forms an ohmic con-
tact with semiconductors for efficient current injection, enabling
the fabrication of a strain-insensitive active-matrix transistor ar-
ray for skin electronics.

Dielectrics is one of the key materials in terms of the low op-
eration voltage of transistors. Most reported stretchable transis-
tors have been fabricated with conventional elastomer dielectrics
such as polydimethylsiloxane (PDMS) and styrene-ethylene-
butylene-styrene (SEBS), which have high intrinsic stretchabil-
ity and dielectric strength without ionic impurities; However, the
low dielectric constant (k, 2—3) and high thickness (>1 um) of
conventional elastomers induce a relatively low capacitance com-
pared to rigid inorganic and oxide materials at the same applied
voltage. This makes it difficult to accumulate charge carriers for
active channel formation, increasing the operating voltage of the
device.[*$5280] Consequently, the development of high-dielectric
materials or a reduction in the thickness of the dielectric is re-
quired to achieve a low operating voltage. Recently, Koo et al. fab-
ricated an ultrathin elastic dielectric using the vacuum deposi-
tion process (Figure 4¢).l% They proposed the initiated chemical
vacuum deposition (iCVD) method for the copolymerization and
crosslinking of two monomers: isononyl acrylate (INA) as the soft
primer and 1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane (V3D3)
as a crosslinkable hard segment, which provided robust insulator
performance to ultrathin films (200 nm) (Figure 4{). Stretchable
transistors made of the iCVD-based elastic dielectric showed a
performance comparable to transistors with a traditional oxide di-
electric (aluminum oxide, Al,0,) and high dielectric uniformity
on an 8-inch wafer (Figure 4g).

2.4. High-Resolution Direct Photopatterning of Stretchable
Materials for High-Density Transistors

Although remarkable progress has been made in the develop-
ment of various stretchable electronic materials, the absence
of a scalable fabrication technology for stretchable transistors
with reported stretchable semiconductors has restricted the
advancement of skin electronics. Direct photopatterning based
on selective photocrosslinking chemistry can provide fast and
scalable fabrication of multiple functional layers stacked for
high-resolution and high-density transistor arrays on large-area.
Wang et al. introduced a photopatterning method based on
azide crosslinking chemistry for polymer electronic materials
consisting of stretchable transistor arrays (Figure 5a).?! The
key technology of this method is the patterning of the elastomer
dielectric via UV photocrosslinking reaction of the azide group
of the crosslinker and the alkyl group of the elastomer dielectric,
which enables stacking of the semiconducting layer and elec-
trodes on the photocrosslinked elastomer dielectric with solvent
resistance (Figure 5b,c). The patterned transistor array with
347 transistors/cm? shows highly uniform field effect mobility
comparable to that of an amorphous silicon transistor, even
under 100% tensile strain. They demonstrated active matrix
sensor arrays and analog and digital circuit elements, such as a
pseudo-CMOS, a NAND gate, and a signal amplifier (Figure 5d).
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Figure 3. Stretchable semiconducting materials with molecular-scale modulation. a) Chemical structures of intrinsically stretchable polymer semicon-
ductors that have hydrosilylation reaction, which is intermolecular chemical crosslinking between DPP-derived polymer and siloxane crosslinker (H-
terminated PDMS crosslinkers) (left). Schematic of molecular packing in the covalently crosslinked stretchable SP film (right). b) Optical microscope
images of the crosslinked SP film with 20% linear side chain (20DPPTTECx) before and after 150% stretching (left) and an AFM image of the released
20DPPTTECx after 100% strain (right). c) Change in carrier mobility of stretched 20DPPTTECx film in the soft-contact lamination OTFT under various
strains in parallel and perpendicular directions. Reproduced with permission.[>*] Copyright 2016, Wiley-VCH. d) Schematic of a polymer transistor with
an intrinsically stretchable DPP-derived polymer semiconductor film that incorporates non-conjugated PDCA moieties for intermolecular dynamic hy-
drogen bonding units (left). Chemical structures of the DPP segment and the PDCA segment (right). e) Carrier mobility of skin-mountable intrinsically
stretchable transistors under various strains in the channel length and width directions. f) Schematic of healing process of damaged semiconducting
film that has nanocracks with solvent vapor and heating treatments. g) AFM images of damaged and healed semiconducting film. Reproduced with
permission.[>*] Copyright 2016, Springer Nature.
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Figure 4. Stretchable conductors and dielectric materials. a) Schematic illustration of stretchable metallization (left) and the AFM images before and
after metallization on elastic semiconducting polymer film (right). b) Cross-sectional transmission electron microscope images and energy-dispersive
X-ray spectroscopy mapping images for Ag, C, and S atoms. c) Resistance change of Ag-metallized films with various deposition rates under strain.
d) Optical microscope images (top) and crack fraction (bottom) of Ag-metallized films with different deposition rates after 100% stretching. Copyright
2023, American Association for the Advancement of Science.>! e) Schematic of the iCVD process for depositing the stretchable polymer dielectric using
INA and V3D3 monomers. f) Current density-electric field characteristics of stretchable dielectrics with various monomer compositions (left) and a plot
of the capacitance of pI1V1 (Cp) as a function of time during 1 000 cyclic stretching with 40% strain (right). g) Capacitance-frequency curves of MIM
devices with pl1V1 dielectric under various strains (left), a plot of the capacitance of pl1V1 (Cp) as a function of time during 1 000 cyclic stretching with
40% strain (middle), and large-area uniformity of the stretchable dielectric deposited on an 8-inch wafer. Reproduced with permission.[®'] Copyright

2023, Springer Nature.
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Figure 5. High-resolution direct photopatterning of stretchable materials for high-density transistors. a) Schematic of an intrinsically stretchable transis-
tor array as the core building block of skin electronics. b) Mechanism of the azide-crosslinking reaction, which is initiated by UV light and is based on the
reaction between azide groups and CH groups. c) Schematic and optical microscope images of an intrinsically stretchable transistor. d) Optical micro-
scope images of an intrinsically stretchable pseudo-CMOS inverter (left), NAND gate (middle), and amplifier (right). Reproduced with permission.[32]
Copyright 2018, Springer Nature. e) Schematic illustration of monolithic optical microlithography (left), elastic electronic materials are directly patterned
sequentially by a series of UV light-triggered solubility modulation processes (middle), and an elastic transistor array containing 10 000 transistors at-
tached seamlessly onto the finger (right). f) Transfer characteristics of the pseudo-D 10-um inverter (left) and transfer characteristics of the pseudo-E
50-um inverter under strain (right). g) Output characteristics of the pseudo-E 50-um NAND gate under strain. h) Optical microscope image of a half-adder
consisting of 30 transistors. Reproduced with permission.[®d Copyright 2021, American Association for the Advancement of Science.

This study demonstrates the high potential for the scalable
fabrication of stretchable electronic devices. Moreover, a delicate
method, such as photolithography, which is a core technology
of the semiconductor industry, to reduce the device scale to
submicrometers is also necessary in developing skin electronics.

Recently, Zheng et al. reported an advanced photopattern-
ing method for the microlithography of high-density stretchable
devices.[%?] They achieved the direct optical patterning of mul-
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tiple electroactive materials (conductors, semiconductors, and
dielectrics) through exposure to UV light (Figure 5e). Semi-
conductor and dielectric materials were directly patterned us-
ing the light-triggered carbene region of the crosslinker, and
the conducting polymer was patterned for the source/drain and
gate electrodes using dual-network-mediated optical lithography.
This approach takes advantage of both the post-functionalization
properties of polymer electronic materials and conventional
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photolithography for high-density devices without using pho-
toresist or stripping processes, which limit the applications of
photolithography to stretchable polymer materials.[®*%*] They
achieved a maximum density of elastic stretchable transistors of
up to 43200/cm? and fabricated elastic functional devices (XOR
gates and half-adders) consisting of elastic transistors, which are
the fundamental components of an arithmetic logic unit.

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) is also one of the most promising stretchable
electrodes due to its intrinsic flexibility and high work function
(>5.0 eV). An elastic and patternable PEDOT:PSS electrode
was developed using a photocrosslinking method.l®%] PEDOT:
PSS crosslinked with a polyethylene glycol dimethacrylate
(PEGDMA) crosslinker has mechanical elasticity, and the fiber-
like conducting PEDOT network significantly increases its
electrical conductivity (>5000 S cm~!); However, the inherent
instability of conducting polymers in air and their relatively low
electrical conductivity remain challenges.

The perspective on stretchability in electronic materials for
bio-integrated devices aims to advance the field of materials sci-
ence by creating highly adaptable and durable materials. These
materials can possess diverse functionalities such as self-healing,
biocompatibility, and biodegradability, making them indispens-
able for the development of future bio-integrated skin devices.
These advancements hold significant importance for the next
generation of wearable electronics and flexible devices, unlocking
vast potential across various applications, ranging from personal
healthcare to interactive technology.

3. Self-Healing

3.1. Extrinsic and Intrinsic Self-Healing Materials

Self-healing ability has been regarded as an exclusive property
of living things, and smart electronic materials have recently
adopted this healing ability to prevent mechanical damage.[%¢:7]
This functionality aims to mimic the regenerative abilities of hu-
man skin, thereby enhancing the durability and functionality of
electronic devices that are designed to be skin-integrated devices.
The self-healing materials have been developed by extrinsic and
intrinsic self-healing mechanisms involving strain engineering
and material chemistry, respectively. The extrinsic self-healing
ability was first introduced using healing agents such as mi-
crocapsules and vessels embedded in conventional polymers
(Figure 62).1%711 When a material is physically damaged, the mi-
crocapsules break and release healing agents, which then begin
to fill the damaged regions of the polymers and chemically cross-
link with each other to heal the damage (Figure 6b). Recently,
liquid metal (LM) microcapsule-based elastomer composites
have been widely applied for autonomously electrical healing
conductors.’?73] The LM microcapsules have demonstrated a
remarkable capability to efficiently restore electrical functionality
in mechanically damaged composites, especially compared to
solid-based conducting fillers. This achievement is realized
through the rapid and adaptive rupture of the LM microcapsules
around the damaged regions. This advancement has facilitated
the development of bio-inspired self-healing conductive mate-
rials. The extrinsic self-healing method has a simple working
mechanism and can be easily applied to traditional polymer ma-
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terials; However, it is not repeatable, and the chemical reaction
for self-healing is difficult to control.

Intrinsic self-healing does not require external healing agents
and therefore avoids these drawbacks.!?!l Dynamic intermolec-
ular interactions, i.e., dynamic bonds such as hydrogen bonds,
metal coordination, and electrostatic interactions, provide the key
driving force for intrinsic self-healing.”#7>] The dynamic bonds
can easily break and undergo spontaneous reformation to achieve
self-healing properties.”®”’] For example, the dual dynamic bond
system uses weak and strong crosslinking hydrogen bonds and
can efficiently self-heal via reversible hydrogen bond formation
and mechanical elasticity in the polydimethylsiloxane (PDMS)
backbone. As aresult, this self-healing elastomer had high tough-
ness (12000 | m~2), stretchability (without notch: 3000%, with
notch: 1200%), and transparency (98%) (Figure 6¢,d). This self-
healing elastomer is not sensitive to water, which may facilitate its
application in bio-integrated electronic devices (Figure 6e,f).[”’]

3.2. Functional Self-Healing Materials

With the development of multidynamic bond systems, self-
healing polymers have been further developed by mimicking
muscle behavior.”®”°l A mechanoresponsive self-growing hy-
drogel has polymer chains that can be mechanically reinforced
after an external strain breaks the first network, which consists
of rigid and brittle covalent bonds (Figure 7a).’¥! When the
hydrogel is damaged by an external strain, the broken chains
generate mechanical groups that react with the monomers,
thereby reinforcing the mechanical properties by reconstructing
the hydrogel networks, similar to muscle building (Figure 7b).
This mechanoresponsive hydrogel, inspired by muscle training,
facilitates force-initiated reactions that control the mechanical
properties of self-healing polymers at the molecular level.[”®]

One potential approach to providing conducting or semi-
conducting properties to insulating self-healing materials is
combining self-healing polymers with CPs, thereby expanding
their applications to bio-integrated self-healing semiconductor
devices.[ A rational strategy for combining self-healing ma-
terials and conjugated polymers was developed using dynamic
crosslinking.[®®) The dynamic molecular crosslinking strategy
utilizes the metal coordination of these materials to achieve an
intrinsically self-healing semiconducting film (Figure 7c). Both
SP and self-healing elastomers have the same dynamic bond unit
(PDCA) in their backbones, which forms a dynamically crosslink-
able metal-ligand coordination complex via Fe(I1T1)-PDCA coordi-
nation. The Fe(III)-PDCA coordination chemistry has three dif-
ferent dynamic bonds (Fe-N,, 4., strong; Fe-N, .4, medium; and
Fe-0,,..4,, Weak), which together enable dynamic cross-linking
for intrinsic stretchability and self-healing (Figure 7d). The mor-
phology of the combined film was controlled by adjusting the
polymer blend ratio to obtain a strain-sensitive self-healing semi-
conductor for e-skin sensor applications (Figure 7).l

Most self-healing tests have been conducted using a single
layer; However, complex electronic devices consist of multifunc-
tional layers. E.g., a transistor can be stacked using a combination
of gate/dielectric/semiconductor/source-drain electrode layers.
Thus, self-alignment of the damaged multilayers of electronic
devices is essential for the restoration of functionality after self-
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Figure 6. Extrinsic and intrinsic self-healing materials. a) Schematics of the self-healing mechanism of the extrinsic self-healing material with micro-
capsules. The healing agent and catalyst are mixed in the damaged region. b) Scanning electron microscope images of the damaged metal substrate
without and with a self-healing coating layer. Reproduced with permission.[®8] Copyright 2009, Wiley-VCH. c) Schematics of molecular structures of
intrinsic self-healing elastomers with a dual dynamic bond system. d) Photograph of the notched intrinsic self-healing elastomer after 1200% stretching.
e) Photographs of intrinsic self-healing elastomer healed in the water before and after stretching and f) optical microscope images of damaged and
healed intrinsic self-healing elastomer after healing at room temperature (right). Reproduced with permission.[”’] Copyright 2018, Wiley-VCH.

healing. Recently, Cooper et al. introduced autonomous align-  miscibility, their identical dynamic bonds allow weak interpene-
ment and healing in multilayers by using immiscible dynamic  tration to maintain interlayer adhesion, preventing the multilayer
polymers.®) They utilized the immiscibility of two different  polymer films from delaminating (Figure 7f). The self-alignment
polymer backbones with identical dynamic bonds: polydimethyl-  of the damaged multilayers was primarily induced to minimize
siloxane (PDMS) and polypropylene glycol (PPG), with identical ~ the interfacial free energy for self-healing, and molecular
dynamic bonds. Although their polymer backbones have low  dynamics simulations supported this mechanism (Figure 7g,h).
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Figure 7. Functional self-healing materials. a) Schematics of the molecular structures of a mechanoresponsive self-growing hydrogel. b) Chemical reac-
tions with mechanoradicals («R) and photographs of a mechanoresponsive self-growing hydrogel, (i) before, (ii) during, and (iii) after 350% stretching.
Reproduced with permission.l”8] Copyright 2019, American Association for the Advancement of Science. c) Schematic of molecular structures of self-
healing semiconductors in which the elastomer and conjugated polymer are combined by dynamic bonding unit (PDCA) with metal-ligand coordination.
d) Chemical structure of the metal-ligand coordination complex for dynamic crosslinking. e) Optical microscope images of a damaged self-healing semi-
conductor film. Reproduced with permission.[%%] Copyright 2019, American Association for the Advancement of Science. f) Schematic illustration of the
principle of surface tension-mediated realignment and healing of a fractured multilayer. g) Cross-sectional optical microscope images of (i) the pristine
hot-pressed multilayer, (ii) the damaged and misaligned laminate, and (iii) the healed and realigned laminate after annealing for 24 h at 70 °C. h) Sim-
ulation snapshots showing how an initially misaligned and separated laminate aligns and heals over time. Reproduced with permission.[8] Copyright
2023, American Association for the Advancement of Science.
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Despite significant progress in the development of self-healing
materials, there is still much room for further development. Par-
ticularly, self-healing of microscale damages for submicron-thick
films, which are the typical thickness range of electronic layers,
is important because most areas of damage (scratch, stab, and
mark) are >1 um or entail material loss.[%"! In addition, intrinsi-
cally self-healing materials mostly exhibit insulating properties;
Consequently, self-healing semiconductors and conductors are
being developed by mixing them with self-healing insulating ma-
terials. The development of intrinsically self-healing semicon-
ductors and conductors will facilitate the development of fully
self-healing electronic devices.

4. Biocompatibility

Biocompatibility in skin-mountable electronic materials is a crit-
ical aspect in the evolving field of wearable technology and bio-
integrated devices. To achieve long-term stability during the in-
tegration of devices into the human body, they must not cause
harm or induce an immune response and must have similar me-
chanical properties to those of tissues, particularly when the de-
vices are integrated into the body for long-term use.[1%81-83] Un-
til now, most biocompatible materials have been developed for
wearable and implantable devices with geometrical advantages
such as mesh structures to avoid the scarring response to rigid
metal electrodes. For better long-term stability, intrinsically bio-
compatible materials must be developed for integration into the
body. Various approaches for improving the biocompatibility of
electronic materials have been proposed.+-5¢]

4.1. Biocompatible Polymer Materials

Hydrogels are biocompatible materials with high softness and
elasticity.®”#] Hydrogel is especially useful for implantable
electronic materials."*®21 Conventional implants have been
fabricated using rigid electronic materials, which induce a
mechanical mismatch with the tissue of the body and can
increase immune responses.[>™) To overcome this problem,
hydrogels have been intensively investigated as key materials for
biocompatible implants.[?¢97]

Soft and elastic hydrogel electrodes with a low Young’s modu-
lus (of the order of 10 kPa) have been developed for implantable
neuromodulation microelectronics (Figure 8a,b).%! Electrically
conductive hydrogels (ECH) were prepared using PEDOT:PSS
and an ionic liquid via water exchange and hydration processes.
Combining the ECH with a photolithographic fluorinated elas-
tomer enables the micropatterning of the ECH electrodes with
resolutions as fine as 5 um and strain-insensitivity (Figure 8c,d).
The micropatterned ECH electrode (20 pm in feature size) is
strain-insensitive (up to 20%) with lower interfacial impedance
and better current injection density than conventional metal elec-
trodes, thus localized low-voltage neuromodulation was achieved
(Figure 8e,f).[°°]

For further miniaturization of bio-integrated devices with bet-
ter electrical properties, a rational molecular design of conduct-
ing polymers is required. Jiang et al. presented a topological
supramolecular network-based molecular engineering strategy
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that improved the conductivity and mechanical robustness of
a conducting polymer with photopatternability down to cellu-
lar scale and high stretchability, providing biocompatibility and
seamless bio-integration of the device into the human body.[%]
Figure 8g shows a rationally designed topological supramolecu-
lar network system based on PEDOT:PSS, which is a representa-
tive conducting polymer for bioelectronic devices, and a newly de-
signed multifunctional supramolecular cross-linker (Figure 8h).
It consists of a rotaxane-structured hydrophilic backbone for
the removal of PSS and the reduction of PEDOT crystallinity,
with a water-soluble and crosslinkable side chain for the pho-
topatterning of the conducting polymer. The crosslinked PE-
DOT:PSS based on a topological supramolecular network was
highly stretchable, allowing it to maintain its improved conduc-
tivity, and photopatternability for biocompatible soft electrodes
(Figure 8i). With these advantages, a stretchable high-density
electrode was fabricated using direct photopatterning, which en-
abled precise localized neuromodulation for the accurate control
of individual muscle activities (Figures 8j-1).

4.2. Injectable Biocompatible Materials

To achieve stable, long-term, and continuous monitoring of
body signals when electronic components are integrated into the
body, they should be capable of seamless and minimally inva-
sive 3D interpenetration with tissues.[*®%°] One strategy for load-
ing electronic components into biological structures is to use
a syringe to inject a mesh structure containing electronic com-
ponents with submicron-scale thickness and centimeter-scale
area (Figure 9a).®) The injected nanomesh electronics spon-
taneously unfolded with 90% device yield by covering nonpla-
nar biological structures (Figure 9b). Although mesh electronics
consist of conventional metal, silicone, and polymer materials,
syringe-injected mesh electronics have unique biocompatibility
owing to their ultra-small bending stiffness and micrometer-
scale features compared to thin-film electronics. These geomet-
rical advantages of syringe-injectable mesh electronics enabled
in vivo stereotaxic injection of mesh electronics into the mouse
brain and in vivo recording of 16-channel signals from the brain
(Figure 9¢,d).[%®

In vivo polymerization of conducting polymers in living cells
has recently been introduced as an alternative to injection for
neurotargeted electrical modulation.['%] The method uses com-
plex cellular architectures with genetically encoded enzymes and
conjugated polymer precursors (Figure 9e). Polymer precursors
can be polymerized using encoded enzymes in the plasma mem-
brane of genetically targeted cells. CPs that are directly synthe-
sized on genetically targeted cells can be electrically functional-
ized as conductors or insulators for efficient electrical neuromod-
ulation of living cells (Figure 9f). This approach could maximize
the therapeutic effects of electric neuromodulation while mini-
mizing undesired side effects compared with conventional ap-
proaches, such as pharmacology or bioelectric medicine, that use
rigid microneedles or flexible cuff electrodes (Figure 9g).[*!]

The biocompatibility of electronic materials is continuously
evolving with the development of new materials and tech-
nologies. Current challenges include creating more robust,
long-lasting materials that maintain biocompatibility over time
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Figure 8. Biocompatible polymer materials. a) Photograph and optical microscope images and schematic of the biocompatible micropatterned electri-
cally conductive hydrogel (MECH) electrode array. b) Photograph and optical microscope images of the MECH electrode array before and under 20%
tensile strain. c¢) Change in impedance of encapsulated MECH electrodes by Perfluoropolyether dimethacrylate (PFPE-DMA) at 1 kHz under different
strains. d) Current densities of different electrodes (electronic conductor platinum, ionic conductor Dulbecco’s Modified Essential Medium (DMEM),
and electric-ionic dual conductor MECH) measured at a frequency of 50 Hz. e) Confocal microscope image of MECH electrodes on an elastic substrate
that conformably wraps around a sciatic nerve. f) The leg movement (%) with different amplitudes of stimulation voltage for the conventional Pt and
MECH electrodes. Reproduced with permission.[®®] Copyright 2019, Springer Nature. g) Schematic illustration and h) chemical structure of polyrotax-
ane (PR)-polyethylene glycol methacrylate (PEGMA) interacting with PEDOT:PSS. i) Schematic illustration of intrinsically stretchable PEDOT:PSS with
a topological supramolecular network with the key moieties of PR monomers (L: length of film). j) Photograph of a stretchable PEDOT:PSS array con-
formably attached to the brainstem. k) Statistical analyses of the preferred activation of ipsilateral targets (CMAP: compound muscle action potential).
(i) Brain slice immunohistological staining after the insertion of the soft and stretchable electrode array (left) and a rigid device (right) along the floor
of the fourth ventricle between the brainstem and the cerebellum (DAPI: 4’,6-diamidino-2-phenylindole, NF: neurofilament, GFAP: glial fibrillary acidic
protein). Reproduced with permission.[®] Copyright 2022, American Association for the Advancement of Science.
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Figure 9. Injectable biocompatible materials. a) Schematic and microscope image of syringe-injectable mech electronics. b) 3D-reconstructed confocal
fluorescence image of injected mesh electronics. c) Schematic and photograph of in vivo stereotaxic injection of mesh electrodes into a mouse brain
(left) and microscope image of the mesh electronics in the hippocampus region five weeks post-injection (right). d) Superimposed single unit recordings
from one channel after signal band-pass filtering (red: mean waveform). Reproduced with permission.[?8] Copyright 2015, Springer Nature. e) Schematic
of genetically targeted in vivo polymerization of functional materials. f) Chemical reactions of Apex2-mediated polymerization of conjugated polymer
(polyaniline, PANI) and conversion of doped PANI (d-PANI) with acid treatment. Reproduced with permission.['%] Copyright 2020, American Association
for the Advancement of Science. g) Schematics describing comparisons of neural modulation methods (pharmacology, bioelectronic medicine, and cell-
specific stimulation) in terms of undesired side effects and therapeutic effects. Reproduced with permission.!'1 Copyright 2020, American Association
for the Advancement of Science.
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and under various environmental conditions. Another important
aspect is the integration of more complex functionalities into
bio-integrated devices while ensuring biocompatibility.

5. Breathability

Breathability has emerged as a critical factor in wearable device
technology, particularly in the context of continuous health mon-
itoring, fitness tracking, and medical diagnostics. In such appli-
cations, wearer comfort is as paramount as device functionality.
Furthermore, for prolonged usage, it is essential to account for
the accumulation of skin by-products, such as sweat, which can
disrupt the sensing capabilities and adhesion of bio-integrated
devices to the skin, potentially causing skin-related issues such
as irritation. Consequently, there has been a growing emphasis
on breathability, leading to the proposal of various breathable sys-
tems based on porous structures for bio-integrated devices as a
practical solution to address these challenges.

A skin-attachable device using a nanomesh (Figure 10a,b)
is inflammation-free, gas-permeable, light weight, and
stretchable.[?*! The nanomesh platform is composed of gold-
coated electrospun polyvinyl alcohol (PVA) nanofibers. The
water-soluble ultrathin PVA nanomesh is easily dissolved by
water vapor or sweat and then forms conformal skin contact
with high ionic conductivity, thereby enabling highly accurate
measurement of biosignals at the skin interface (Figure 10c).
The nanomesh platform has distinctive geometrical advantages;
It can significantly reduce the contact area between the device
and skin. Moreover, its submicron pores allow the evaporation of
sweat or vapor, thereby alleviating problems that can be induced
by the blockage of these processes. The nanomesh platform
was used as a strain-insensitive pressure sensor to monitor
sophisticated finger manipulations with minimal mechanical
constraints (Figure 10d,e).123%]

Recently, Yeon et al. reported a sweat pore-inspired perforated
structure for better breathability of bio-integrated devices com-
pared to a previous study based on vapor permeation systems
(Figure 10f, top).[?®! They presented an auxetic dumbbell-like per-
forated structure designed by a combination of hole pattern en-
gineering and auxetic kirigami technology (Figure 10g,h), which
enabled the complete permeation of sweat with synergistic ef-
fects on physical properties, including mechanical reliability un-
der strain, skin conformability, areal mass density, and skin ad-
hesion (Figure 10i,j). Finally, the perforated film was integrated
with inorganic sensors (for temperature, hydration, strain, and
ultra-violet light) to obtain fully breathable electronic skin devices
(Figure 10f, bottom).

6. Biodegradability

Biodegradable electronic materials are centered on the develop-
ment of electronic components and devices that can decompose
naturally after their useful life, minimizing environmental im-
pact and addressing the growing concern over electronic waste (e-
waste).[1927195] This approach represents a significant shift toward
sustainable electronics, integrating principles of green chem-
istry, environmental engineering, and materials science Espe-
cially, transient inorganic and organic electronic materials that
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can biodegrade over a period of usage are intensively being de-
veloped for bioresorbable implantable medical devices.[31:106-108]

6.1. Biodegradable Polymer Materials

The biodegradability of polymers can be tuned using molec-
ular engineering.'®! Although many natural and synthetic
biodegradable polymers have been reported, most of them ex-
hibit insulating properties.[*1*112] However, the development of
biodegradable SPs is essential for fabricating biodegradable elec-
tronic devices.'®] Biocompatible and completely disintegrable
SPs that utilize imine chemistry have been reported for use in
ultrathin and ultralight weight transient electronics composed
of disintegrable pseudo-CMOS circuits, while disintegrable SPs
have been used in completely disintegrable transistors that can
be fully degraded within 30 d in a buffer solution at pH 4.6.1113]

This concept was further developed for intrinsically stretchable
and degradable semiconductor polymers. Intrinsic stretchability
can improve the interface of a device with biological surfaces,
such as tissues. One approach for fabricating intrinsically degrad-
able and stretchable semiconductor films is to blend a degradable
SP with an elastomer (Figure 11a).[''*] SP with acid-labile imine
bonds can be decomposed using acids and water. The polycapro-
lactone (PCL) groups in the elastomer backbone can disintegrate
via hydrolysis and oxidation. A phase separation process causes
the blended film of the semiconductor and elastomer to consist of
nanoconfined semiconductor fibers in an elastomer matrix. This
structure exhibited improved electrical properties and mechan-
ical stretchability (Figure 11b).['*) This is a promising method
to provide SPs with biodegradability and stretchability for use in
implantable devices (Figure 11c).

Various electronic applications of biodegradable polymers
have been reported. A biodegradable pressure sensor was ap-
plied to a flexible implant device.[''>11%] A biodegradable and flex-
ible arterial-pulse sensor system enables wireless monitoring of
blood flow (Figure 11d).'"7] This device has a capacitive pres-
sure sensor that uses biodegradable polymers and an Mg induc-
tive coil for wireless data transmission (Figure 11e). The pres-
sure sensor had microstructured pyramids, which significantly
increased pressure sensitivity. The arterial pulse was measured
by converting the capacitance change from arterial pulsation to
shift resonance, and the shift data were transferred wirelessly
through the skin using an external reader coil. This biodegrad-
able sensor worked successfully in an arterial occlusion test for
monitoring blood pressure (Figure 11f).[17]

6.2. Biodegradable Inorganic Materials

Biodegradable inorganic materials, especially metals (magne-
sium, iron, and zinc) and semiconductors (silicone and germa-
nium) have also gained significant interest in transient electron-
ics for biomedical applications. These materials are designed to
degrade safely within the body over time using hydrolysis chem-
istry, eliminating the need for a second surgery to remove im-
plants and are also being explored for other environmentally
sensitive applications.l''®] The first physically transient inorganic
electronic device was developed in 2012 to dissolve inorganic ma-
terials in aqueous solutions.l'!”] The device was a system-level

© 2024 Wiley-VCH GmbH
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Figure 10. Breathable materials. a) Biocompatible nanomesh e-skin conductor attached to a finger print. b) Photograph of a nanomesh pressure sensor
on the finger. Reproduced with permission.[?*] Copyright 2017, Springer Nature. c) Photographs and d) resistance change of the nanomesh strain
sensor on the finger when the finger is relaxed (opened) and bent (closed). e) Photograph and capacitance change of nanomesh pressure sensor on
the fingers measuring the grip force for different soft objects (a cotton ball and small plastic bottles). Reproduced with permission.[?3] Copyright 2020,
American Association for the Advancement of Science. f) Schematic illustration of sweat pore-inspired perforated e-skin. g) Design of auxetic dumbbell
through-holes with open channels on the sweat pore. h) Changes in transepidermal water loss (TEWL) of the forearm with e-skin. i) Areal changes of the
sweat-trapped area after sweating. j) Skin compatibility of e-skins with 1-week lamination on the skin. Reproduced with permission.[?6] Copyright 2021,
American Association for the Advancement of Science.
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Figure 11. Biodegradable organic materials. a) Schematic of chemical structures and decomposition reactions of a stretchable and fully degradable
polymer semiconductor embedded in biodegradable elastomer with nanoconfinement effect in an acidic environment. b) Change in carrier mobility of
pure and nanoconfined p(DPP-PPD) under various strains in parallel (left) and perpendicular (right) directions. c) Degradation of E-PCL films with time
(left) and gradual decrease of UV-Vis absorption spectra with time of the neat and nanoconfined polymer semiconductor films in 1 M trifluoroacetic
acid (TFA, pH = 0.5) in water (right). Reproduced with permission.['1*] Copyright 2019, American Chemical Society. d) Schematic of the biodegradable
and flexible arterial-pulse sensor system for wireless monitoring of blood flow. e) Schematic of system design with a cuff-type capacitive micropyramidal
pulse sensor wrapping the artery, an inductor coil antenna for RF data transmission, and Mg wire interconnects. f) Measured change in frequency (Afy)
from the femoral artery (right). Reproduced with permission.l""7] Copyright 2019, Springer Nature.

electronic circuit composed of a transistor, inductor, capacitor,
diode, and resistor, all of which were fabricated using transient
materials such as silicone as a semiconductor, Mg as a conductor,
and MgO as a dielectric material on a water-soluble silk substrate
(Figure 12a,b). All electronic components fabricated using sil-
icone CMOS technologies worked as conventional devices and
were completely dissolved within 10 min of hydrolysis in deion-
ized water (Figure 12c¢). The transient bioresorbable device was
evaluated for in vivo thermal therapy in mice.['?°]

Subsequent studies further developed systems for tran-
sient electronics.['2123] One is a wireless bioresorbable elec-
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tronic system for nonpharmacological neuroregenerative therapy
(Figure 12d).* The system includes a bioresorbable receiver
antenna to obtain power wirelessly and is therefore appropri-
ate for wireless programming of electrical stimulations for the
management of nerve injuries.'?*! The wireless bioresorbable
electronic system was fabricated using Mg, Si, and SiOx on a
biodegradable poly(lactic-co-glycolic acid) (PLGA) substrate. The
device fully dissolves in <25 d in a phosphate-buffered saline
(PBS) solution (pH = 7.4) at 37 °C (Figure 12e). A wireless and
bioresorbable electronic system was successfully implanted and
operated in a rodent for wireless electrical stimulation of the sci-
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Figure 12. Biodegradable inorganic materials. a) Photograph of inorganic transient electronics. b) Chemical decomposition reaction of inorganic tran-
sient materials with water. c) Photographs of the decomposition of inorganic transient electronics in water. Reproduced with permission.[''®l Copyright
2012, American Association for the Advancement of Science. d) Photograph of a bioresorbable wireless electrical stimulator. €) Photographs of degra-
dation of a bioresorbable wireless stimulator in PBS (pH = 7.4) at 37 °C. f) Digital images of in vivo sciatic nerve stimulation. g) Electromyography
signals and h) tetanic muscle force at the tibialis anterior muscles while stimulating the sciatic nerve. Reproduced with permission.['24l Copyright 2018,

Springer Nature.

atic nerve, thereby accelerating the regeneration of injured nerves

(Figure 12f-h).124

These biodegradable materials have demonstrated the po-
tential of biodegradable electronic devices at the system level
and offered promising alternatives to traditional permanent

Adv. Healthcare Mater. 2024, 2303797

metals in various applications, particularly in biomedical ap-

plications. Their ability to degrade in a controlled manner

2303797 (17 of 21)

to non-toxic products that are safely metabolized or excreted
by the body presents a significant advantage; However, the
challenge still lies in optimizing their degradation rates, me-
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chanical properties, and biological interactions for specific
applications.

7. Conclusion and Outlook

As electronic devices have been developed toward improving
users’ convenience, especially in the aspect of portability from
ENIAC to personal computers and even smartphones, electronic
devices are expected to be integrated into the human body. To
this end, functional electronic materials that can be seamlessly
stacked on the skin but also even implanted in the human skin
must be developed. We suggested five functionalities that skin-
mountable electronic materials for bio-integrated e-skin devices
should have: stretchability, self-healing ability, biocompatibility,
breathability, and biodegradability, and described the current
challenges for future research directions for each functionality.

Currently, lots of research is focusing on the development
of new materials with these functionalities with an expectation
of the potential applicability of the materials to next-generation
bio-integrated electronic devices, but the devices are relatively
non-specific yet. Therefore, along with the development of new
materials with fundamental electrical properties (semiconduct-
ing, conducting, and insulating properties), the research of new
practical bio-integrated applications is necessary to maximize
the potential of the new functional materials. Based on five
functionalities inspired by the human skin, the skin-mountable
functional materials have the potential to revolutionize both ex-
isting and future applications. These materials could enhance
current devices, like multimodal wearable sensors, health mon-
itoring patches, and free-form displays. They also hold promise
for unprecedented next-generation bio-integrated electronics, in-
cluding skin-conformal augmented and virtual reality devices,
soft neural interfaces, and energy-efficient neuromorphic bio-
electronic devices.
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