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Rubbery Electronics Fully Made of Stretchable Elastomeric

Electronic Materials

Kyoseung Sim, Zhoulyu Rao, Faheem Ershad, and Cunjiang Yu*

Stretchable electronics outperform existing rigid and bulky electronics and
benefit a wide range of species, including humans, machines, and robots,
whose activities are associated with large mechanical deformation and strain.
Due to the nonstretchable nature of most electronic materials, in particular
semiconductors, stretchable electronics are mostly realized through the
strategies of architectural engineering to accommodate mechanical stretching
rather than imposing strain into the materials directly. On the other hand,
recent development of stretchable electronics by creating them entirely from
stretchable elastomeric electronic materials, i.e., rubbery electronics, sug-
gests a feasible a venue. Rubbery electronics have gained increasing interest
due to the unique advantages that they and their associated manufacturing
technologies have offered. This work reviews the recent progress in devel-
oping rubbery electronics, including the crucial stretchable elastomeric mate-
rials of rubbery conductors, rubbery semiconductors, and rubbery dielectrics.

processes, and device structures have
been transforming traditional wafer elec-
tronics to be soft, stretchy, and recon-
figurable. In particular, owing to their
superior mechanical characteristics, i.e.,
soft, bendable, stretchable, and twistable,
stretchable electronics hold promise in
health monitors,l) medical implants,??-17
artificial skins,>¢11-15]  human-machine
interfaces, 1116201 wearable internet of
things, 124 etc.

As the core and fundamental building
block of active electronics, transistors con-
structed from semiconductors, conduc-
tors, and dielectrics are key to enabling
electrical functionalities such as switching
and amplification. To make transistors

Thereafter, various rubbery electronics such as rubbery transistors, inte-
grated electronics, rubbery optoelectronic devices, and rubbery sensors are

discussed.

1. Introduction

In the past few decades, the development of wafer electronics,
primarily in rigid and bulky formats, has led to a significantly
improved quality of life, standard of living, healthcare, security,
etc. Recent fast advances in electronic materials, fabrication
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stretchable, either the associated electronic
materials need to be stretchable or special
mechanical structures and layouts need to
be included in the transistor design. There
are many studies reporting stretchable
conductors, as reviewed in the following,
while many readily available dielectric materials are stretchy.
These have significantly offered many possible options in the
device design space. To date, the dominant semiconductors
employed for stretchable electronics are either conventional or
emerging semiconductors. However, these materials, either in
the format of inorganics (such as Si, GaAs, oxides) or organics
(such as poly(3-hexylthiophene-2,5-diyl) or P3HT, pentacene),
are mechanically nonstretchable.2%?!] Existing strategies to
make these nonstretchable semiconductors stretchable mainly
involve creating special mechanical structures or architec-
tures with these materials, such as out-of-plane wrinkles,!?%2¢]
in-plane serpentines,*”?8 rigid islands with deformable inter-
connects, 31 and kirigami architectures,??4 to eliminate
mechanical strain while they are stretched. However, these
approaches require sophisticated structural designs, compli-
cated manufacturing processes, or consume a large area due to
stretchable interconnection, all of which pose substantial chal-
lenges in high-density integration, packaging, associated high
cost, and mass production.

Constructing devices all from intrinsically stretchable elasto-
meric electronic materials offers another interesting yet prom-
ising route toward stretchable transistors and electronics. These
types of electronics, namely rubbery electronics, neatly avoid
the aforementioned challenges since they do not require struc-
tural engineering for device fabrication and the manufacturing
processes can be adopted into conventional fabrication pro-
cesses.”>®] In addition, rubbery electronics offer better cost
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effectiveness, higher mechanical durability, larger strain tolerance,
and tunability.?-3#3% In the development of rubbery electronics,
the elastomeric semiconductor is a core material. Very recently,
there has been some progress in developing intrinsically stretch-
able rubbery semiconductors and their stretchable electronics.*-%)

Here, we present recent progress in rubbery electronics with
four categorized sections, in the following order: 1) rubbery con-
ductors, 2) rubbery semiconductors, 3) rubbery dielectrics, and
4) rubbery electronics. Each section overviews the importance
and background of the respective rubbery electronic compo-
nents or devices, and then introduces representative studies with
detailed reviews. Finally, we conclude the review with a discus-
sion on the challenges and opportunities in rubbery electronics.

2. Rubbery Conductors

Rubbery conductors are essential components for rubbery
electronics such as transistors, integrated electronics, etc.0*7%
Conductors that are intrinsically stretchable with mechanical
stretchability (>20%) generally exist in two formats. One is
stretchable conductive polymers and the other is nanocomposites
of nanoconductor fillers in insulating rubber matrices. Some con-
ductive polymers through rationalized chemical treatments are
capable of not only achieving an excellent electrical conductivity
of 4100 S cm™, but also a mechanical stretchability of 100%.7"!
Inheriting the mechanical stretchability of rubbers, nanomate-
rials such as 0D nanoparticles (NPs), 1D nanowires/nanotubes
(NWs/NT5), and 2D nanosheets (NSs) based rubbery composites
have both properties of stretchability and electrical conductivity.
These rubbery nanocomposites can achieve the conductivity of
metal’? and a stretchability up to 700%. Rubbery conductors
have been briefly organized into two types: stretchable conduc-
tive polymers and nanomaterial based rubbery composites.

2.1. Stretchable Conductive Polymers

Due to their highly conjugated backbones that are in oxidized
or reduced states, conductive polymers are electrically con-
ductive.”>7° In addition, because of the merits such as low
moduli, chemistry-structure-properties tunability, and easy and
scalable processing, conductive polymers have been investi-
gated for many unique electronic and optoelectronic applica-
tions.”>8% By doping conductive polymers with bulky organic
anions, they can be easily processed in solution formats used
in conventional processing techniques, such as spin-coating®!!
and printing.®? There are now many available conductive poly-
mers including polyacetylene, polypyrrole (PPy), polyaniline
(PANi), polythiophene, and their derivatives (Figure 1a).83%]
Among them, poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) is the most intensively investigated
conductive electrode material owing to its excellent electrical
conductivity,® transparency,® chemical stability,®® biocom-
patibility,®) solution processability,*” and commercial avail-
ability. PEDOT:PSS films derived from commercially available
aqueous dispersions have a low conductivity normally around
1 S cm™!B%9192] with a fracture limit around 6%,7%%3 which
indicates that the films are not stretchable or are not able to
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Figure 1. Stretchable conductive polymers. a) Chemical structures of some conductive polymers. b) Crack on-set strain (left) and sheet resistance
(right) of PEDOT:PSS with different concentrations of DMSO and Zonyl. Reproduced with permission.[®% Copyright 2014, Wiley-VCH. c) Schematic
illustration of the morphology of a typical PEDOT:PSS film (top) and a superior conductive stretchable PEDOT film with enhancers (bottom). d) High-
density stretchable FET array being stretched on a flat surface and a spherical object, respectively. Reproduced under the terms and conditions of the
CC-BY-NC 4.0 Creative Commons Attribution NonCommercial License 4.0.71 Copyright 2017, The Authors, published by the American Association for

the Advancement of Science.

meet the requirements of a typical stretchable conductor with
stretchability greater than tens of percents.

However, their stretchability and conductivity can be
improved either by secondary doping or post-treatment.
Secondary dopants such as polar solvents,* surfactants, 680
ion liquid,”%°? and other additives improve the conductivity of
PEDOT:PSS by either additional doping effects or screening
effects.”! Another approach to improve the conductivity is to
treat PEDOT:PSS films with solvents like methane and dimethyl
sulfoxide (DMSO), or acids, like concentrated H,S0,.18093] Addi-
tives like Zonyl, Triton X-100, and ion liquid also improve the
stretchability of PEDOT:PSS films, 748292 while polar solvents!**l
make PEDOT:PSS films more brittle with decreased fracture
limits. Suchol et al. investigated the impact of DMSO and
Zonyl on the mechanical and electrical properties of spin-coated
PEDOT:PSS films (Figure 1b).B% With only 1 wt% Zonyl, the
tensile modulus of the PEDOT:PSS film dramatically decreased
by a factor of eight. By optimizing the concentration of Zonyl and
DMSO, 35% stretchability and a sheet resistance of 153 Q sq™!
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were achieved. Yue et al. reported a superior PEDOT:PSS film
by adding ionic additives and other enhancers as conductivity-
enhancing dopants into the PEDOT:PSS aqueous dispersion
(Figure 1c).”% Interestingly, from 0% to 100% strain, the con-
ductivity of the PEDOT:PSS film increased from 3100 to 4100 S
cm™! because the PEDOT chain alignment along the direction of
stretching improved. The PEDOT:PSS film was highly durable
under cyclic loading, with the conductivity maintained at 3600 S
cm™! even after 1000 cycles from 0% to 100% strain. Based on
this highly stretchable PEDOT:PSS, a high density field effect
transistor (FET) array was demonstrated (Figure 1d).

2.2. Nanomaterials based Rubber Composites
Most rubbery conductors have been achieved through
composite engineering of rubbers with percolated conduc-

tive nanomaterial fillers (e.g., 0D NPs,°>*l 1D NWs and NI,
and 2D NSs).®%] The mechanical and electrical properties of
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the rubbery composites can be tuned by altering the rubbery
matrices, form factors of the conductive fillers, filling density,
and degree of dispersion.'%1%2 To incorporate conductive
fillers into rubbers, there are several strategies including fil-
trating rubber into conductive filler networks,['%%l synthesizing
metallic fillers within rubbers,””) mixing conductive fillers with
rubbers, ' and injecting fillers into rubbers.”?

Based on the percolation theory, the percolation threshold
of the rubbery conductive composites depends on the different
form factors of the nanomaterial fillers(19>-106]

nD?

Viop=—-——— 1
oD 6(D+ Dy 1)
5.71
Vep = [ (2)
27w D%
Vop=—t b 3
P 4(D+Dy) ()

where V, is the percolation threshold volume fraction of nano-
materials and Djp is the interparticle distance. D is the particle
diameter of 0D NPs or lateral diameter of 2D NSs, ¢ is the thick-
ness of 2D NSs, and L is the length of 1D NWs and NTs. Fur-
thermore, the following expression defines the conductivity of
the percolation network (c) based on filler density

oo (N=N.) (4)

where N is the density of the conducting fillers and ¢ is the
critical exponent of the conductivity, normally ranging from 1.0
to 10.1197:198] Interparticle contact resistance dominates the total
resistance whereas the resistance of highly conductive metallic
filler contributes negligibly.1% When Djp is equal to or less
than the tunneling cut-off distance, typically 10 nm, electrons
tend to hop over the NP-NP gap according to the quantum tun-
neling mechanism, which results in a current transport path
inside the rubber. This leads to a rapid improvement in elec-
trical conductivity of the percolated nanomaterials.

Due to their low aspect ratio, the NPs’ percolation threshold
(Vi) is 10 to 100 times higher than that of NWs.['!% More-
over, a large number of NP-NP junctions leads to high con-
tact resistance and scattering of charge carriers. However, a
rubbery matrix provides greater freedom for NPs because it
enables reversible nanoscale restructuring and reconfigura-
tion. Yoonseob et al. developed an AuNPs based stretchable
conductive rubber (polyurethane, PU) fabricated by a vacuum-
assisted filtration assembly.''% AuNPs in PU formed chains
of 10-40 NPs during fabrication, offering transport paths for
electrons. When stretched, the NPs initially became disorgan-
ized, but as the strain increased, they gradually self-organized
into bands along the stretching direction, which allowed the
composite to retain its high electrical conductivity, shown
in Figure 2a. This self-assembly behavior was reversible and
reconfigurable after five consecutive cycles. Five layers of the
rubbery conductor made by this method had a conductivity
of 1800 S cm™! at 0% strain, 210 S cm™! at 60% strain, and
94 S cm™! at 110% strain.
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Liquid metals and their low-melting point alloys that are in
liquid phase near room temperature are another form of a 0D
nanomaterial. Gallium-based liquid metals such as EGaln (75%
gallium and 25% indium) and Galinstan (68.5% gallium, 21.5%
indium, and 10% tin) are the most commonly investigated as con-
ductive fillers due to their low toxicity, high electrical conductivity,
negligible vapor pressure, and intrinsic deformability, and stretch-
ability. The presence of liquid metal in rubbers has little harm
on the mechanical properties of the host rubbers. Liquid metals
are incorporated by filling the microchannels in rubbers to form
rubbery conductors. Ha et al. demonstrated a stretchable acoustic
device (SAD) by injecting Galinstan into a micropatterned elas-
tomer channel, shown in Figure 2b."2 The liquid metal coil had
excellent electrical conductivity (3.46 x 10° S m™! at 20 °C) at the
initial state and can be stretched uniaxially up to 50% and biaxi-
ally up to 30% with only a 6% increase in resistance. Simultane-
ously, the SAD maintained its performance without any notice-
able deviation from 1 to 20 kHz under the same stretched con-
ditions. Michael et al. innovated more stretchable fibers with
EGaln fillers in the core of the hollow poly [styreneb-(ethylene-
co-butylene)-b-styrene] (SEBS) resin fibers (Figure 2c).''!l The
injected liquid metal had little impact on the mechanical and
tactile properties of the fibers. The fibers were highly conductive
as metallic wires and sustained their conductivity even at 700%
strain through optimizing their size. Liquid metal droplets can
also be dispersed into rubbers by ultrasonication, shear-mixing,
acoustic wavers, and microfluidic flow focusing.

Conductive fillers are not limited to just 0D materials, how-
ever. Longer NWs and other 1D materials reduce required wire—
wire contacts inducing higher conductivity at a given conductive
filler density: this is essential for stretchability. When strain is
applied, cracks or defects tend to appear at the boundary areas,
which experience increased interparticle distance, resulting in a
large sacrifice in conductivity. AgNWs have received extensive
attention due to their high conductivity and good mechanical
durability among all metallic nanomaterials.'%! Yang et al. used
a high-intensity pulsed light technique to embed AgNWs into PU
and simultaneously improved NW-NW junction conductivity
and NW-substrate adhesion, as shown in Figure 3a.''Z High
density, light-induced extreme local heat in the AgNWs caused
the adjacent PU to soften and melt while allowing heavy AgNWs
to be embedded into PU without substantial damage to the sub-
strate. The resulting AgNW/PU composite electrodes retained
a high electrical conductivity of <10 Q sq™! even under 100%
strain. Recently, AuNWs became an alternative option because of
their chemical inertness, biocompatibility, high electrical conduc-
tivity, and suitable work function for p-type semiconductors.[13]
Bowen et al. obtained vertically aligned AuNWs embedded con-
ductive polydimethylsiloxane (PDMS) with a high conductivity
of 1288 S cm™ at 0% and 152 S cm™ at 170% strain.''* The
AuNWs were fabricated by combining both bottom-up synthesis
of AuNWs and top-down patterning (Figure 3b). Furthermore,
the vertical AuNWSs electrodes maintained low ohmic contact
with a semiconducting P3HT thin film in a wide strain range
(0-100%). Stretchable transistors were demonstrated with little
performance degradation up to 100% strain. Carbon nanotubes
(CNTIs) are also used as conductive fillers, however, the conduc-
tivity of CNT-based conductive rubbers were lower than those of
metal (Ag, Cu) NWs composites.'"®] Chun et al. improved their
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Figure 2. 0D nanomaterial-based rubbery conductors. a) TEM images of NP-based rubbery conductors with self-alignment under different levels of
uniaxial strain (from 0% to 50%). Reproduced with permission.'"%'"l Copyright 2013, Springer Nature. b) SEM images of SU-8 mold (left), optical
images of the microchannel (middle), fabricated SAD with and without stretch (right). Reproduced under the terms and conditions of the CC-BY Creative
Commons Attribution 4.0 International License.’? Copyright 2015, The Authors, published by the Springer Nature. c) A liquid metal filled ultrastretch-
able conductive fiber stretched 10 times its initial length. Reproduced with permission.'""] Copyright 2013, Wiley-VCH.

conductivity by introducing metallic NPs into a CNTs composite
shown in Figure 3c.”® A highly conductive Ag-multiwalled
carbon nanotubes (Ag-MWNT)/polyvinylidene fluoride (PVDF)
film was developed by mixing the self-assembled MWNT5s deco-
rated by AgNPs, ionic liquid, Ag flakes, and PVDF. The PVDF
composite was obtained by drop casting and maintained high
conductivity and excellent mechanical robustness (5710 S cm™!
at 0% strain and 20 S cm™" at 140% strain).

2D materials including graphene and metallic flakes/sheets
have a large junction area, which allows for reduced contact
resistance. 2D nanomaterials based rubbery conductors with high
stretchability and conductivity have also been investigated. Sung-
hwan et al. employed AuNSs as fillers to innovate a conductive
thermoplastic block copolymer polystyrene-block-polybutadiene-
block-polystyrene (SBS) on PDMS (Figure 3d).l''%l The nonintrin-
sically stretchable viscoelastic composite could follow the elastic
behavior of the PDMS substrate (up to 180% strain) due to the
strong interface between SBS and PDMS. Strong adhesion of
SBS to the AuNSs made the composite highly conductive and
mechanically durable with the sheet resistance linearly increasing
from 0.45 Q sq! at 0% strain to 9.4 Q sq! at 160% strain. 2D
nanomaterials based rubbery conductors can also be obtained by

Adv. Mater. 2019, 1902417
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mixing the fillers and rubber. Someya et al. presented a conduc-
tive rubber ink comprised of Ag flakes, a fluorine rubber, and
a fluorine surfactant (Figure 3e).''”] When adding the fluorine
surfactant, the Ag flakes in the printable ink tended to aggre-
gate to form localized conductive networks near the top surface,
inducing a high conductivity of 738 S cm™ without strain and
182 S cm™! under 215% strain. The same group further improved
this ink by introducing AgNPs in situ formed from inlaid Ag
flakes in rubber when heated in an elastomer (Figure 3f).’”l The
results showed that with a small fraction of AgNPs, the percola-
tion threshold dramatically decreased from 0.111 to 0.046. Due
to the polymer reinforcement effect of AgNPs, or normaliza-
tion of the stress distribution, the conductive rubbery composite
showed a conductivity as high as 6168 S cm™ at 0% strain, and
935 S cm™! when stretched up to 400%.

3. Rubbery Semiconductors

The semiconductor, which determines the electrical prop-
erties of transistors, is the most important component in
transistors. Traditional semiconductors are mechanically

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. 1D and 2D nanomaterials based rubbery conductors. a) Tilted SEM images of AgNWs/PU composite fabricated by a high density pulsed light
technique. Reproduced with permission.'?l Copyright 2016, Springer Nature. b) Schematic of fabrication processes of vertical AuNWs embedded in
PDMS films and SEM images of a vertical AuNWs/PDMS composite under 50% strain. Reproduced with permission.['"l Copyright 2019, Wiley-VCH.
c) Schematic and SEM image of a hybrid Ag-MWNT composite. Reproduced with permission.®8 Copyright 2010, Springer Nature. d) SEM images of
the AuNS/SBS composite film under initial, strained at € = 1.0 after 100 cycles, and recovered conditions. Reproduced with permission.l"'®l Copyright
2017, American Chemical Society. €) Optical microscopic and SEM images of micrometer-sized Ag flakes based rubbery conductors with and without
surfactants. Reproduced under the terms and conditions of the CC-BY Creative Commons Attribution 4.0 International License.''”] Copyright 2015,
The Authors, published by Springer Nature. f) Schematic illustration showing AgNPs synthesized in situ from micrometer-sized Ag flakes. Reproduced

with permission.’’ Copyright 2017, Springer Nature.

nonstretchable (rigid and brittle), which restricts the develop-
ment of technologies such as wearable electronics, biomedical
devices, and healthcare systems.[''8119 Most of the efforts to
realize stretchable electronics using mechanically nonstretch-
able semiconductors typically involve implementing structural
engineering strategies such as wrinkles, 1207123 kirigami,,[12412]
and microcracks.l'26127) However, those approaches have cer-
tain limitations and drawbacks, as discussed before. On the
other hand, rubbery semiconductors have drawn increasing
interest for constructing stretchable electronics due to their
mechanical stretchability and easy fabrication. Here, we cat-
egorize rubbery semiconductors into two groups, including
intrinsically stretchable polymeric semiconductors and stretch-
able semiconducting composites based on polymer and elas-
tomer blends.

Adv. Mater. 2019, 1902417
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3.1. Intrinsically Stretchable Polymeric Semiconductors

One straightforward approach to develop stretchable semicon-
ductors is to molecularly design intrinsically stretchable poly-
meric semiconductors with m-conjugated structures. Typically,
electrical and mechanical properties of conjugated polymers
can be engineered by modifying the backbone and sidechains
to control various factors such as molecular planarity, m-stacking
distance, crystallinity, glass transition temperature, interchain
interactions, etc.*128-1321 Molecular backbone engineering is
a straightforward and widely used approach to develop a new
class of stretchable semiconducting polymers.?”~#I Miiller et al.
synthesized a semiconducting diblock copolymer using polyeth-
ylene (PE) and regioregular P3HT, which had a stretchability
higher than 600% based on a PE moiety of 90 wt% (Figure 4a)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Intrisically stretchable polymeric semiconductors. a) Chemical structure of the P3HT-PE diblock copolymer (top) and stress—strain curves of
the film with different ratios of P3HT and PE (bottom). The inset of the bottom image is an optical image of 35-65 P3HT-PE under mechanical strain of
600%. Reproduced with permission.3% Copyright 2007, Wiley-VCH. b) Chemical structure of triblock copolymer PZHT-PMA-P3HT (top) and stress—strain
curves of the polymer. Reproduced with permission.*? Copyright 2015, Royal Society of Chemistry. c) Chemical structures of DPP-based semiconducting
polymers containing 10 mol% of spacers (top) and normalized field-effect mobilities of the polymer films under mechanical strain parallel (bottom, left)
and perpendicular (bottom, right) to the channel length direction. Reproduced with permission.*% Copyright 2018, Wiley-VCH. d) Chemical structure
of DPP based polymer with a nonconjugated spacer (top), photovoltaic properties (bottom, left), and photoconversion efficiency (bottom, right) of the
polymers. Reproduced with permission.*l Copyright 2016, Wiley-VCH. e) Chemical structures of three different thiophene DPP-based polymers and the
mobility of the P3 based transistor. Reproduced with permission.138 Copyright 2017, Wiley-VCH. f) Chemical structures of P3HT with different sidechains
(top), optical images of P3HT:PCBM and P3DDT:PCBM films under mechanical strain. Reproduced with permission.*l Copyright 2014, Wiley-VCH.
g) Chemical structure of PII2T based polymer with different lengths of a carbosilane sidechain (top) and field-effect mobilities of the polymer thin films
under various strain levels (bottom). Reproduced with permission.’% Copyright 2016, American Chemical Society.
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and a field effect mobility of 0.02 cm? V! s7! was obtained
from the transistor based on those materials.* The effect of
introducing a soft PE block into the backbone on mechanical
properties is substantial, especially when considering the frac-
ture strain of P3HT (=13%). As another example of molecular
backbone engineering, Peng et al. developed an ABA triblock
copolymer for a stretchable semiconductor using P3HT as
A and poly(methyl acrylate) (PMA) as B to form a P3HT-
PMA-P3HT triblock copolymer.*?l The novel semiconductor—
rubber-semiconductor structure demonstrated a field effect
mobility of 9 x 107* cm? V! s7!with a high stretchability of
140% (Figure 4b). Another approach to enhance mechanical
softness is to introduce a spacer into the molecular backbone
of the polymer to reduce crystallinity and the glass transition
temperature (Ty).340414 As shown in Figure 4c, Mun et al.
examined the effect on mechanical properties of a semicon-
ducting polymer by inserting a nonconjugated spacer into the
molecular backbone.*l Three different spacers were introduced
into the backbone of a diketopyrrolopyrrole (DPP) based poly-
meric semiconductor to show that the longer chains acting as
spacers in the backbone resulted in a lower modulus and better
stretchability due to greater flexibility of the molecules. Sava-
gatrup et al. used an aliphatic propyl chain as a spacer in the
DPP based polymer backbone to improve ductility and reduce
the modulus.*¥ Although the photo conversion efficiency of
a photovoltaic cell and the field effect mobility of a transistor
decreased with an increasing amount of nonconjugated units,
the results clearly emphasized that mechanical properties can
be modulated by controlling the portion of the spacer in the
backbone (Figure 4d). Since the sidechains also affect physical
properties of molecules, Lu et al. investigated the effect of both
the backbone and sidechains on the mechanical stretchability
of the polymer poly(tetrathienoacene-diketopyrrolopyrrole)
(PTDPPTFT4) and its two analogs with different branched alkyl
sidechains and a thiophene spacer inserted into the backbone
(Figure 4e).%® The thiophene inserted polymer showed a higher
crack onset strain with a stable mobility of 0.1 cm? V7 s7!
under a mechanical strain of 100%. The branched alkyl chain
induced a lower T, and a higher crack onset strain compared
to PTDPPTFT4, which resulted from more amorphous regions
in the polymer film with branched chains than those in the
PTDPPTFT4 film. Thus, sidechain engineering of polymeric
semiconductors is critical due to its substantial effect on the
mechanical properties of the polymer.*-0130] Savagatrup et al.
reported mechanical properties of poly(3-alkylthiophene) (P3AT)
depending on just the length of the sidechain maintaining the
structure of the backbone.*l Longer sidechains reduced the
modulus of both the P3AT film alone and the blended film con-
taining P3AT and phenyl-Cg;-butyric acid methyl ester (PCBM).
While the photovoltaic cell based on P3HT and PCBM did not
function under a mechanical strain of 10% (obvious cracks were
in the film), poly(3-dodecylthiophene) (P3DDT) and PCBM
based devices presented no significant degradation under 10%
strain: there were no visible cracks as shown in Figure 4f.
Wu et al. also investigated the sidechain effect using an isoin-
digo-based conjugated polymer, polyisoindigobithiophene
(PI12T), with two carbosilane sidechains of different lengths.>’!
Both polymers showed stable charge transport properties under
a mechanical strain of 100% (Figure 4g).
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3.2. Stretchable Semiconducting Composites

Other facile approaches to enable the mechanical stretch-
ability in semiconducting materials are to form composites by
blending two or more semiconducting polymers with different
properties or by mixing semiconducting fillers with rubbers.
These approaches have advantages such as easy engineering of
composite properties and the capability to achieve infinite com-
binations from various polymers.

Blending has been explored in order to utilize the high charge
transport property of one conjugated polymer and the desirable
mechanical properties of another conjugated polymer.[*351->3]
Savagatrup et al. blended P3ATs with different alkyl chains and
successfully decreased the modulus while optimizing both the
electrical and mechanical performances (Figure 5a).*3! Using a
similar approach, Scott et al. created a conjugated polymer blend
for a stretchable semiconductor consisting of the polymers
poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b’|dithiophen-
2-yl)-alt-[1,2,5]thiadiazolo[3,4-c]pyridine] (PCDTPT) and P3HT.>2
The field effect transistor based on the blend (PCDTPT:P3HT
= 1:1) showed a good field effect mobility of 0.8 cm? V! 57!,
which is similar to that of a device only based on PCDTPT
(0.9 cm? V-1 s7Y) (Figure 5b). Depending on the applied strain,
the mobility increased due to the polymer backbone alignment
in the strain direction (channel length direction).>*l

Another blending approach involves combining conju-
gated polymers and nonconjugated polymers (i.e., insulating
polymer) to form rubbery semiconductor composites. To
exploit the superior mechanical softness of the nonconjugated
polymer used for the rubbery semiconducting layer, various
combinations of blending have been developed.>>=>133
Because nonconjugated polymers are insulators, the semicon-
ductor should be percolated when mixed to form an electrical
pathway while maintaining the mechanical advantages of the
nonconjugated polymer.””% Blending conjugated polymers
and nonconjugated polymers to tune the mechanical properties
of the composite is a technique that has been used for decades.
In 1992, Moulton used poly(3-octylthiophene) (P30T) and high
molecular weight PE to develop a polymer composite; P30T
gave the composite increased conductivity while PE made the
composite soft.®!l Although this blending technique to pre-
pare rubbery semiconductors has been known, it has more
recently invited attention due to the rising interest in stretch-
able electronics. Among many insulating elastomers, PDMS is
one of the widely used materials to fabricate rubbery semicon-
ductor composites through this blending approach.>9-61:64.66.133]
Song et al. reported a blend containing prepared P3HT NWs
(P3HT-NWs) in PDMS for a stretchable semiconductor.®l They
found that the phase separation of P3HT-NWs and the PDMS
matrix depends on the surface characteristics of the substrate,
and therefore, P3HT-NWs could be uniformly percolated in
PDMS substrates. Even 1 wt% P3HT in PDMS could be used
as the semiconductor for field effect transistors and the devices
showed more stable operation under mechanical strain up to
100% than devices based only on P3HT (Figure 6a). Similarly,
Kim et al. prepared P3HT nanofibrils (P3HT-NFs) by heating
(60 °C) and cooling (20 °C) for self-assembled, highly crystal-
line P3HT-NFs to blend with PDMS for fully rubbery electronics
and sensors (Figure 6b).”"! SEBS has also been recently used
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Figure 5. Stretchable semiconducting composites from blending different conjugated polymers. a) Chemical structures/schematic diagrams of the
organic semiconductors (left) and plot of the tensile modulus (right). Reproduced with permission.[*3l Copyright 2014, American Chemical Society.
b) Schematic diagram of the film formation with chemical structures of the polymers (left) and saturated field effect mobilities in the blend films with
applied strain for charge transport parallel to the strain direction. Reproduced with permission.’? Copyright 2016, American Chemical Society.

as an elastomer for stretchable electronics because of its supe-
rior mechanical softness, as demonstrated by Shin et al.’s use
of P3HT and SEBS as a rubbery semiconductor composite
(Figure 6¢).[0%%5133] They used the blend after cooling (~15 °C)
and warming (25 °C) before spin casting to form a high quality
P3HT-NF film. Aside from P3HT, other semiconducting mate-
rials have been utilized. Another conjugated polymeric semi-
conductor, poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)
diketopyrrolo[3,4-c] pyrrole-1,4-dione-alt-thieno[3,2-bjthiophen)
(DPPT-TT), was used with 70 wt% SEBS to form a rubbery
semiconductor composite through the nanoconfinement effect
(Figure 6d).) The resulting film had improved mechanical
properties and maintained its electrical characteristics under
not only mechanical stretching in both the horizontal and
vertical directions, but also for various deformations such as
twisting and poking. Four additional different conjugated poly-
mers for stretchable semiconductors were used as alternatives
to the aforementioned polymeric semiconductor, proving that
their approach could be utilized for other materials. Thus, their
results emphasized the improvement in mechanical proper-
ties through increasing the chain dynamics and decreasing the
crystallinity of the polymer embedded in SEBS.

Occasionally, polymer blends induce vertical phase separa-
tion of the semiconducting polymer and insulating layer during
coating and annealing due to the difference in surface energy and
solubility parameters. Several studies on organic field effect tran-
sistors exploited this concept to form bilayered structures (semi-
conductor/dielectric) in a one-step process.””%8 Most studies
focused on devices on rigid substrates, but Zhang et al. recently
demonstrated fully rubbery electronic devices based on vertical
phase separation to form a stretchable semiconducting layer and
PDMS dielectric layer in a single step (Figure 6e).l%] The vertical
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phase separation induced an interpenetrating polymer network
on one side, which created a percolation network even with a
small concentration of a semiconducting polymer. Three different
semiconducting polymers were used including P3HT, poly[2,5-
(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-
2-yl)thieno [3,2-b]-thiophene)] (DPP-DTT), and poly(2,5-bis(2-
octyldodecyl)-3,6-di(pyridin-2-yl)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dionealt-2,2"-bithiophene) (DPPDPyBT). Their transistor, which
was based on a blend of the three polymers as the semiconductor
with low weight fractions (fp3yr = 0.49%, fopp.orr = 0.83%, and
Soppopyer = 0.62%), demonstrated adequate performance and
mechanical durability under 100% strain.

4. Rubbery Dielectrics

To achieve mechanically durable rubbery electronics, the rub-
bery dielectric is also a critical component since the dielectric
plays an important role in field effect transistors. It controls
the current flow between the source and drain electrodes by
applying an electrical potential across the source and gate elec-
trodes. Various approaches such as wrinkled oxides for stretch-
able transistors were developed.*>¢712L134 Ag an example,
Chae et al. investigated randomly wrinkled Al,O; as gate die-
lectrics for the stretchable transistors, which displayed no sub-
stantial performance degradation under a mechanical strain
of 20%.113Y However, those approaches based on structural
engineering cannot easily achieve low cost and simple manu-
facturing. Therefore, the development of rubbery dielectrics is
urgent, and several materials have already been proposed. The
rubbery dielectric can be categorized into two groups: elasto-
mers and ion gels.
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Figure 6. Stretchable semiconducting composites from blending conjugated polymers with nonconjugated polymers. a) Schematic illustration of
the stretchable organic semiconductor preparation (left) and the homo-P3HT TFT and 10 wt% P3HT blend TFT device performances depending
on mechanical strain (right). Reproduced with permission.®l Copyright 2016, Wiley-VCH. b) AFM images of the stretchable P3HT-NF/PDMS semi-
conductor spin-coated on a PDMS substrate (top) and the film under various mechanical deformations (right). Reproduced under the terms and
conditions of the CC-BY-NC Creative Commons Attribution NonCommercial License 4.0.5% Copyright 2017, The Authors, published by American
Association for the Advancement of Science. c) Representative TEM image (left, top), a phase-mode AFM image (left, bottom) of a P3HT-NFs
bundle indented in the SEBS, and transfer curves of 1 wt% P3HT blend TFT device under different mechanical strains (right). Reproduced with per-
mission.®3] Copyright 2015, Wiley-VCH. d) AFM phase images of the top and bottom interfaces of the rubbery semiconductor composite film with
70 wt % SEBS (left) and changes in the on current and mobilities with strains up to 100%, both parallel to (filled circles) and perpendicular to (open
circles) the charge transport direction (right). Reproduced with permission.[®®l Copyright 2017, American Association for the Advancement of Science.
e) Schematic illustration of formation and SEM and AFM images of the IPN structure (left), photograph of the transparent transistor arrays with
strain (middle), and mobility changes of the transistor under 0%, 100% strain, and after release (right). Reproduced with permission.l®l Copyright
2017, American Chemical Society.

4.1. Elastomers (Figure 7a).1l The devices withstood a mechanical strain

of 100% both along and perpendicular to the channel length

An elastomer is an excellent option for a stretchable gate dielec-
tric because of its superior mechanical durability and easy fabri-
cation by using conventional processes such as spin-casting. For
example, PDMS, a traditionally well-known elastomer, was used
as the gate dielectric for the fabrication of transistors.[*1:135-140]
Oh et al. used transferred PDMS as the gate dielectric to develop
a stretchable transistor with healable semiconducting materials
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directions, even after a 100 cycle stretching test. Even though
PDMS has superior mechanical properties, its relatively low
dielectric constant (=2.7)14! limits the device performance. To
overcome this limitation, hybrid elastomer gate dielectrics were
developed.["*>7146] Cai et al. used barium titanate (BaTiO3) NPs
to form a hybrid composite with PDMS, resulting in a high
dielectric constant (=9 at =26 vol% BaTiOs) of the composite
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Figure 7. Elastomers. a) Photograph of a fully stretchable 5 x 5 organic transistor array (left) and the architecture of a single transistor with PDMS dielec-
tric (right). Reproduced with permission.*l Copyright 2016, Springer Nature. b) Schematic illustration of a printed stretchable TFT with BaTiO;/PDMS
composite as the gate dielectric (left), relative permittivity of the BaTiO3/PDMS composite with various volume contents of BaTiO3; NPs (right), and an
image of a 50% stretched device (bottom). Reproduced with permission.['*d Copyright 2016, American Chemical Society. c) Schematic illustration of a
thermoplastic PU (TPU) gated transistor (left) and an image of the twisted device (right). Reproduced with permission.['¥l Copyright 2015, Wiley-VCH.
d) Transfer process for devices with SEBS dielectric (left) and images of unstrained and 60% stretched devices (right). Reproduced with permission.[48l
Copyright 2017, American Chemical Society. e) Schematic illustration (left) showing SEBS gated fully stretchable transistor with skin-like nature when
attached to the back of a hand (right). Reproduced with permission.®] Copyright 2017, American Association for the Advancement of Science.

material (Figure 7b).1*4 PU is also one of the widely used elas-
tomers for stretchable field effect transistors®¢127147l because
of its good mechanical stretchability and relatively high dielec-
tric constant (=6.2).! Chortos et al. fabricated a CNT based
transistor using thermoplastic PU (TPU) as the gate dielectric
to retain its functionality under mechanical deformations such
as physical impacts, punctures, and tears (Figure 7c).'* The
higher toughness and tear strength of the TPU, compared to
the commonly used PDMS, not only enabled the device to
maintain its functionality under mechanical stretching over
1000 cycles, but also increased its resistance to mechanical
damage. The nonpolar elastomer dielectric material, SEBS, was
used for stretchable transistors because of its low concentra-
tion of dipoles which minimizes hysteresis.[©>140.148-150] Chortos
et al. used SEBS as an elastomer gate dielectric to investigate
the band-gap effect of single-walled carbon nanotubes (SWNTs)
on transistor performance.l'*¥! The fabricated devices exhibited
negligible hysteresis and operated normally under a mechan-
ical strain of 60% (Figure 7d). Xu et al. also implemented
SEBS as a gate dielectric and reported the nanoconfinement of
a polymer semiconductor based highly stretchable transistor
(Figure 7e).1 Besides the abovementioned specific examples,
cross-linked polymers have also been used for stretchable gate
dielectrics.141:149.151]
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4.2. lon Gels

Ion gel contains ionic liquid inside of a porous polymeric matrix
and is another type of gate dielectric, which brings several
advantages such as a large specific capacitance and mechanical
deformability. Ionic liquid, the key component of ion gel, isin a
liquid state at room temperature with a high ionic conductivity,
extremely low vapor pressure, and high chemical/thermal sta-
bility.'521* However, further usage of ionic liquid is limited
due to the physical properties of the liquid phase at room tem-
perature. Therefore, mixing ionic liquid into a polymeric matrix
was developed for ion gel due to its immobilized phase while
keeping the advantages of the ionic liquid. The working mecha-
nism of ion gel in field effect transistors is different from the
conventional solid-state gate dielectric. Under an electric field
across the ion gel, a thin electric double layer is formed at both
interfaces (between the ion gel/semiconductor and the ion gel/
gate electrode) which leads to a high capacitance at the inter-
faces.'>>17] Based on those advantages, ion gel was widely
used for not only rigid field effect transistors,['#-1%5] but also
various stretchable electronics.[>%64133/166-168]

As an example, Lee et al. developed a stretchable graphene
transistor by using ion gel as the gate dielectric made from
poly(styrene-methyl — methacrylate-styrene)  (PS-PMMA-PS)
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Figure 8. lon-gel gated transistors. a) Microscope images of trilayer graphene FETs with ion gel dielectric under 5% strain along the longitudinal
direction of the channel (left) and a typical transfer curve of stretched graphene FETs on PDMS substrate (right). Reproduced with permission.[1%]
Copyright 2011, American Chemical Society. b) Schematic depiction of an MoS, TFT with the triblock copolymer and the ionic liquid (left), and transfer
characteristics of the MoS, TFTs under various strains (right). Reproduced with permission.l®”] Copyright 2011, American Institute of Physics. c)
Images of a free-standing ion gel dielectric before and after 50% stretching (left) and schematic illustration of an ion gel gated TFT (right). Repro-
duced under the terms and conditions of the CC-BY-NC Creative Commons Attribution NonCommercial License 4.0.5° Copyright 2017, The Authors,
published by the American Association for the Advancement of Science. d) Optical image (left) and transfer characteristics under different mechanical
strains along the channel length direction (right) of a PVDF-HFP/EMIM-TFSI based ion gel gated rubbery transistor. Reproduced under the terms and
conditions of the CC-BY-NC Creative Commons Attribution NonCommercial License 4.0.14 Copyright 2019, The Authors, published by the American

Association for the Advancement of Science.

triblock copolymer as the matrix and 1-ethyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) as the
ionic liquid: the transistor showed a high hole mobility of 1188
cm? V71 57! with 5% stretchability (Figure 8a).l'%®l Similarly, an
MoS, based stretchable transistor with a maximum stretcha-
bility of 5% was reported using the same ion gel (Figure 8b).['¢”]
Other combinations of a polymer matrix and ionic liquid have
been reported. Kim et al. used poly(vinylidene fluoride-co-hex-
afluoropropylene) (PVDEF-HFP) as the polymeric matrix with the
ionic liquid 1-ethyl-3-methylimidazolium trifluoromethanesul-
fonate (EMIM-Oft) for a fully rubbery transistor (Figure 8c)."!
Sim et al. combined PVDF-HFP and EMIM-TFSI for ion gel to
create high mobility rubbery transistors and introduced metallic
CNTs into the semiconducting layer (Figure 8d).

5. Rubbery Electronics

Stretchable electronics have tremendous potential for future appli-
cations such as wearable electronics, artificial skins, biomedical
devices, etc. Because structural engineering for stretchable elec-
tronics with intrinsically nonstretchable materials has limitations
for integration, packaging, and manufacturing cost due to large
space usage for interconnection, stretchable electronics based on all
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rubber-like components are promising future alternatives. There-
fore, many rubbery electronics have been developed including
transistors, logic gates, optoelectronic devices, physical sensors,
energy harvesting devices, and others.[#1:52:59:60.64,65,99,133,169-192]

5.1. Rubbery Transistors and Integrated Electronics

The rubbery transistor is one of the urgently required devices for
an advanced rubbery electronics system because the transistor is
the basic component for various electronic systems. Therefore,
many studies on rubberlike stretchable transistors and inte-
grated electronics have been actively conducted.[#1:52:5%:6465.133,169]
Kim et al. developed fully rubbery electronic materials including
P3HT-NFs percolated in PDMS as the rubbery semiconductor,
AgNWs embedded in PDMS as the electrodes, and ion gel as
the gate dielectric; these rubbery materials were used to con-
struct uniaxially stretchable (Figure 9a)l°” and biaxially stretch-
able transistors (Figure 9b).11**1 It is noted that gold NPs (AuNPs)
were coated on top of AgNWs to minimize the energy barrier
between the source/drain electrodes and the semiconducting
layer. As shown in Figure 9c, Sim et al. recently realized high-
mobility, intrinsically stretchable semiconductor based fully
rubbery transistors as more advanced versions of the previously
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Figure 9. Rubbery transistors and integrated electronics. a) Optical image of a fully rubbery transistor (left) and its transfer performance under
50% strain along the channel length direction (right). Reproduced under the terms and conditions of the CC-BY-NC Creative Commons Attribution
NonCommercial License 4.0.°% Copyright 2017, The Authors, published by the American Association for the Advancement of Science. b) Tilted views
of the biaxially stretchable rubbery transistor array that was poked by a pin with different poking distances and the mapped mobilities of the tran-
sistor array under poking with 10 mm distance. Reproduced with permission.l'33l Copyright 2018, Wiley-VCH. c) An optical image of the fabricated
high-performance rubbery transistors array (left, top), optical images/mapping result of fully rubbery tactile sensing skin (left, bottom), and optical
image/electrical characteristics of logic gates (right). Reproduced under the terms and conditions of the CC-BY-NC Creative Commons Attribution
NonCommercial License 4.0.64 Copyright 2017, The Authors, published by the American Association for the Advancement of Science. d) High den-
sity stretchable transistor array adhered and conformed to a human palm performed electrical detection of six conductive legs of a synthetic ladybug
(top) and optical microscope images/output—input characteristics of the intrinsically stretchable NAND and amplifier without and with 100% strain
(bottom). Reproduced with permission.['®l Copyright 2018, Springer Nature. e) Field-effect mobility of a stretchable transistor during a stretching cycle
(top) and a damage-healing cycle (bottom). Reproduced with permission.*l Copyright 2016, Springer Nature. f) Optical photographs of a stretchable
strain-independent temperature sensor conformally integrated on a wrist (top) and its stable performance during repeated bending deformations
(bottom). Reproduced with permission.['® Copyright 2018, Springer Nature.
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Figure 10. Rubbery optoelectronics. a) Schematic illustration showing the structure of the hyperelastic light-emitting capacitor (HLEC) and images of
the stretchable HLEC wrapped around the end of a pencil (left) and a soft robot that can dynamically change its color based on external and internal
stimuli (right). Reproduced with permission.'%l Copyright 2016, American Association for the Advancement of Science. b) Photographs of the electro-
luminescent device under various strains. Reproduced with permission.l'’ Copyright 2015, Wiley-VCH. c) Schematic illustrations of an encapsulated
fully stretchable EPLED display comprising 5 x 5 pixels (left) and demonstrations of EPLED displays in flattened (middle) and stretched (right) states.

Reproduced with permission.®® Copyright 2018, Springer Nature.

developed electronics.l®? The transistors showed 9.76 cm? V17!
as the highest mobility with an average value of 7.30 cm? V!
s7! and operated stably under a mechanical strain of 50% for
both directions. Fully rubbery logic gates including an inverter,
NAND, and NOR gates were fabricated. The logic gates operated
normally under a mechanical strain of 50% for both directions.
As a further application, a fully rubbery tactile sensing skin with
an 8 x 8 active matrix was demonstrated and the tactile mapping
capability remained after stretching. In addition, Wang et al.
designed a high-density (347 transistors cm™) stretchable tran-
sistor array using a photo patternable gate dielectric, a confine-
ment semiconductor, and CNT electrodes on SEBS.I'*} Based on
their approach, they demonstrated a 10 x 10 tactile sensor array
by using a combination of stretchable transistors and resistive
tactile sensors based on two terminal interdigitated CNT elec-
trodes for each pixel. Furthermore, they also characterized a
stretchable inverter, NAND gate, and an amplifier (Figure 9d). All
demonstrated stretchable electronics functioned normally under
a mechanical strain of 100%. Oh et al. also developed rubber-
like stretchable transistors from all stretchable components.*!!
They used a semiconducting DPP-based polymer with a non-
conjugated spacer in the backbone to ensure better mechanical
softness as described in section 5. PDMS was used as a stretch-
able gate dielectric and a spray-coated PEDOT:PSS (30 nm)/CNT
(70 nm) bilayer was utilized as the stretchable electrodes. The fab-
ricated rubbery transistors showed a field effect mobility around
0.2 cm? V-1 57! and the damaged devices (=8 x 10~ cm? V-1 s7})
were successfully healed (0.01 cm? V! s7!) through solvent
vapor and thermal treatment (Figure 9e). In addition, the device
performance remained consistent after 100 cycles at a mechan-
ical strain of 100% for both directions. Zhu et al. demonstrated
another case of rubbery circuits by constructing a CNT tran-
sistor for a stretchable temperature sensing circuit with strain
suppression.l'®! Because they utilized a stretchable transistor,
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the strain effect on temperature sensing was minimized to
improve the accuracy and robustness of temperature sensing.
The transistor is composed of a SEBS substrate and gate dielec-
tric, unsorted SWNTs for the electrodes, sorted SWNTs for the
semiconductor, and stretchable PEDOT:PSS as the interconnec-
tion. The rubber-like stretchable circuit achieved low inaccuracies
of 1 °C under a mechanical strain range of 0-60% (Figure 9f).

5.2. Rubbery Optoelectronics

Rubbery optoelectronic devices including light emitting devices
(electrical-to-optical) and photodetectors (optical-to-electrical)
are part of a critical group of electronics used for various appli-
cations such as stretchable displays and imaging systems. Two
approaches are widely used for rubbery light emitting devices,
including a phosphor-doped dielectricl’7%'73l and a polymer
blend®*1%174 a5 the light emissive layer. Larson et al. devised
a highly stretchable electroluminescent skin with a ZnS phos-
phor-doped elastomer.'”%l A five-layered device consisted of
a ZnS-Ecoflex based electroluminescent layer sandwiched
between two polyacrylamide-LiCl based hydrogel electrodes, and
Ecoflex encapsulation layers at the bottom and top of the device
(Figure 10a). The devices illustrated high stretchability as they
could withstand a mechanical (uniaxial) strain of 395%. Using
illuminance and capacitance change under deformation, they
demonstrated a soft robot that can dynamically change its color
based on external and internal stimuli. Wang et al. employed
a similar approach: they embedded ZnS:Cu microparticles in
PDMS as the emissive layer by mixing them in a liquid state.['”?]
The devices with the ionic conductor as the electrodes main-
tained their light emitting properties under a mechanical strain
up to 700% due to the superior mechanical stretchability of the
electrodes (Figure 10b). In addition, the authors highlighted the
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Figure 11. Rubbery photodetectors. a) Schematic illustration and SEM image of a photodetector (left). Image of a stretchable photodetector array on
PDMS substrate under twisted condition (middle), and dynamic photo response of the photodetectors under various strains (right). Reproduced with
permission.[" Copyright 2013, Wiley-VCH. b) Schematic illustration of the stretchable transparent UV photodetector (left). Image of the stretchable
UV photodetector under different stretching conditions (middle), and dynamic photo response of the photodetectors under various strains (right).

Reproduced with permission.[%l Copyright 2014, Royal Society of Chemistry.

mechanical stability of the devices through a cyclic stretching
test under 400% strain for 1000 cycles and the devices main-
tained =85% emission intensity. Besides such inorganic light
emitting materials, Liang et al. developed organic and elas-
tomeric light emitting devices using an electroluminescent
polymer blending layer.”” To ensure better mechanical soft-
ness, a high molecular weight Super Yellow was chosen for a
yellow light emitting polymer. The rubber-like emissive layer
was formed by blending Super Yellow, ethoxylated trimeth-
ylolpropanetriacrylate (ETPTA), polyethylene oxide (PEO), and
lithium trifluoromethane sulphonate (LiTf). The device was fab-
ricated in an all solution-based process with PEDOT:PSS coated
AgNWs embedded in rubbery poly(urethane acrylate) elec-
trodes. As a result, the device exhibited rubbery elasticity with
normal light emission under a mechanical strain of 120%. To
confirm the scalability of their approach, a 5 x 5 simple passive
matrix monochrome display was demonstrated (Figure 10c).
Another rubbery optoelectronic device that can transduce
optical signals into electrical signals is the stretchable photode-
tector. Because of its promising potential for future applications,
many researchers are interested in deformable photodetectors,
but the development is limited. Yan et al. introduced a fully rub-
bery photodetector by using an intrinsically stretchable, light
sensing layer based on an NW-embedded elastomer.'*Y First,
AgNW was patterned on the fully cured PDMS substrate using
a PDMS mask, followed by patterning of ZnO NWs by another
PDMS mask. Then, liquid PDMS was poured, cured, and peeled
off from the substrate to create a fully embedded structure. The
devices responded to UV light and the responsivity was retained
under a mechanical strain of 100% (Figure 11a). Wang et al.
also used a similar approach to fabricate a transparent rubbery
UV detector using Zn,SnO, NWs as the sensing layer and
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AgNW/PDMS as the electrodes.'”! As shown in Figure 11b, the
devices responded to UV light under a mechanical strain of 50%.

5.3. Rubbery Sensors

Stretchable physical sensors that can be mechanically deformed
have tremendous potential for wearable electronics, biomedical
devices, and prosthetic skins. Specifically, rubbery physical sen-
sors are superior to their conventional counterparts due to their
mechanical compatibility with the soft human body and their
simple manufacturing processes. Various rubbery physical sen-
sors have been developed, including pressure sensors,[17>-182
strain sensors,[©0:180.181.183-187] ypnd temperature sensors. 169188189

Jung et al. developed a resistive pressure sensor based on a
porous MWNTs/PDMS composite (Figure 12a). The porosity of
the pressure sensor can be controlled by a solution of reverse
micelles that was prepared by mixing an emulsifier, water,
and an organic solvent.'””] Moreover, the pressure sensitive
rubber can be patterned by a simple fabrication process such as
nozzle jet printing as a straightforward demonstration of wear-
able human-machine interface devices. Boutry et al. recently
reported a pressure sensor with a high sensitivity and a fast
response time using all stretchable and biodegradable mate-
rials.'”7] To ensure both stretchability and biodegradable proper-
ties, poly (glycerol sebacate) (PGS), poly (octamethylene maleate
(anhydride) citrate) (POMaC), and polylactic acid (PLLA) were
used for the dielectric layer, packaging, and substrate layer for
the magnesium electrode, respectively. The pressure sensor
can detect 12 Pa from a grain of salt (Figure 12b). The author
demonstrated the biocompatibility of the electrode through an
in vivo study. Qin et al. developed another type of pressure
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Figure 12. Rubbery pressure sensors. a) Schematic illustration of fabrication for porous pressure-sensitive rubbers by the nozzle jet printing method
(left) and the image of the pressure sensor wrapped on the forearm (right). Reproduced with permission.l'7>l Copyright 2014, Wiley-VCH. b) Schematic
view of a pressure sensor (left) and dynamic responsive curve from detecting a grain of salt (right). Reproduced with permission.['’”] Copyright 2018,
Springer Nature. c) Cross-sectional schematic structure of an ionic skin pressure sensor device (top), and relative capacitance changes of the pressure
sensor array responding to two 20 g weights (bottom). Reproduced with permission.['78l Copyright 2019, Royal Society of Chemistry.

sensor in a stretchable format using a gel electrolyte.l'7% A gel-
atin based, deep eutectic solvent gel electrolyte was used to sup-
press the volatility of the solvent (Figure 12c). The fabricated
capacitive pressure sensor maintained a linear response in the
range of 0-16 kPa and pressure sensitivity as low as 1 kPa.
Strain sensors are commonly used physical sensors. A highly
sensitive and stretchable resistive strain sensor from fully rub-
bery materials was demonstrated by Kim et al.l The rubbery
semiconductor, P3HT-NFs percolated in PDMS, was used as
the highly stretchable sensing element with AgNWs embedded
in PDMS as the two terminal electrodes. The fabricated strain
sensor had a high gauge factor of 32 with a good strain response
under mechanical stretching up to 100%. To demonstrate its
applicability, a smart glove with rubbery strain sensors was con-
structed for strain mapping during hand motions (Figure 13a).
Other types of strain sensors have also been examined. Xu et al.
fabricated a highly sensitive biocompatible capacitive strain
sensor using an ionic nanocomposite as the sensing element
(Figure 13b).'®% The ionic nanocomposite was prepared with
ionic hydrogel and silver nanofibers (AgNFs). The sensor had an
ultrahigh stretchability of 1000% and a high gauge factor of 165.
The addition of AgNFs into the hydrogel induced an enlarged
EDL at the interface between the hydrogel and metal, which
caused around three orders of strain sensitivity. The fabricated
sensors were used for various types of physiological signal mon-
itoring, including arm and finger motions, pulse, electrocardi-
ography (ECG), breathing, speaking, and facial expressions.
Rubbery temperature sensors have also found interesting
applications. Trung et al. composed a transparent and stretch-
able temperature sensor based on a rubber-like transistor.!8!
The composite based on reduced graphene oxide (rGO) NSs in
elastomeric PU was used as both the sensing and semiconductor
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layers (Figure 14a). A PEDOT:PSS/PU composite and PU were
used for the electrodes and gate dielectric, respectively. The fab-
ricated sensor showed a high sensitivity of =1.34% per °C with
a high mechanical stretchability of 70%. The responsivity of the
sensor was maintained after 10 000 cycles of 30% stretching. A
4 x 4 array sufficiently mapped the temperature distribution of
various body parts. As an example of an organic semiconductor
based rubbery temperature sensor, Kim et al. used a rubbery
P3HT-NFs/PDMS semiconductor based two terminal tempera-
ture sensor with AgNW embedded in PDMS.% The resistance
of the sensor demonstrated good temperature dependency from
30 to 50 °C (Figure 14b). A robot hand with the temperature
sensor was contacted to a cup containing hot and cold water to
highlight the response of the temperature sensor.

Various other types of rubbery sensors, such as chemical
sensors, humidity sensors, etc. have also been reported. Jin
et al. developed an ultrastable chemiresistor sensor from a
rubber-like stretchable component and an intrinsically stretch-
able polymer electrolyte (Figure 15a).1%”1 A thermoplastic
PU matrix and EMIM-TFSI ionic liquid were used to form a
solid-state polymer electrolyte. Different molecular interactions
between the polymer electrolyte and volatile organic compound
caused ionic conductivity changes in the polymer electrolyte.
The sensor showed a clear resistance change under chemical
environments with five different volatile organic compounds,
including toluene, hexane, propanol, ethanol, and acetone.
In addition, the devices presented a low limit of detection of
~1 ppm with a sensitivity of 1.6% for toluene and operated reli-
ably under harsh environmental conditions (relative humidity,
RH, of 85% or temperature of 100 °C) as well as mechanical
deformations such as bending (bending to a radius of curvature
of 1 mm) and stretching (strain of 100%). The rubbery humidity
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the clenched fist motion (right). Reproduced with permission.[% Copyright 2018, American Chemical Society. b) Structural schematic of the capacitive-type
strain sensor based on the hydrogel-AgNF nanocomposite (left), photograph of the b-hydrogel strain sensor showing excellent stretchability (right, top), and
time-dependent capacitance of the b-hydrogel strain sensor (right, bottom). Reproduced with permission."® Copyright 2019, Royal Society of Chemistry.
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Figure 14. Rubbery temperature sensors. a) Schematic of the transparent and stretchable gated temperature sensor (top), optical images of device under
mechanical deformation (middle), transfer characteristics of the device measured over different temperatures (bottom, left), and current responses of the
sensor to hot water (bottom, right) Reproduced with permission.l"38 Copyright 2015, Wiley-VCH. b) Exploded schematic illustration of the temperature
sensor (top, left), relative electrical resistance change of the temperature sensor with respect to the different temperatures (top, right), photographs of the
robotic hand with the temperature sensor touching hot (middle, left) and cold (middle, right) cups, and measured sensor responses while the hand with
artificial skin touched the hot and cold cups alternatively (bottom). Reproduced under the terms and conditions of the CC-BY-NC Creative Commons Attribu-
tion NonCommercial License 4.0.5% Copyright 2017, The Authors, published by the American Association for the Advancement of Science.
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Figure 15. Rubbery chemiresistors and humidity sensors. a) Schematic illustration of the ionic chemiresistor skin based on TPU polymer matrix with
jonic liquid [EMIM][TFSI] (top) and dynamic sensing behavior of the device to various target volatile organic compounds, including toluene, hexane,
propanol, ethanol, and acetone (bottom). Reproduced with permission.'*® Copyright 2018, Wiley-VCH. b) Schematic of the transparent, stretchable
humidity sensor (top) and resistance changes in the transparent, stretchable humidity sensor when the humidity was gradually increased (from 10%
to 70%) (bottom). Reproduced with permission.!l Copyright 2017, Springer Nature.

sensor is also an emerging device.l'*1192] Trung et al. developed
a transparent, stretchable humidity sensor from a rubber-like
stretchable component.'?!] An rGO-PU composite was used as
the rubbery sensing element and PEDOT:PSS/PU was used as
the elastomeric conductor (Figure 15b). The humidity sensor
showed fast response of 3.5 s and relaxation time of 7 s, and its
sensing capability was almost unchanged under a mechanical
strain of 60% and after 10 000 stretching cycles at 40% strain.

6. Conclusion and Outlook

In this review, we have summarized the latest major advances in
intrinsically stretchable rubbery electronic materials, including
conductors, semiconductors, and dielectrics. These rubbery elec-
tronic materials, organized and assembled rationally, have led to
the realization of rubbery electronics, including various active
electronics and sensors. Constructing stretchable electronics all
from rubbery electronic materials is a new technical pathway
for stretchable electronics and electronics in general. Compared
with stretchable electronics based on nonstretchable materials,
rubbery electronics offer many distinct advantages owing to
their physical nature and mechanical features. For instance, rub-
bery electronics could be naturally integrated with soft biological
systems, such as organs, tissues, in a seamless manner.[°>16%193]
Although their development is relatively new, rubbery electronics
have already shown their promising usages in many fields, such
as biomedical,[184188.193.196] wearable,[169175:193] robotics, 5133 etc.

Although rubbery transistors,[#1:°2596465133169]  optoelec-
tronics, (492170174 and sensorsl>®00169175-189 have been conceived,
to realize these rubbery devices with high performances
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is still challenging. For instance, the carrier mobilities of the rub-
bery semiconductors and the conductivity of rubbery conductors
are both relatively low, the individual device size is relatively
large and the integration density is low, and the parasitic effects
are still significant. These collectively lead to their relatively low
performances to achieve many important electrical functions,
such as switching, amplifying, etc. Although enormous potential
exists, rubbery electronics and their associated device technolo-
gies are far from mature and even immediate commercializa-
tion due to several challenges such as reliable materials, scalable
manufacturing, and performance uniformity and stability. The
future development of rubbery electronics may directly address
these challenges. For instance, how to design and manufacture
high performance rubbery electronic materials, such as con-
ductors and semiconductors in various formats, and a com-
prehensive understanding of their structure—property relation-
ships are needed through detailed experimental and theoretical
investigation. In addition to the materials aspect, reliable device
fabrication, assembly, and packaging technologies in a scalable
manner are needed to promote rubbery electronics to reach their
broad applications. Since much effort has and will be made con-
tinuously, we expect to see more advances in rubbery electronics
from different aspects to come in the near future.
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