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WILEY-VCH

Flexible electronics, as an emerging and exciting research field, have raised great concerns on how to
maE ﬂexi?e electronic materials that offer both durability and high performance at strained states.

1th the advent of on-body wearable and implantable electronics as well as increasing demands for
hu edly intelligent soft robots, highly flexible functional materials, especially stretchable
eled @ e receiving enormous efforts from both academic and industrial communities. Among
differer (Mation modes, stretchability is the most demanding and challenging one. This review
Ko CHSESSAMhe latest advances in stretchable transparent electrodes based on a new design strategy
kn as kirigami (the art of paper cutting) and investigates the recent progress on novel applications,
inc n-like electronics, implantable biodegradable devices as well as bioinspired soft robotics.

Byg@£6mpa the optoelectrical and mechanical properties of different electrode materials, some of the
i ant outcomes with comments on their merits and demerits are raised. Key design
considerations in terms of geometries, substrates and adhesion are also discussed, offering insights into
thefuniversal strategies for engineering stretchable electrodes with basically any material. It is
t highly stretchable and biocompatible electrodes will greatly boost the development of

su
ne on intelligent life-like electronics.

1. Introduc

Flexible trapm electrodes (FTEs) have attracted enormous attention in the past few years due
to the cr le in flexible electronics. Doped metal oxide films, exemplified by indium tin oxide
(ITO) fi ically transparent and electrically conducting, and have dominated the field of
optoelectronics for quite a few decades. However, ITO films are brittle, and prone to rupture when

subjected htrains. For FTEs on an elastomeric substrate, bending is a common deformation

mode. Th re several other deformation modes, such as folding, twisting, and stretching,
among whi ching is most demanding and challenging due to the large applied strains
accom eformation process. FTEs that are highly stretchable can also withstand bending,
folding, an isting. Accordingly, highly stretchable electrodes are seeking increasing efforts and
lead to the of a new branch known as stretchable electronics.
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The rapid development of stretchable electrodes boosts the burgeon of skin-inspired electronics,
from novel soft electronic materials™ to prototype human-friendly electronic devices, including
biocomMronics, soft robots, as well as conformal human-machine interfaces (Figure 1).
Future ele about to greatly extend our senses by being built into our clothes and

accessoﬁeima ached to our skins and even implanted in our bodies.”) Such biocompatible

[3,4] [5-8] [9-12]

electronics, _including wearables, epidermal devices, and implantable electronics, are

taking incr important roles in human-health monitoring and biomedical applications, which

will signifiwange the future of healthcare as well as our relationships with electronics.
Meanwhil to the advancements in soft materials and flexible electronic technologies,
tremendo;sses have been achieved in bioinspired soft robotics.™>™*” Biomimetic soft robots
with skin—l!e sensors and soft actuators are anticipated to interact with human and surrounding

[18,19]

environmem significantly enhanced safety, high sensitivity as well as adaptive responses,

enablinga c e human-robot loop with seamless and intimate interactions.

The applicati f flexible electrode materials in optoelectronic industry raises little concern on

ility but emphasizes the performance on optical transparency and electrical conductivity,
which hav!ﬁeen summarized and well discussed in many reviews.?>*®! The present feature article

aims to foOhe stretchable mechanics of transparent electrodes with up-to-date structural

design stra and considerations, and their state-of-the-art and pioneering conceptual

appIicatio! in future soft and stretchable electronics. This review begins with introducing several
promisirM for stretchable FTEs by summarizing the properties, applications as well as their

pros and cons. , structural design principles for large stretchability are described utilizing a novel

designing tool, : , kirigami (the art of paper cutting), which offers a universal strategy for
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engineering stretchable electrodes with basically any material. Other critical design considerations,
including substrates and adhesion force, are also discussed. Finally, latest representative research
examples t joinspired electronics, including skin-like electronics, degradable implants and

biomimeti s, are reviewed, indicating the trends and challenges of future soft and

stretcha%les?ronics.

2. Materia

SC

The call fo , transparent, and conducting materials has led to extensive investigations on

[27-30]

U

) [24-26]

several classes of nanomaterials, such as carbon nanotubes (CNTs graphene sheets, metal

e B537) and their composites.®*™*" As a one-atom-thick two-

nanowires, rganic transparent films,

4

dimension aterial with excellent mechanical and electrical properties, graphene shows great

d

potential for flexXible electronics. The sheet resistance of a 2D film is expressed as Ry, = p/t, where

p is the elec sistivity and t is the thickness of the film. High quality graphene exhibits a sheet

\1

resista -1000 Q sq™* with a transparency higher than 90%. Electrodes made of graphene

films showgimpressive mechanical bendability, making it a promising candidate for flexible touch

[

screens.” G ene sheets can also be stretchable. Previous studies have shown that large-scale

O

graphene n by CVD can be stretched up to 30%, or repeatedly stretched to 6% for a few

[30]

cycles. s might be attributed to the delocalized microcracks formed in the graphene films upon

h

strain, whigh cangaccommodation applied strains by deflecting out of plane and retard strain

t

localizatio stiff film.***! Moreover, by maintaining the percolating network of stacked

U

graphene ith addition of nano-bridges, graphene electrodes can be even more stretchable

A
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with tensile strains up to 120%."“" Another widely used 2D thin film material for FTEs is poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).P**™") Simply by spin coating,
PEDOT:MOW a sheet resistance of 46 Q sq*with a transmittance of ~82% (at 550 nm).[35]
Thin PEDO re stretchable, and has been widely used in polymer light-emitting diodes

(PLEDs),-S]_grgamc solar cells,

both grapf@ PEDOQT:PSS films show a relatively low conductivity, which limits their further

14849 5 rganic thin film transistors™® and supercapacitors.®" However,

application -performance optoelectronics.

Theoremtrathin metal films made of highly conducting metals like Ag, Cu, and Au present

a low sheet resist5ce and high transparency which are superior to those of ITO films. If ignoring the

nanoscale 1-nm-thick Ag film has a sheet resistance of 16.5 Q sq, while at this thickness
the film is ﬁlly transparent. However, due to the Ostwald ripening effect with the formation
of isolated@ands, many thin metal films (e.g., Ag and Au) are not conductive until the film
thickne percolation threshold. Accordingly, the conductive metal films of increased

thickness bec pague. Recently, a few methods have been proposed to make ultrathin but

continuous metal films. Such thin metal films can be cyclically bent, stretched, and even scratched
for multip! times, exhibiting good mechanical durability.®? By applying a layer of transparent
conducting r (i.e., PEDOT:PSS) as anti-reflection coating (ARC), the optical transmittance of

thin metal n be further improved to > 90% at a sheet resistance of <10 Q sq'l.[53] Polymer

solar cells !ith such electrodes exhibit a high power conversion efficiency of 10%, and the PLEDs
outperfWased on conventional transparent conducting oxides.®® Obviously, the method

of depositing a !air of ultrathin and continuous metal films is simpler and more cost-effective than

<
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doped metal oxide films, making it a promising method for manufacturing FTEs in practical

applications.
Anothe f flexible transparent electrodes is the network of one-dimensional (1D)
conductin ials, such as CNTs," metal nanowires,® and their composites.[‘%] CNTs were
H I

first repored as flexible transparent electrodes in 2004,"” and ever since they have been

extensivelw for flexible electronics, including flexible energy storage devices™ ¥ and skin-

like electronijcs,>>*>*” By uniaxial alignment of spring-like CNTs or CNT ribbons, highly stretchable
transparenmms could be obtained with tensile strains of over 100%.">%® However, the CNT

network could t present good electrical conductivity and high optical transparency

simultaneo iting their further applications in optoelectronic devices. Compared with CNTs,
metal nan e much more conductive. During the past decade, numerous reports on low-
temperatu esized and solution-processed metal (Ag, Cu, etc.) nanowires have been

presen ing to much easier and cheaper manufacture of metal-nanowire-based FTEs."”
Among them nowires (AgNWs) exhibit the best optoelectrical performance (~9 Q sq™ at the
transparency o %), superior to that of ITO films. AgNWs were first used as transparent

electrodes(or organic solar cells in 2008.%% After that, intensive investigation has been carried out
to improve @ all performance of metal-NW electrodes. The Wiley’s group synthesized 20-nm-
thick Agl\lﬂn aspect ratio of > 2000, and the AgNW network exhibits a sheet resistance of
130Qs I which is almost fully transparent. The high transparency might be related to the
fact that thHe thickness (20 nm) of the nanowires is far smaller than the wavelength of visible light

(400-760 nmt the nanostructures do not scatter light effectively. Due to the superior optical

transpare Ible electrodes based on uniform AgNWs with a high aspect ratio are regarded as
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an ideal candidate for displays. Till now, AgNW inks and films have been commercialized,

demonstrating their enormous potential as alternatives to ITO films. Though slightly less conductive,

t

Cu is 1,000"times more abundant and 100 times cheaper than Ag, making Cu nanowires (CuNWs)

another p idate.”"

The al-nanowire networks can be highly conductive and transparent simultaneously.
However, glich el€ctrodes cannot maintain a fairly low sheet resistance under increased tensile
strains. This_is because the wire-to-wire junctions will break upon stretching, resulting in huge
increase in resistance from several to giga ohms. Numerous studies have been reported on

reducing or elimifting the wire-to-wire junction resistance.”’>’* For example, AgNW percolation

Ul

networks ieeh with graphene oxide show good optoelectrical properties as well as greatly

1

enhanced ility up to 130%.7% The Cui’s group fabricated an interconnected metal network

based on @[na pugh structure which completely eliminated the wire-to-wire junction problem,

d

showin stretchability up to 50% in combination with impressive electrical conductance

and optical tr ency.®!

\

lonic conductors, generally based on hydrogels containing salts, are emerging rapidly as a new

[

class of tra flexible electrodes. lonic conductors exhibit a transparency close to 100% in the

whole visilfle rang® and can be stretched to 100-1000%.”" Although ionic conductors have a much

higher she istance compared with electronic conductors at the strain-free state, their sheet

1

resista than most stretchable electronic conductors at highly stretched states. In

{

addition, i&nic conductors are capable of operation at frequencies beyond 10 kHz and voltages

above 10 kV, makifig it possible for applications in high-frequency devices. The ionic conductor may

3

also be a In biodevices by building nondamaging interfaces for ionic/biological and

A
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ionic/electronic signals.””! However, dehydration is still a big challenge for the long-term usage of

ionic conductors in real applications.

T

Liquid re compelling materials for soft and stretchable electrodes as they are metallic

conductor e deformability. Different from mercury, gallium and its alloys are low toxic
I

and relati safe to cope with, offering great promise in flexible, stretchable, soft, as well as

reconfigur@tronics.m] Recently, optically transparent and elastic liquid-metal-based circuits
were realize direct laser writing, demonstrating a low sheet resistance of 2.95 Q sq™ with a
strain Iimimm] Benefiting from the combination of metallic and fluidic properties, novel
applications have Been enabled by liquid metals. For example, self-healing stretchable wires were
reported b ining liquid metals and self-healing polymers, which can be used in reconfigurable
circuit wiri ghly stretchable triboelectric nanogerators for wearable power sources were
realized byflus a quid metals as the electrode, demonstrating outstanding device stability under

strains %.%Y Despite the promise, existing challenges have to be addressed for

widespread a ions of liquid metals, such as the chemical stability of liquid-metal inks,’®? the

unstable electrical contacts between liquid metals and other metal interconnects,’® and contolled

motion of !uid metals.’®

3. Stretcf!e EEructural Designs

Typicallhthat are both highly conductive and transparent are not stretchable. However,

by structural desi@n with tailored geometries the intrinsically stiff materials can be structurally

stretchable{Z illustrates the underlying deformation mechanisms: (1) Stiff materials in a 1D

This article is protected by copyright. All rights reserved.
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wavy (serpentine or spring-like) structure can be stretched. When the structure is pulled, the
geometry changes its amplitude accordingly to accommodate the applied strain without causing
stress cMn in material itself (Figure 2a). The out-of-plane deformation plays an important
role for t tchability. The Rogers’ group has adopted fractal and nested self-similar

serpentﬁe*su -millimeter 1D structures as the electrical interconnection for stretchable

[

(86] (7] (

electronics, 2" stgetchable lithium ion batteries,™ and epidermal electronics.'”” (2) Stiff materials can

be stretche red into a network. For example, although a piece of paper cannot be stretched,

a paper ﬂ%be highly stretchable (Figure 2b).®” (3) If a metal film is engineered into a
percolatin with ligaments tailored into serpentine, it becomes highly stretchable (Figure
2c). Thus, ating network of metal serpentine ligaments is an ideal structure for stretchable

transparer!electrodes. Technically, it is difficult to fabricate a network of serpentine structures with

nanoscale in a cost-effective way. By using a novel method, named as grain boundary
lithography, ve successfully synthesized 2D Au nanomeshes of interconnected serpentine
ligaments 3a), exhibiting exceptionally large stretchability with optical transparency and
sheet r parable to ITO films.®” The Au nanomesh on PDMS can be one-time stretched

to 160% with the sheet resistance increasing from 21 to 65 Q sq™, and it can be cyclically stretched
to 100% for 1, cycles with sheet resistance increased by only a few times. The large stretchability
stems fro @ ects. First, in the elastic regime, the stretchability lies in the fact that the meshes
are elonga he ligaments can easily deform out of plane. Second, beyond the elastic regime,
distribu&rm and the nanomesh deforms into a larger network with a nested self-similar

layout. Su rchical network gives rise to the large stretchability. This is quite similar to the

design of milar interconnects from Rogers’ group (Figure 3b), for which the stretchability

<
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can be significantly improved by using two levels of wavy structures.® However, different from the
1D self-similar serpentine structure, theoretically the metal nanomesh can be infinitely stretched if
the sizehwork is large enough. As the size of cracks increases, the mesh becomes more
stretchabl the crack size is far smaller than the width of the network, the network is still
electrica*lymwe. Recently, we successfully designed and fabricated a highly stretchable
transparent_glegtrode combining nanomeshes with well-defined 1D wavy structures. By applying
prestrains i ne buckled structure was introduced into the interconnected Au nanotrough
network, rw large stretchability up to 300% and cyclic stretching to 100% for 100,000 cycles

with no fﬁ Such multi-level stretchable geometries offer a new design strategy for

ultrastretc ctronics.

Macros r models can be used to mimic the deformation mode of the Au nanomesh. In
the elastic%the deformation is determined by the structure rather than the scale or the

intrinsi | properties of the material. This viewpoint has been widely accepted in

metamaterial sign materials with negative Poisson's ratios.® ¥ The Suo’s group adopted this

method to study the stretchability of 1D materials early in 2005.1°* Blees et al. used a paper kirigami
to mimic tls deformation of graphene meshes and observed that the nanoscale graphene deformed

in the sam the macroscale paper mesh.®® Terry et al. also used the same kirigami pattern to

engineer e in intrinsically rigid nanocomposites, which shows a significant increase of

ultimate sgins from 4 to 370% (Figure 4a).”” Our group demonstrated that the stretchability of

kirigamiMould be changed by tuning the topology with serpentine lines (Figure 4b)."%

Inspired by tEe r§ults of the paper models, the Au nanomesh can be engineered into particular

patterns with hifstretchability up to 300% while exhibiting a sheet resistance of 28 Q sq* and

This article is protected by copyright. All rights reserved.
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optical transmittance larger than 90% at the highly strained state (Figure 4c). The Rogers and

Huang’s group further demonstrated that the kirigami approach can be applied to three-dimensional

t

P

(3D) mesoStructures in micro/nanomembranes.” All these studies illustrate one principle: high
deformabi chieved in rigid materials by structural designs regardless of the intrinsic

mechanl-ca roperties or the size of the material. Therefore, it is valid to use large scale paper

£

kirigami or gtheemacroscale materials to study the stretchability of nanostructured materials, such

C

as metals, e, composites, ceramics, and even multilayer devices. Besides, other novel

applications have Been enabled by kirigami designs. For example, dynamic kirigami structures were

$

constructe cient solar tracking in thin-film solar cells (Figure 4d).""® Accordingly, kirigami is

U

expected t owerful tool for strategic designs of highly stretchable electrodes and devices,

offering intuitive way to understand the deformation mechanisms of materials in

I

micro/nan imes.

d

4. Effe strates and Adhesion

M

In stretchaple electrodes, the roles of substrates as well as the interfacial adhesion strength between

[

the conducti terial and the underlying substrate are often neglected. However, the mechanical

O

properties bstrate are of critical importance. Generally, the substrate should be soft enough

to allow cgfiductive materials to deform out of plane. For example, in a Au nanomesh/PDMS bilayer

£

system, the largegdifference of the Young’s modulus between Au and PDMS (five orders of

{

magnitude the Au ligaments to deflect into the substrate freely, so that the stretchable

U

geometry n work effectively. Assuming that the Young’s modulus of PDMS substrate is close

A
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to that of Au, this deformation mode would not take effect and the Au mesh could not be stretched

accordingly.

{

Adhesi also plays an important role since the interfacial force between the metal
nanomesh nderlying PDMS affects the rupture modes of the metal mesh upon
I

stretching. &Y When the adhesion is poor, the stress level in the metal nanomesh is relatively low.
But the logalizedgtress is high enough to cause ruptures at some points. Proper adhesion can

effectively prohihit the existing cracks from developing into catastrophic ones and allows cracks to

SC

emerge el . As a result, the cracks are distributed uniformly across the whole film, and

overall the metal flanomesh is still interconnected and electrically conductive even when it is highly

b

stretched. ure mode is recognized as “delocalized rupture” or “distributed rupture” (Figure

1

5a). With adhesion, the crack size becomes smaller at the same strain level. When the

adhesion is{to ng, the nanomesh would break into isolated islands at elevated strains and the

dl

cracks f; rk (i.e., a complementary geometry with delocalized rupture), which would not

be electricall uctive any more. This failure mode is known as “localized rupture” (Figure 5b).

For localized rupture, the metal nanomesh network cannot form dense and delocalized cracks since
the IigameSs of a metal nanomesh network cannot slip locally upon straining. Experimental results
have show e Au nanomesh completely fails at 65% strain when it is firmly bonded to a sticky
PDMS subs hile on untreated PDMS substrates with proper adhesion it can be stretched to
strains Iarsr than 200% (Figure 5c). These results clearly demonstrate that proper adhesion is

critical chabiIity of networks, and neither weak nor strong adhesion is beneficial for good

stretchability islgSe 5d). This raises a concern that it may result in poor stretchability when we try

to improve the sttch resistance of electrodes by enhancing the adhesion, or when the electrode is

This article is protected by copyright. All rights reserved.
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embedded in devices with a multilayered layout (e.g., PLEDs, organic solar cells). To be clarified, the
effect of adhesion on stretchability for continuous films is significantly different from that for
networks—mHng adhesion will lead to improved stretchability for continuous films because
debonded ically rupture at a small strain of ~1%. Applying a prestrain might be effective to
improve‘t)‘s%ability of well-bonded or embedded metal networks. However, prestrains may
cause surfacg wrinkling or folding which leads to adverse effects such as high surface roughness with

a haze pro ith proper structural designs, in-plane buckled structures could be obtained,

which sho%omise as transparent electrodes for stretchable device integration.
5. Applic!wns

For optoel devices, large stretchability is not a prerequisite because in most cases they are

[102]

(103 3nd wearable smart

only required to be bendable or foldable (e.g., foldable mobile phones
lens™®). In rison, epidermal and implantable electronic devices are expected to be
stretch to accommodate the complex deformations of skins or biological tissues. Some
tissues andsrgans of human body are under constantly repeated large strains. For example, organs
such as hear ery and alveoli undergo periodical areal strains up to several tens of percent. The
commonly dle-like or membrane-like electrodes cannot be mounted on the surface of such
organs E thus unable to detect useful physiological signals or exert in-vivo medical
treatmenti Ther'fore, highly stretchable and conformable electrodes are becoming an
indispensa f skin-like electronics, which offer promise for next-generation healthcare and

biomedical ions.

<
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5.1 On-b¥¥ Aylications

Stretchablé des have found plenty of inspiring applications in our bodies, ranging from

0

wearable amellem=Eskin devices to implanted electronics. Owing to the intrinsic flexibility, breathability
and comfhorics, smart textiles are receiving increasing attention by offering a versatile

platform f@ seamiless integration of portable electronics into our daily life."®! By coating with

[106] [107]

electronic materials (e.g., carbon, electrode composites/metals, and conjugated

polymers!'% irect carbonization,"®"% these commonly available, mass-producible, and cost-
effective fabsi ns/threads, and garments can be transformed into various wearable electronics.

As depicte!m Figure 6, a myriad of physical and physiological measurements can be performed via

wearable el ics. For example, real-time monitoring of muscle activities (e.g., walking,*"
jogging,**? e blinking™®) can provide valuable information (e.g., plantar pressure
distribu ectromyography, and motion frequency) for clinical gait analysis, muscle fatigue
evaluatj assessment of human’s fatigue state, which can improve human’s exercise

performance and even prevent unexpected catastrophic situations. Owing to the recent advances in
flexible ephlectronic technologies, continuous and long-term tracking of vital physiological
dart rate,' artery pulse pressure and temperature,™* blood flow™ and blood
oxygen,® ¢ lized during daily activities in a manner that is mechanically invisible to the user.
Moreoziagnoses, such as diabetes and glaucoma can be performed by noninvasive skin-

like sensors, offering real-time detection of indicator levels (e.g., blood glucose concentration and

signals, su

intraocular ;res§e) with transcutaneous therapeutic treatment.?***1 With the advent of

biocompatj bioresorbable materials, flexible implantable electronics have been developed for

This article is protected by copyright. All rights reserved.
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in vivo recording of internal conditions (e.g., intracranial pressure and temperature™®),

electrophysiology (e.g., electrocardiogram (ECG),""*"**® electrocorticogram (EC0G),"™? and
eIectrospi* r Ill]) as well as clinical biomedical therapy,™*® offering desirable merits over
commerci clinical devices. Through intimate and conformal interfacing with dynamic

curvilinear  Tissues, biodegradable, transient implants can provide accurate and reproducible

[

measuremﬁeural signals and physiological activity, while eliminating risks, cost and damages

associated condary surgical extraction.'?*°"%! Besides, soft neural interfaces holds great

promise inwion of physiological functions, treatment of neural disorders (e.g., chronic pain),
and neur ic applications.”*®! The Lacour’s group developed a conformal “e-Dura”
implantati;ng flexible metal electrodes, which can restore locomotion of the paralyzed rats
with spina! cord injury through electrical stimulation."™* The Bao’s group have proposed and

engineere red mechanoreceptors and artificial afferent nerves, which can detect pressure

and integrat€ a signals by stimulating somatosensory neurons, suggesting potential applications

in neuroroEd neuroprosthetics.[65’67]

Electronic wearables and implants rely on power sources for operation. Conventional energy
storage de!ces are bulky and rigid, unable to accommodate the dynamic body strains for use as
wearables.Qe true autonomous wearable operations, integration of flexible and stretchable

(o}

power sour wearable systems are highly desired. By using novel stretchable electrodes as

well as a!Eting peculiar structural designs (e.g., helical springs and serpentines), considerable
progresM seen in flexible energy storage devices, including batteries?®” #1241 gngd

supercapaC|tors,:j4’“°’126] which demonstrate substantial promise for the realization of untethered

wearable systetRecently, emerging technologies of harvesting power from biological systems

This article is protected by copyright. All rights reserved.
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offer attractive alternatives for self-sustainable biomedical devices. In vivo powering of wearables
and implants (e.g., cardiac pacemakers) have been demonstrated with biocompatible piezoelectric
and tribﬁnerators, which can harvest mechanical energy directly from natural motions of
the living s walking/arm shaking/hand patting,®" arterial pulses,™*” breathing,™*® and
contracﬂemgnreaxation motions of the heart, lung, and diaphragm.[m] It is expected that such

self—poweret erables can solve the power consumption issue for implantable and wearable

healthcare

5.2 Bioinmft Robots

Soft robotggrown into a popular research field in the past few years. Compared to
conventioms, soft robots have many admiring features, such as safe human-machine
interaction, adaptability to dynamic environments, simple control systems and low cost, which
enable a wi scape of novel applications that cannot be accomplished by conventional cold

rigid m I Soft robots are especially designed for those challenging tasks where robots are

in close ing’ ate contact with biosystems, such as minimally invasive surgery,™**? implantable

medical theragy > and rehabilitation assistance.!****® Besides, soft robotic technologies can help
to build Iif@ificial organs (e.g., human body simulators™”)) and prosthesis.*® With a bionic
aesthetﬂ\ce as well as the spatiotemporal sensing and transduction abilities, such
prosthesis Fn sig" icantly improve the user’s experience.

In nature, soft ;sues are constantly interacting with dynamic and complicated environments in

an effecgble, and robust way. Inspired by biological creatures, biomimetic robots with
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skin-like sensory perceptions and capabilities of complex motions are under intensive investigations,

where the introduction of soft materials into the designing and building of robots is the key. E-skins

{

P

are emerg idly as a new research field with the goal of matching or even surpassing the
performan skin. Mechanical compliance is a prerequisite for e-skins to accommodate

the com-pl ynamic environments while maintaining its multiple functionalities. In this regard, an

1

ultra-light and flexible design has been developed for compliant electronics which enables the

integration erceptible sensing systems with great conformability to three-dimensional

surfaces (Figuge 73).">

Natural skins, aS\the interface of living creatures with the outside environment, provide versatile

USC

functionalit ilitate many of their essential activities. For example, human skin can respond to

N

numerous nd thermal stimuli, exhibiting a remarkable capacity for object recognition,

texture diScri ion, slip detection, temperature sensing and sensory-motor feedback.*!

d

Howev ial artificial skin and prosthetic limbs have neither tactile sensing, nor the ability

to communic h the brain. The Kim’s group demonstrated smart prosthetic skin equipped with

\

flexible strain, pressure and temperature sensors, associated humidity sensors, electroresistive

heaters an@ stretchable multi-electrode arrays, providing multiple sensory reception with compliant

[

interfacing ipheral nervous system (Figure 7b).[141] Inspired by the visual communication and

O

camouflage ies employed by cephalopod, a hyperelastic light-emitting capacitor, capable of

touch sensihg and active color changing, has been designed and integrated into the skin of a soft

4

robot, namic coloration and sensory feedback from both external and internal stimuli

{

(Figure 7c).

U

A
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Additionally, the sensory receptors are in high densities in sensitive areas of human skin, such as

the fingertips, which are able to provide high-resolution force information useful for object shape

and textu! iscrimination.!*#'*37%] The Bao’s group introduced a fabrication process of highly
flexible tra s with high yield and uniformity based on intrinsically stretchable polymers.

Such mgc)-iqmca y compliant and robust transistor arrays show an unprecedented device density

and device cgunithat surpass the spatial resolution of biological skin (Figure 7d).©®

C

Self-healing is,_another vital function of human skin, the emulation of which allows e-skins to

S

function r y @8 a protection barrier and continuously sense the dynamic environments despite

being subjected t@hconstant damages. A number of strategies have been exploited to incorporate

Ul

the self-he pability into electronic materials. For example, skin-like healable field-effect

I

transistors orted by introducing weak hydrogen bonding into semiconducting polymers as

noncovalefit d ic cross-linkers (Figure 7e).*® The field-effect mobility of these stretchable

d

organic can be fully recovered after a solvent and thermal healing treatment. Flexible

piezoresistive s composed of a urea-based polymer with nanostructured nickel microparticles

have also eveloped, demonstrating repeatable self-healing property within a healing time of

15 s (Figuf@® 7f)."*"! Recently, a hydrogel-based mechanically adaptable ionic skin was reported,

exhibiting @sure sensitivity as well as autonomous self-healability (Figure 7g).™*

In adr:\-like sensory perceptions endowed by e-skins, biomimetic behaviors enabled by
various rs are receiving extensive efforts. In line with the intricate biological motions,
biomimeti®soft actuators are engineered with the capabilities of large and continuum deformations

with theoreticaII;infinite degrees of freedom. Thereinto, flexible electrodes are the critical

compo%major class of electrically driven soft actuators. To date, a variety of flexible
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conductive materials and stretchable geometric designs have been developed to accommodate the

large strains accompanying the actuation process of highly

{

deformabl bots. For instance, a self-contained soft composite material composed of a
silicone el fluid-filled micro bubbles was fabricated, which can be electrically actuated
H I

by a springglike resistive wire and exhibited large strains up to 900% upon liquid-vapor transition

(Figure 8 9 ly soft robots were constructed with open-mesh patterned ultrathin gold
electrodes a ters for thermally responsive artificial muscles, which demonstrated adaptive
crawling lo oiPn like an inchworm (Figure 8b).™*® Compliant metal electrodes with particularly

designed patterns¥ave also been widely used in dielectric elastomer actuators (DEAs) and biohybrid

Ul

systems. F le, soft grippers with a sandwich-like DEA structure were able to manipulate
deformablﬁ and even flat objects by employing a compliant interdigitated electrode
geometry ;a 3c)."* Notably, a batoid-fish-inspired biohybrid system was designed with
integrati ible Au microelectrodes in a serpentine layout.™ By mimicking the alignment of

skeletal and lar architecture of a stingray, such bioinspired soft robots can provide self-

W

actuating motions (Figure 8d). Other compliant conductive materials such as printed conductive

=
w
»

wires (Figuge 8e) and carbon black (Figure 8f)*** have also been reported, enabling the overall

mechanica nce of soft actuator modules.

O

Recently ydrogels and ionic fluids have emerged as an inexpensive, compliant, and

n

transpa de for DEAs.”***! Owing to the optical transparency of these novel conductive

{

materials, ¥feptocephali-inspired camouflage and stealth sailing capabilities can be realized in soft-

J

bodied robots, whith were driven by a soft electroactive structure consisting of DEAs and ionically

conductive els (Figure 9a)."*® The Tolley’s group reported a translucent swimming soft robot

A
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consisting of DEAs with frameless fluid electrodes (Figure 9b), suggesting its potential applications in

surveillance and the unobtrusive study of marine life.!*>*

6. Summm amysamesPerspectives

L

To concludegstr able electrodes are critical and indispensable components of flexible electronics.
Strategic d and fabrication of highly stretchable and fatigue-free electrodes enable novel
appIicatioan on-body electronics, implantable devices, soft robots as well as compliant

human-maBerfaces. In addition to good mechanical compliance with soft body tissues and

artificial muscles, unique properties such as biocompatibility and biodegradability are also highly
desirable f@vtable electronics, enabling safe intimate biointegration without extra risks, cost
and dama lated with secondary surgeries. Soft robots with skin-like sensors and biomimetic
actuators are changing the way we see and interact with machines. The rapid development of e-
skins and arti uscles endows next-generation life-like robots with skin-like sensory perceptions

and ca omplex motions.

Despitwiring progress achieved so far, there still remain considerable challenges and
huge opp in this field. Flexible hybrid healthcare monitering systems, fusing physical,
chemical, ele physiological sensors on the same wearable platform, are on ever-increasing
demandI &;h can offer a more comprehensive picture of an individual’s physiological state.
Besides,Hpment of integrated autonomous smart systems represents a rising trend in soft

electronics, which;onsist of multiple flexible electronic components including sensing, actuation,

data transmissj nd analysis, power sources, and even sustainable power harvesting units. Such

This article is protected by copyright. All rights reserved.
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smart systems are expected to embody a closed feedback loop that can be responsive to both
internal and external stimuli in real time. It is foreseeable that with the advent of the era of soft
eIectronMﬁcial intelligence, the conformal integration of stretchable electrodes/electronics
into living ell as fully soft bodied robots with sophisticated architectural designs will

make aHo!n!eralsciplinary topic in the near future.
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our ski i nted in our bodies, will extend our perceptions. Soft robots with bio-inspired e-
skins and soft actuators are capable of safe interaction with human and environments in an
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M/W of 8 (black squares). Lower right: change in resistance versus cycles (up to 1,000 cycles) of Au
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permission.’®” Copyright 2014, Nature Publishing Group. (b) Optical images of the

and self-similar interconnects on a Si wafer (left, scale bar is 2 mm), and

serpentine layouts (right). Reproduced with permission.®® Copyright 2013, Nature Publishing Group.
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Latest advances in stretchable transparent electrodes based on a new design strategy known as
kirigami (the art of paper cutting) and their novel applications in skin-like electronics, implantable
biodegradable devjces, and bioinspired soft robotics are comprehensively reviewed. Key design
conside?Hrms of geometries, substrates and adhesion are discussed, offering insights into
the univers ies for engineering stretchable electrodes.
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