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Morphological/Nanostructural Controls Toward Intrinsically
Stretchable Organic Electronics

Rujun Ma,*2 Shu-Yu Chou,? Yu Xie? and Qibing Pei*?

The development of intrinsically stretchable electronics poses great challenges in synthesizing elastomeric conductors,
semiconductors and dielectric materials. While a wide range of approaches, from special macrostructural engineering to
molecular synthesis have been employed to afford stretchable devices, this review surveys recent advancements in
employing various morphological and nanostructural controls to impart mechanical flexibility and/or to enhance electrical
properties. The focus will be on (1) embedding percolation networks of one-dimensional conductive materials such as
metallic nanowires and carbon nanotubes in an elastomer matrix to accommodate large external deformation without
imposing a large strain along the one-dimensional materials, (2) design strategies to achieve intrinsically stretchable
semiconductor materials that include direct blending of semiconductors with elastomers and synthesizing semiconductor
polymers with appropriate side chains, backbones, cross-linking networks, and flexible blocks, and (3) employing
interpenetrating polymer networks and bottlebrush structures in stretchable polymeric dielectric materials to prevent
electromechanical instability. Moreover, intrinsically stretchable electronic devices based on these materials, such as
stretchable sensors, heaters, artificial muscles, optoelectronic devices, transistors and soft humanoid robots will also be

described. Limitations of these approaches and measures to overcome them will also be discussed.

1. Introduction

In recent years, stretchable electronics that preserve designed
electrical properties under repeated tensile strain have attracted
much attention, with a wide range of prospective applications, such
as stretchable optoelectronic devices,” artificial muscles,?!
stretchable transistors,1218 electronic skin,1®2! soft and humanoid
robots,222> stretchable energy harvesters,263° and stretchable
sensors.313¢ Many of these are related to or work with human
motions, which experience tensile strains up to 55%.37 38
Conventional electronic materials, such as metals, crystalline silicone
semiconductors, silicon oxide dielectrics, and conjugated polymers,
are generally un-stretchable; they either crack at strains as small as
1% or undergo plastic deformation at strains greater than a few
percent. To impart mechanical stretchability, two different and
sometimes complementary strategies have been extensively
reported in the literatures: (1) patterning nonstretchable electronic
materials into special geometries such as meandering structures or
wavy buckles to accommodate large external deformation in the
nonstretchable materials'® 3°-4% and (2) synthesizing new intrinsically
stretchable electronic materials.3 15 46-49

The meandering structures or wavy buckles can be attained by
applying thin electronic materials onto prestretched elastomer and
releasing the strain after processing. The resulting structure can be
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stretched up to the prestretched value where the active components
are not stretched and the high performance of electronic materials
is hardly degraded. This approach has produced important
stretchable electronic devices. However, challenges and obstacles
still remain, such as the lack of visual transparency, complexity in the
integration of these constructs on an elastomer substrate, and
difficulty in shrinking the pitch size and packing a large number of
functional components. Intrinsically stretchable electronics entail
elastomeric stretchability for each component, and thus hinge on the
development of intrinsically stretchable electronic materials.3 4649, 50
With these materials, the device fabrication can be greatly simplified
and integration of the devices with small pitch size, high density and
transparency can be realized without incurring sophisticated
processes.*® 48 5153 A wide range of techniques have been explored
to synthesize intrinsically stretchable electronic materials, ranging
from embedding nanostructured conductors and semiconductors
into elastomers, to molecular engineering of conjugated polymer
semiconductors for enhanced stretchability and dielectric
elastomers for high permittivity. Many of these may be generalized
as morphological or nanostructural control to attain intrinsically
stretchable electronic materials. As a conceptual illustration of this
general approach, Figure 1 shows an intrinsically stretchable thin-
film field-effect transistor (TFT) via morphological/nanostructural
controls of the key materials. The intrinsically stretchable conductive
electrodes are realized by embedding percolation networks of one-
dimensional conductive materials such as metallic nanowires and
carbon nanotubes in an elastomer matrix to accommodate large
external deformation without incurring large strain along the one-
dimensional materials. The intrinsically stretchable semiconductor is
obtained by directly blending semiconductors with elastomers and
synthesizing semiconductor polymers with appropriate side chains,
backbones, cross-linking networks, and flexible blocks. The
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intrinsically stretchable dielectric layer is achieved by employing
interpenetrating polymer networks and bottlebrush structures in
stretchable  polymeric  dielectric  materials to  prevent
electromechanical instability. In this review, we survey strategies to
synthesize elastomeric conductive, semiconductive and dielectric
materials via these morphological approaches and examine how
these materials are assembled to develop intrinsically stretchable
electronic devices.

2. Intrinsically Stretchable Conductive Materials

Conventional conductive materials such as metal, carbon based
materials and conducting polymers are brittle or undergo plastic
deformation under a few percent strain. Elastomeric electrically
conductive materials, representing new alternatives to rigid
conventional electrical conductors, will enable the development of
next-generation electronic devices such as stretchable displays,? >*
56 flexible solar cells,” wearable healthcare sensors®8%0 and soft
robotics.3® The fabrication of hybrid materials comprised of
conductive materials and a soft matrix by morphological controls is a
common approach to obtaining the intrinsically stretchable
conductors. In this section, we will review a variety of stretchable
conductors based on silver nanowires (AgNWs),4” 6163 carbon
nanotubes (CNTs),3% 64 6 Graphene,% ¢ carbon grease,® ©8
conducting polymers,5% 70 liquid metals,”* and hydrogel’? 73. A list of
intrinsically stretchable conductive materials is summarized in Table
1.

2.1 Intrinsically stretchable AgNWs electrodes

Silver is the most conductive metal. The success in synthesizing
silver nanowires opened an opportunity to synthesize AgNWs
percolation networks that attain high electrical conductivity while
allowing optical transmission and mechanical deformation of the
network without significantly straining the nanowires.”*78 Thanks to
the urgent need for a transparent electrode to replace indium tin
oxide (ITO) for enhanced flexibility, there has been a flurry of
research efforts on developing AgNWs based transparent electrode
for optoelectronic device applications.” In addition, the relatively
low fusing temperature at the intercrossing of AgNWs could further
decrease the resistance of the conductive pathway.’”> 8% 81 A variety
of high performance electronic devices have been successfully
fabricated by employing transparent electrodes based on AgNWs.?”-
82-86 These AgNW conductive electrodes are prepared by vacuum
filtration, spray coating or meyer rod coating. All of these methods
are carried out at relatively low temperatures. Highly stretchable and
transparent heater based on AgNWSs for wearable electronic
applications have been reported by Hong et al.8* AgNWs percolation
network were prepared by directly transferring vacuum filtration
onto the elastic polydimethylsiloxane (PDMS) film. After the vacuum
filtration transfer of AgNWs percolation network, the PDMS film was
trimmed and fixed between two glass substrates. Electrically driven
resistive Joule heating was induced by applying a constant direct
current (DC) bias voltage at two ends of the AgNWs percolation
network. Figure 2a shows a photograph of transparent and
stretchable AgNWs/PDMS heater where the area of blue dotted
circle is the AgNWs network. The transparent and stretchable
AgNWs/PDMS film under a temperature of 60 °C before and after
stretching with 60% strain was captured by an infrared (IR) camera
and is shown in Fig. 2b. In Fig. 2c, the AgNWs/PDMS heater is affixed
to a human wrist with outward and inward bending and exhibits
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good stability under both conditions. The stretchable and
transparent AgNWs/PDMS heater with good electrical, mechanical
and thermal stability demonstrates the potential for future wearable
electronics applications. Yang et al fabricated conductive and
stretchable composite electrodes by spray coating AgNWs onto
polyurethane (PU) and following a high-intensity pulsed light (HIPL)
technique.®” The conductivity of wire-wire junction and adhesion of
wire-substrate was increased by HIPL. Figure 3a shows the
fabrication of AgNWs/PU composite electrode by spray coating
AgNWs onto PU and the photonic sintering process at room
temperature and in air. Partial AgNWs were embedded into the PU
substrate after the exposure of high intensity light. The surface
roughness of the AgNWs/PU electrode was decreased to 204 nm
after photonic sintering compared with the original roughness of
more than 500 nm. A uniform distribution of AgNWs network with
0% strain was observed in Fig. 3b while the non-uniform distribution
of sparse and dense AgNWs was shown with 100% strain. Even when
the AgNWs/PU electrode was under 100% strain, its sheet resistance
was less than 10 Q/sq. Fig. 3d and 3e demonstrate that light emitting
diodes (LEDs) based on AgNWs/PU composite conductors can be
cyclically stretched between 0 and 20% strain. The stretchable
AgNWSs/PU composite electrodes show perfect performance during
stretching between 0 and 20% strain. A wearable sensor based on
AgNWs/PU composite electrode, which has the potential application
of e-skin for robots, can detect the accurate motion of human finger
joints as shown in Fig. 3f.

Stretchable AgNWs percolation network has also been developed
for energy harvesting by Jeong et al,?’ a field that attracted
remarkable attention. The stretchable and high-performance energy
harvester was realized by very long stretchable AgNWs electrodes
and exhibited up to 200% of stretchability and large power output.
Figure 4a shows the schematic of the stretchable energy harvester
structure, which was made of very long AgNWs percolation
electrodes and a piezoelectric elastic composite. The piezoelectric
elastic composite was prepared by mixing (1-x)(Pb(Mg1/3Nby/3)03—
Xx(PbTiO3) (lead magnesio niobate—lead titanate) (PMN-PT),
multiwalled carbon nanotubes (MWCNTs), and ecoflex silicone
rubber. AgNWs percolation network prepared by the vacuum suction
method using very long AgNWs was transferred onto both sides of
the piezoelectric elastic composite. Various piezoelectric dipoles
were obtained, while the piezoelectric particles in ecoflex silicone
rubber was stressed by mechanical deformation in the piezoelectric
elastic composite. AgNWs percolation network electrodes can
accumulate or push electrons via the outer load by changing dipole
moments and generate the output electricity. The energy harvester
can be stretched up to 200% strain and return to its original state
after release, as shown in Fig. 4b. Figure 4c exhibits the output open-
circuit voltage and short-circuit current of the stretchable energy
harvester with forward and reverse connection. The output open-
circuit voltage of 4 V and short-circuit current of 500 nA in the
forward and reverse connections were generated under the strain of
200%.

Although AgNWs networks have exhibited significant advantages,
one critical issue that prevents AgNWs to be implemented in wide
applications is high surface roughness; this creates a nonuniform top
coating layer, which causes shorts and device failure. In order to
address the issue of large surface roughness when AgNWs film is
coated directly on the substrate, Pei group introduced a transfer
technique to embed the nanowires within the surface layer of a
polymer matrix.3 61 88-94 The AgNWs solution was coated onto the
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release glass substrate by the meyer rod to form a uniform AgNWs
percolation network, and then a monomer with photoinitiator was
drop casted on top of the AgNWs percolation network. After UV
curing, which was used to crosslink the elastomer, the AgNWs
network was embedded in the polymer matrix. After releasing the
AgNW-polymer film from the glass substrate, the freestanding film
exhibits very low surface roughness, which is desirable for fabricating
electronic devices. Yu et al. fabricated the AgNWs/polymer
composite electrode with the surface roughness of less than 5 nm by
embedding AgNWs percolation network into acrylate polymer.5!
High-performance polymer light-emitting diodes were fabricated
using this AgNWs/polymer composite electrode with low surface
roughness.

Yun et al. fabricated bistable large strain actuators capable of
strains as high as 140% by embedding the AgNWs percolation
networks into a bistable electroactive polymer (BSEP), a type of
shape memorable actuator polymer (Fig. 5).°2 Figure 5a shows the
schematic of the composite electrode preparation of AgNWs
network in a copolymer of tert-butyl acrylate (TBA) and acrylic acid
(AA) (poly(TBA-co-AA)) by in-situ photo-polymerization. The
transferred AgNWs network was buried in the shape memory
polymer, which can be observed from a cross-sectional SEM image
as shown in Fig. 5b. The surface roughness of this composite
electrode was much lower than that of AgNWs network on the
polymer substrate. In addition, there was no degradation of surface
conductivity after conducting peeling tests with Scotch tape thanks
to the strong adhesion between the shape memory polymer and
AgNWs network. The hydrophobic property of homopolymer of TBA
caused the poor interfacial bonding with AgNWs network. The
additional AA that was added into the homopolymer of TBA could
increase the interfacial bonding between the polymer matrix and
AgNWs electrode via the carboxylic acid group (Fig. 5c¢). The glass
transition temperature of copolymer was improved by increasing the
concentration of AA. The optimized concentration of AA was 5wt%
considering the increase of power consumption at higher glass
transition temperature. The sheet resistance of AgNWs electrode
was increased when the shape memory polymer film was stretched.
However, the addition of AA in the copolymer can minimize the rate
of resistance increase during stretching. The sheet resistance of the
conductive electrode can remain within the range of 102 and 103
Q/sq at strains as high as 140%. The BSEP actuator had different
deformation with different electric fields as shown in Fig. 5d. The
area strain of actuator can reach up to 68% under the electric field of
45 MV/m. Moreover, the actuated shape can be maintained when
the Joule heating current was removed and the actuator was cooled
to room temperature.

For healable applications of AgNWs network, Li et al. developed a
healable stretchable transparent conductor by embedding AgNWs
network and poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT) hybrid layer
into the surface of a Diels-Alder elastomer substrate.® In recent
years, healable conductors, a key component in healable electronics,
have been widely studied to achieve higher recyclability, increase the
lifetime of the electric device and decrease the amount of electric
waste.?®192 The AgNWs junctions were soldered by the binder of
PEDOT layer to decrease the resistance of AgNWs junctions and
confine the nanowires network in the surface of the polymer
substrate. Ethanol-water wetting of the PEDOT layer can tune the
bonding between PEDOT and AgNWs and the prestretched AgNWs
network with large strain can be reached while keeping the wet
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PEDOT layer. The hybrid composite film had an initial sheet
resistance of 15 Q/sq and a transmittance of 78% at 550 nm. Even
when the film was stretched to 30% strain, the sheet resistance of
AgNWs network was increased to only 21 Q/sq. The razor blade cut,
along the conductive surface of the copolymer, could be healed by
heating at 100 °C. Figure 6a shows the mechanical healing
performance of stress and strain response. Both maximum stress and
strain were dramatically decreased after blade cutting with depth of
40 pum on the surface of the conductive electrode. 97% of the
mechanical property was healed by heating the damaged sample for
3 min at 100 °C. The resistance change of fresh film and healed film
as a function of strain is shown in Fig. 6b. The resistance of healed
film was increased by 20% compared with that of the fresh film at 0%
strain. The AgNW network fractures and tiny substrate cracks were
observed after 100 cycles of stretching-relaxing between 0% and 60%
strain as shown in Fig. 6¢. After healing by heating treatment, the
fractured AgNWs were reconnected as shown in the SEM image in
Fig. 6d. To realize the healable device, Bae et al. used AgNWs
healable conductive films to fabricate the four-wire resistive type
healable touch panels.19 AgNWs healable conductive films were
prepared by embedding AgNWSs percolation networks into the
Diels-Alder healable polymer. Cracks can be obtained by electrical
and mechanical loading. The good performance of the healable
touch panel highlights the future potential in the healable
electronics.

Using the intrinsically stretchable AgNWs network, Hu et al.
fabricated a stretchable transparent capacitor by sandwiching the
elastomer film between two AgNWs network electrodes embedded
into the surface of PU substrate (Fig. 7a).”> AgNWs arrays were
patterned on a glass substrate utilizing a designed contact mask by
spray coating. Urethane liquid rubber compounds were drop-casted
over the AgNWs arrays on glass substrate and AgNWs arrays
embedded in PU substrate were peeled off after curing. Figure 7b
shows the resistance change of AgNWs composite electrodes with
different sheet resistance as a function of tensile strain. The
normalized resistance of all samples was increased when the
composites were stretched. When the strains were relatively small,
the normalized resistance was linearly improved for all samples with
different initial sheet resistance. The composite electrodes can be
stretched by more than 100% strain and the resistance at 60% tensile
strain was increased between 5.4 and 20.1 times than that of
composite films at 0% tensile strain with initial resistance between 8
and 44.7 Q/sq. The capacitance change of cyclic test between 0% and
60% strain is shown in Fig. 7c. The capacitance of device at 60% strain
was 0.3 times higher than that of device at 0% strain in each
stretching cycle. The cycling test of capacitance change presented
good reliability. As shown in Fig. 7d, the capacitance changes of
device at different tensile strains as a function of applied pressure
exhibited a linear response. Moreover, the sensitivity of device with
same applied pressure was increased when the device was stretched.
The pressure sensitivity of device at 60% tensile strain was 0.5 times
higher than that of device at 0% tensile strain while the applied
pressure was 100 kPa. This capacitor device by AgNWs composite
electrodes with stretch and pressure sensitivities could be applied in
touch screens, soft robotics, electronic skin or wearable electronics.

Despite the significant advantages of AgNWs percolation
networks, the large haze value of transparent conductive AgNWs
networks limits the application for most touch panels. Fabrication of
transparent conductive film using smaller diameter AgNWs was
expected to be the direct route to solving the haze issue. Moreover,
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freestanding AgNWs electrodes exhibit poor thermal stability when
thermally annealed at 180 °C and even worse thermal stability when
embedded in the polymer matrix.1®* AgNWs coated with Zinc oxide
through a low temperature atomic layer deposition could improve
the thermal stability of AgNWs while maintaining a high
transmittance.®!

Other metallic nanowires such as copper®> and gold nanowires
have been intensively investigated and have demonstrated
promising results recently. Copper nanowires are also a good
candidate as the stretchable conductive film because copper is 1000
times more abundant and 100 times less expensive than silver.
However, the chemical oxidation of copper nanowires degrades the
properties and reliability of copper nanowire films and limits the
application of stretchable electronic devices. Gold nanowires possess
high conductivity and oxidation resistance and are a good alternative
to realizing transparent stretchable conductive films. However, gold
is a noble metal and relatively expensive.

2.2 Intrinsically stretchable carbon materials electrodes

Carbon materials such as carbon grease, CNTs and graphene,
which possess excellent electrical and mechanical properties are
widely researched conductive materials for stretchable electrodes.
Carbon grease is synthesized by mixing carbon powder with a silicon
oil matrix and is capable of maintaining conductivity at high tensile
strain.197. 108 Carbon grease has a sheet resistance of ~100 kQ/sq and
is easy to obtain and handle. Pelrine et al. stenciled conductive
carbon grease on the top and bottom of the prestrained HS3 silicone
film to fabricate the electrical actuator as shown in Fig. 8a.8 A relative
strain of 117% in the central region of the actuator was observed
when an electric field of 128 MV/m was applied between two carbon
grease electrodes on both sides of the prestrained HS3 silicone film.
Niu et al. developed an actuator by synthesizing a new dielectric
elastomer and utilizing carbon grease as electrodes without
prestretching. The dielectric elastomer was synthesized from
Ultraviolet (UV) radiation polymerization by customizing the density
of crosslink and adding the plasticizer in the material to achieve
stable large strain. Figure 8b shows the performance of actuators
with various crosslinker concentrations under different electric
field.2%° A maximum electromechanical strain of 314% was achieved
by tuning the amount of crosslinkers. There was no observed
migration of carbon grease with actuated strain less 50%; however,
when the actuated strain was more than 100%, migrated carbon
grease was visible.!® Carbon grease also exhibits several other
drawbacks; it is very messy, easily rubbed off of the elastomer
substrate, has a lower interlayer adhesion, and is difficult to deposit
a uniform thin layer.110, 111

Many of these shortcomings can be addressed by CNTs. Pei group
spray-coated single walled carbon nanotubes (SWNTSs) on both sides
of 3M VHB 4950 film to obtain large strain actuation.!!? Figure 9a
shows the resistance change of SWNTs electrode on the film as a
function of strain and the electrical conductivity of SWNTs composite
electrode was maintained up to 700% tensile strain. Photographs of
actuator exhibited the increase in strain under the applied voltage of
4.5 kV as shown in the inset of Fig. 9a. The defects of dielectric film
may lead to the breakdown through the membrane under the
applied electric field. However, after applying an electric field, the
dielectric films with carbon grease or carbon powder broke down
and became inactive.!1% 111 SWNTSs electrodes with their property of
self-clear could overcome this morass and prevent premature failure
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while the membrane was broken-down.?® Figure 9b shows the SEM
image of isolated patches of SWNTSs near the fault. The isolated and
nonconductive patches of SWNTs can improve fault-tolerance of the
dielectric elastomers actuators.

A capacitive energy harvester was developed by spray-coating
SWNTSs on both sides of the silicone film.113 The cyclic test of SWNTs
electrode on silicone film up to 100,000 cycles exhibited the stable
conductivity as shown in Fig. 9c. The energy harvester under 50%
tensile strain was measured at various voltages and 7.5 mJ/cm3 was
achieved under an electric field of 20 MV/m (Fig. 9d). Moreover,
Lipomi et al. fabricated a skin-like pressure and strain sensor by
patterning SWNTs electrodes using stencil mask (Inset of Fig. 9e).%*
The morphology of SWNTs network electrodes on PDMS substrate
can be changed when the substrate was stretched and relaxed. The
conductivity of SWNTSs electrodes on PDMS film was as high as 2200
S/cm at 150% strain. In the cyclic test, the minimum resistance was
observed at the 1500t cycle due to reaching optimum morphology
at that period (Fig. 9e). Figure 9f shows the stable cyclic test of
capacitance change between 0% and 30% tensile strain.

Another alternative is the dry method of directly drawing out CNTs
film from as-grown superaligned CNTs arrays to develop a
stretchable conductor.14116 Feng et al. presented a stretchable
transparent conducting film made from super-aligned carbon
nanotubes.’'* Figure 10a shows a CNTs film with a width of 18 cm
directly drawn from a superaligned CNTs arrays on an 8-inch wafer.
The CNTs/polyethylene composite film can be obtained by
straightforward roll-to-roll process. The sheet resistance and
transmittance of a freestanding CNTs film as a function of strain is
shown in Fig. 10b. The transmittance of the freestanding CNTs film
improved, but the sheet resistance of the film increased when the
stretching ratio increased. The sheet resistance was increased to 1.6
kQ/sq at 60% strain when the transmittance was improved to 86.5%
at 550 nm. Further, Liu et al. embedded superaligned CNTs film onto
the surface of PDMS substrate as shown in the inset of Fig. 10c.1’
There was no observed change of resistance after 200 cycles
between 0% and 15% tensile strain. For better applications, Chen et
al. fabricated stretchable and transparent supercapacitors with high
performance by utilizing superaligned CNTs film (Inset of Fig. 10d).11>
The capacitance of device was almost constant with the tensile strain
up to 30% in both directions.

Graphene has been actively investigated as a transparent
conductive electrode in stretchable electronics due to its fascinating
electrical, optical mechanical and thermal properties.>* 118121 Kim et
al. synthesized a large-scale pattern of graphene films utilizing
chemical vapor deposition (CVD) on thin nickel layers and transferred
them to a PDMS substrate.%¢ The resistance of graphene on PDMS
substrate as a function of strain was investigated, as shown in Fig.
11a. There was no observed change of resistance when the film was
stretched below 6% strain. However, mechanical failure occurred
and the resistance further increased when the graphene film on
PDMS substrate was stretched more than 6% strain due to the high
tensile strength. Even though graphene possesses excellent optical
and electrical performance, its high mechanical strength inhibits its
application in highly stretchable electronics. To overcome the
mechanical limitations of graphene, Bao group synthesized highly
stretchable graphene devices by multilayer graphene/graphene
scrolls (MGGs) (Inset of Fig. 11b).122 Graphene scrolls intercalating
between graphene layers can bridge cracks to provide conductive
paths in the graphene sheets and remain highly conductive at high
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strain. Figure 11b compared the resistance change of a plain bilayer
graphene film and bilayer MGG as a function of stretching cycles at
50% strain. The plain bilayer graphene film observed 7.5 times
increase in resistance, while the bilayer MGG after 700 cycles at 50%
strain obtained only 2.5 times increase in resistance. To further
evaluate the performance of graphene-based films, a stretchable
capacitor was fabricated using different types of graphene films as
gate electrodes as shown in Fig. 11c. The capacitance of devices with
plain monolayer and bilayer graphene electrodes was dramatically
reduced below 30% strain. However, the improved capacitance
gated by MGGs and the plain trilayer graphene was observed due to
the decrease in thickness of the dielectric layer when stretched. In
addition, the fully transparent and stretchable all-carbon transistor
controlled the switching of LED as shown in Fig. 11d.122 There was no
observed change in LED light intensity at 100% strain. For the
stretchable sensor application of graphene, Park et al. developed a
highly stretchable and wearable graphene sensor through a layer-by-
layer assembly technique. Figure 11e shows the resistance change of
PDMS coated graphene sensors as a function of strain. The rubber
yarn (RY) sensor presented high sensitivity under stretching while the
nylon covered rubber yarn (NCRY) sensor exhibited a linear
relationship between the resistance change and tensile strain. To
test elbow bending, the NCRY sensor was sewn on elbow wrap and
placed into the arm (Inset of Fig. 11f). The different signals of NCRY
sensor was observed when the arm was bent with angles of 45°, 90°
and 135° (Fig. 11f). The wearable electronics with graphene-based
sensors provided a meaningful approach to monitor various human
motions.

2.3 Intrinsically stretchable conducting polymers

PEDOT:PSS is another promising material for stretchable
conductors with great mechanical, electrical and transparent
properties. The conductivity of PEDOT:PSS can be as high as >1000
S/cm. Low conductivity commercial PEDOT:PSS could be rendered
highly conductive by employing polar solvents, surfactants, and ionic
liquids in polymer solution to control the polymer morphology during
solvent drying. Dimethyl sulfoxide (DMSO), ethylene glycol (EG),
zonyl, N, N-dimethylformamide and 1-ethyl-3-methylimidazolium
tetracyanoborate (EMIM TCB) have all been effective in
morphological control.123-128 PEDOT:PSS has a large elastic modulus
of ~2 GPa and a small elastic strain of less than 6%.12%132 One
alternative is to incorporate PEDOT:PSS with elastomer to fabricate
the conductive stretchable composite or to coat PEDOT:PSS onto a
polymer to form a wavy structure. Lee et al. presented a strain-
insensitive  stretchable electric  conductor  based on
PEDOT:PSS/acrylamide organogels up to 400% tensile strain.!33
Figure 12a shows the resistance change of the PEDOT:PSS—PAAmM
organogels with different ratios of PEDOT:PSS as a function of strain
demonstrating the insensitive resistance change under stretching.
The stretchable LED arrays under 200% strain using PEDOT:PSS—
PAAmM organogel as an electrical interconnect demonstrated the
excellent performance of this organogel as shown in the inset of Fig.
12a. For electroluminescent applications, Teo et al. fabricated a
semitransparent and stretchable alternating current
electroluminescent device by sandwiching ZnS:Cu phosphor
microparticles/PDMS layer between two PEDOT:PSS/ EMIM TCB
electrodes (Top of Fig. 12b).13* The performance of device was
maintained at the strain of 50% as shown in the bottom of Fig. 12b.
Moreover, the conductivities of 3100 S/cm at 0% strain and 4100
S/cm at 100% strain for PEDOT:PSS polymer composite film were
reported by Bao’s group in Fig. 12¢.13> The conductivity of 100 S/cm

This journal is © The Royal Society of Chemistry 2018
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did not falter under the 600% strain. Inset of Fig. 12c shows the
schematic of PEDOT:PSS with stretchability and electrical
conductivity (STEC) enhancers. For the application of stretchable
PEDOT:PSS/STEC as interconnects in high-density circuits, nine rigid
field-effect transistor devices were connected by lines of
PEDOT:PSS/STEC as show in the inset of Fig. 12d. 3 x 3 arrays of filed-
effect transistors were uniformly stretched up to 125% strain in all
directions. The mobility for all the transistors was changed within
10% between 0% and 125% tensile strain in Fig. 12d. The PEDOT:PSS
composites as the interconnects have stable electrical properties,
outstanding stretchability, and show promise in potential
applications in bioelectronics and wearable electronics.

2.4 Intrinsically stretchable liquid metal electrodes

Liquid metals based on gallium alloys used for soft and stretchable
electronics are another novel direction due to their low toxicity,
essentially no vapor pressure and can be infinitely deformed while
maintaining high electrical conductivity.136138 To date, there is no
known material that shows a better combination of electrical
conductivity and stretchability than liquid metal.13% 138 Normally,
liquid metals were injected into fluidic channels as highly stretchable
and conductive interconnects, antennas and wires.13%141 Zhy et al.
injected eutectic gallium indium (EGaln) into a core of stretchable
fiber made of Poly[styrene-b-(ethylene-co-butylene)-b-styrene]
(SEBS) resin as shown in Fig. 13a.38 The conductivity of this
intrinsically stretchable conductor can be preserved under reversible
stretching. The intrinsically stretchable and conductive fibers can
also be prepared by utilizing a dip-coating method to coat liquid
metal onto the silicone elastomer fiber in Fig. 13b.142 There was no
apparent change in LED light intensity under 210% strain when the
fibers were applied as the interconnects (Fig. 13c). Other applications
were also studied, such as a stretchable acoustic device (SAD), which
can be fabricated using a liquid metal coil by injecting Galinstan into
a micro-patterned elastomer channel, as shown in Fig. 13d.1*3 The
resistance of liquid metal coil was increased by just 6% under the
biaxial stretching of 30% strain (Fig. 13e). SAD as a microphone can
be realized by the electromagnetic interaction between a liquid
metal coil and a magnet, as shown in Fig. 13f. No observable sound
pressure level change was present at the uniaxial strain of 50%.

2.5 Intrinsically stretchable conducting hydrogels electrodes

Conducting hydrogels have also been investigated for intrinsically
stretchable conductor in recent years.'#414¢ The crosslinked network
in the hydrogels provides the mechanically deformable matrix,
whereas the solvent carries ions for electrical conduction with fairly
low resistance. Suo group developed a transparent, high speed and
large strain actuator by sandwiching a dielectric elastomer layer
between two hydrogel electrodes made of polyacrylamide hydrogel
containing a NaCl electrolyte as show in Fig. 14a.72 The active region
of the actuator was highly transparent to all colors and stretchable.
The area strain of 167% was reached when the voltage was applied
between two hydrogel/electrolyte electrodes. The
hydrogel/electrolyte conductors have lower conductivity compared
with other electronic conductors at low strain; however, the
hydrogel/electrolyte conductors exhibited higher conductivity than
existing electronic conductors at high strain (Fig. 14b). To further
maintain conductivity of the hydrogel at high strain, Ma et al.
fabricated the crosslinked PAA (polyacrylic acid, n-PAA) hydrogels
utilizing the linear PAA hydrogels co-crosslinked by the hydrophilic
groups between PSA and PAA.'*7 Figure 14c shows the resistance
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change of the PEDOT:PSA/n-PAA and PEDOT:PSS/n-PAA hydrogels
with different weight ratios as a function of strain. The conductivity
of the PEDOT:PSA/n-PAA hydrogel was maintained under the strain
of 800%. Two LED lights interconnected by PEDOT:PSA/n-PAA
hydrogel remained turned on when stretched to a 200% strain (Inset
of Fig. 14c). For the healable application of hydrogel, stretchable
conductive supramolecular hydrogels with good mechanical
strength, self-healability, and thermo-processability —were
prepared.’*® Figure 14d presented healable performance of poly (N-
acryloyl glycinamide-co-2-acrylamide-2-methylpropanesulfonic)
hydrogels with PEDOT/PSS (PNAGA-PAMPS-PEDOT/PSS). The
hydrogel cut into two pieces by a sharp blade can be healed back to
85% of its previous form by immersing into a 90 °C water bath for 3
h. There was no significant difference of the conductivity between
the original and healed hydrogels. The hydrogel with excellent
performance in stretchability and conductivity can have promising
potential applications where biocompatibility is of concern.

Overall, none of the conventional conductive materials, such as
metals, carbon-based materials, or electrolytes are intrinsically
stretchable. By embedding these materials in an elastomeric matrix,
intrinsically stretchable conductors have been obtained that retain
high electrical conductivity at large strains. Morphological or
microstructural control plays a central role as each of these
conductors have their own unique combination of chemical,
electrical, and mechanical attributes and available form factors.
Metal nanomaterials, particularly AgNWs, embedded in the surface
of an elastomer substrate exhibit promising performance in high
surface conductivity, intrinsic stretchability and high transparency.
CNTs also present excellent mechanical deformability and offer
higher chemical stability than AgNWs. PEDOT:PSS is attractive in that
it is a commonly used transparent material to enhance the
performance of organic thin film electronic devices. Hydrogels and
liguid metals have the advantage of their electrical conductivity
being unchanged or the change being completely reversible within
certain strains. The conductors made of 1-D materials generally
exhibit different degrees of continuous deterioration in repeated
stretching. Further morphological or microstructural investigations
should upgrade the performance of all these materials. Still, a slew
of stretchable electronic devices have already been demonstrated
with eye-catching deformability.

3. Intrinsically Stretchable Semiconductor

Materials

Conventional semiconductors such as silicon, indium gallium zinc
oxide, and pentacene are more brittle than metals. To achieve
mechanical stretchability in electronic devices, efforts have been
focused on engineering special mechanical structures and
architectures to accommodate strain in brittle materials while
stretched. Several representative works include the wavy
structure,*® wrinkle structure,*? in-plane serpentines,* rigid island
with soft elastic interconnects,>% 15! and kirigami architecture.152-154
Despite these extrinsic approaches being compatible with rigid
semiconductors, they have limited durability and require
complicated fabrication. In order to achieve stretchable electronics
with high strain tolerance, an alternate route is to develop intrinsic
stretchable semiconductors. A truly intrinsically stretchable
semiconductor material can deform elastically while maintaining its
electrical properties. In recent years, much effort has been put into
developing intrinsically stretchable organic semiconductors for
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organic solar cells (OSCs),'5>1% organic light emitting
electrochemical cells (OLECs),> 160 organic light emitting diodes
(OLEDs),* and organic field-effect transistors (OFETs).%6 161-164
Morphology is the key factor that dominates the mechanical
properties and charge transport of the semiconductor materials; the
details in molecular mixing, film texture, degree of crystallinity of
individual phases, and phase separation of the blend are all
controlled by the organic semiconductor film morphology.1°> 157, 165
However, the main challenge in designing an intrinsically stretchable
semiconductor arises from the conflict of the material morphology
being against the design rule of semiconducting polymers. An ideal
polymer that has great electrical transport property requires a
morphology of high crystallinity and dense packing, whereas a soft
polymer that has high stretchability requires an amorphous
morphology with low glass transitional temperature and large free
volume. Recent studies have reported achieving intrinsically
stretchable semiconductor materials by directly synthesizing
molecular stretchable materials through side chain engineering,
polymer backbone modification, crosslinking of polymer networks,
and infusion of flexible blocks into copolymers.155-157,166-163 However,
the method of synthesizing a stretchable semiconductor is very
complicated. Thus, a simple approach was also developed to control
the morphology of the polymer film through blending the current
organic semiconductors with elastomers to achieve an intrinsically
stretchable semiconductor.3 4 46, 158,160,164, 170-173 A [ist of intrinsically
stretchable semiconductor materials is summarized in Table 1.

3.1 Achieving intrinsically stretchable semiconductors for OSCs

Organic semiconductors are normally synthesized from m-
conjugated polymers and they have the advantages of achieving high
mobility and inheriting mechanical resistance to strain. The
semiconductor layer in OSCs is usually a heterojunction blend of
electron-donor and electron-acceptor materials. The charge
transport properties and the elastic properties are determined by the
morphology and molecular structure of the composite blend. Lipomi
et al. revealed the photovoltaic properties of OSCs under strain.1%°
The OSCs are based on two different conjugated polymers that blend
with [6,6]-phenyl C61 butyric acid methyl ester (PCBM); the two
conjugated polymers are poly(3-hexylthiophene) (P3HT) and a
donor-acceptor conjugated polymer that contains repeating units of
diketo pyrrolo-pyrroloe, thiophene, thienothiphene, and thiophene
(DPPT-TT). The authors observed that conjugated polymers have a
direct impact on the photovoltaic properties of OSCs under strain.
Blending PCBM into P3HT drastically stiffened the P3HT:PCBM film
from 0.92 GPa to 4.3 GPa, whereas blending PCBM into DPPT-TT only
brought the film’s elastic modulus from 0.99 GPa to 1.4 GPa.'®® The
authors suspect that the difference in film morphology (Fig. 15a)
contributes to the difference in the mechanical property, but a
detailed study was not provided. It is not a surprise that the greater
the elastic modulus of the film, the easier the film will crack. Figure
15b shows that crack formation under 20% strain is a lot worse in the
P3HT:PCBM film compared with the DPPT-TT:PCBM film. In addition,
the results show that the crack formation in the active layer has a
directimpact on photovoltaic properties. The increase in open-circuit
voltage (Vo) is greater in P3HT:PCBM based OSCs compared with
DPPT-TT:PCBM based OSCs under strain. It is suspected that an
increase in V.. has a direct correlation with crack density, and the
higher the crack density, the greater increase of V. in solar cells.16?
The highest power conversion efficiency (PCE) achieved by both OSCs
are similar; 0.47% for P3HT:PCBM based OSC and 0.42% for DPPT-
TT:PCBM based OSC. By carefully designing the molecular structure
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of the conjugated polymers in synthesis, stretchable conjugated
polymers with great mobility can be achieved. P3HT is one of the
most widely explored organic semiconductors due to its excellent
properties, but unfortunately it is too brittle for stretchable OSCs
application. Lipomi and coworkers later discovered that the length of
the alkyl side-chain has a direct influence on the mechanical
properties of poly(3-alkylthiophene) (P3AT).15> 156 As shown in Fig.
16a, cracks were observed in the P3HT:PCBM film, whereas no cracks
were observed in the P3DDT:PCBM film under 10% strain. The results
confirm that as the length of the alkyl side chain in P3AT increases,
the tensile modulus drastically reduces, which is explained by the
decreasing crystallinity in the polymer films.'>® An organic solar cell
based on P3AT:PCBM has been demonstrated without losing its
photovoltaic properties where P3DDT:PCBM shows a 0.3% PCE. In
the same work, the authors also discovered a common processing
additive, diiodooctane (DIO), significantly reduced the tensile
modulus in the P3AT:PCBM film. Polymeric or small molecular
additives, which are used to increase the solar cell efficiency, tend to
act like a plasticizer. A detailed study on the effect of DIO on film
modulus was done by Pei and coworkers, and an organic solar cell
based on a polymer  blend of  poly(thieno[3,4-b]-
thiophene/benzodithiophene) (PTB7), [6,6]-phenyl-C71-butyric acid
methyl ester (PC;,BM), and a small amount of DIO exhibited intrinsic
stretchability up to 100% strain.!>8 The highest PCE measured for the
OSC device is 3.48% and remained at 2.99% after 100 stretch-release
cycles. Figure 16b demonstrates a stretchable OSC up to 100% strain.
The stretchability is due to the presence of free volume in the
semiconductor film, which results from the slow evaporation of DIO;
these free spaces in the polymer film allow grain sliding during large
deformation. The DIO additive has a direct impact on the
morphology of the polymer blend as shown in Fig. 16c. The atomic-
force microscopy (AFM) images reveal that the PTB7:PC;;BM blend
film shows phase separation with domains, whereas the blend with
DIO displays morphology with smaller grains uniformly dispersed in
the film. The authors speculate that the elastomeric behavior of the
film may be attributed to the small grain domains, which can tolerate
large deformation by enduring small motions. The dichroic ratios
were also measured to prove no cracks formed while the blend film
with DIO was under strain.'>®

3.2 Achieving intrinsically stretchable semiconductors for OLECs
and OLEDs

Blending approach was also used in achieving intrinsically
stretchable light emitting electronics. The first intrinsically
stretchable OLEC was reported by Yu et a/in 2011; the sky-blue OLEC
could be stretched up to 45% (Fig. 17a).1%° The semiconductor layer
is composed of a blue emissive polymer (polyfluorene copolymer
(PF-B)), an ionic conductor (poly(ethylene oxide) dimethacrylate
ether (PEO-DMA)), and a salt (lithium trifluoromethane sulfonate
(LiTf)). It is observed that the light intensity of the blue OLEC parallel
to the stretching direction is 2.8 times higher than that of the
perpendicular direction with a polarizer; this phenomenon can be
explained by the alignment of the light-emitting polymer.1® Liang et
al. fabricated a yellow OLEC with an improved stretchability of up to
120% over 1000 cycles.? The device performance of the yellow OLEC
is shown in Fig. 17b and the device remained functional under 120%
strain. The active luminescent layer consisting of a blend of yellow
emissive polymer (SuperYellow), ethoxylated
trimethylopropanetriacrylate (ETPTA), polyethylene oxide (PEO), and
lithium trifluoromethane sulfonate (LiTf)) was laminated between
two AgNW-PU electrodes. Super Yellow is comprised of high
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molecular weight, which contributes to large-strain stretchability.}’+
177 ETPTA was added to the blend to conduct ions and to form a
crosslinking network, which is beneficial in stabilizing the P-I-N
junction during OLEC operation. Moreover, the crosslinking networks
provide elasticity to the stretchable semiconductor film. Here, PEO
serves as an ionic conductor; incorporating PEO into the polymer
blend further enhances the stretchability of the semiconductor film.
Pei and coworkers further studied the morphology of the
SuperYellow:ETPTA:PEO:LITf film and revealed that the yellow
luminescent layer exhibits a rubbery elasticity.1”° Figure 17c shows
the SEM image of the OLEC blend’s film morphology. An
interpenetrating network of a phase separated morphology is
witnessed where SuperYellow forms a continuous network while
ionic mediums fill the pores. The pores inside the film could
accommodate large strain without undergoing plastic deformation
(Fig. 17d). The dichroic ratio of the OLEC blend remains around 1 up
to 100% strain, which reveals that SuperYellow polymer chains
remain random. Both the conjugated polymer network and ionic
phase are amorphous, hence, stretching does not induce polymer
chain orientation.1’ Although stretchable OLEC’s simple structure
and easy processing are beneficial for low cost applications, their
slow turn-on and low efficiency make them undesirable for display
application. To achieve high device performance, an OLED structure
is favorable. The first stretchable OLED was demonstrated by Liang
et al.; this white OLED can be stretched up to 130% and the emission
intensity is fairly uniform across the lit area (Fig. 17e).* The
luminescent layer is a blend of white light-emitting polymer (WLEP)
and 1,3-bis[(4-tert-butylphenyl)-1,3,4-oxidiazolyl]phenylene (OXD-
7). As a m-conjugated polymer, the white light-emitting polymer have
advantages in its intrinsic stretchability. Thus, the white light-
emitting polymer was selected to achieve an intrinsically stretchable
OLED. Liang et al. reported that as the stretching-releasing cycle
increases, the intrinsically stretchable OLED shows a decreasing
trend in brightness. It is speculated that the change in
electroluminescence of the OLED under strain is directly related to
the film morphology. More studies need to be performed in charging
injection interfaces and molecular orientation of the emissive layer
to better understand the electroluminescence performance.

3.3 Achieving intrinsically stretchable semiconductors for OFETs

In order to achieve a fully stretchable OFET, it is essential to
develop an intrinsically stretchable active-channel material.
Conjugated semiconductor polymers have also been developed as an
active layer for intrinsically stretchable OFETs. Both molecular
synthesis and blending approach were used to develop stretchable
semiconductors for OFETs. Bao and coworkers reported a highly
stretchable OFET that could be stretched up to 265% in the
perpendicular direction and up to 160% in the parallel direction while
maintaining transistor characteristics (Fig. 18a).161 P3HT was chosen
to be used as a channel material due to its advantage in mechanical
properties; with the 2D packing structure, P3HT could tolerate large
deformation by reorienting its polymer backbones.6% 178 High
stretchability was achieved due to the formation of microcracks
inside the P3HT layer with PU/P3HT/PU structure over 50% strain.6!
Figure 18b shows the morphology of the P3HT layer under 0% and
200% strain; it can be detected that the microcrack size is much
smaller than the size of the device, which contributes to the
stretchability of the film. In order to further explore stretchable
semiconductor polymers, Bao and coworkers developed a quick and
easy soft contact lamination method to study the electrical
properties of semiconductor polymers under strain. Among all the
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materials they investigated, poly(isoindigo-bithiophene) (PII2T)
demonstrated both high stretchability and stable mobility under high
strain. This method successfully identified a feasible candidate for
stretchable transistors.163

Side-chain engineering has been used in polymeric electronics very
recently; several side-chain modifications have been studied for
intrinsically stretchable electronic applications. Isoindigo-based
polymers are known to provide high-charge carrier mobility,
attributable to their great electron-withdrawing ability in the
conjugated polymer system.”? Polymers containing isoindigo-
bithiophene backbone and branched side-chains have previously
shown great charge transport ability with high stretchability.®° Chen
and coworkers demonstrated an intrinsic stretchable field-effect
transistor using a semiconductor with PII2T main-chain that
incorporates a carbosilane side-chain (PlI2T-C8); the mobility
remained above 1 cm?/V:s even under 60% strain.'8! Polymers with
carbosilane side-chain and isoindigo-bithiophene backbone show a
dense lamellar packing morphology, as seen in Fig. 18c, and results
in a shorter t-mt stacking distance. The condensed inter-chain packing
structure results in a superior charge transport property. Grazing
incident X-ray diffraction was used to study the film morphology of
the stretchable polymers. Figure 18d shows that when the X-ray light
is perpendicular to the stretching direction, a decrease in lamellar
distance is observed under 40-60% strain; when the film is stretched
beyond 80%, the lamellar distance returns to its original value. The
decrease in lamellar distance between 40-60% tensile strain is due to
the alignment of the polymer chain in the stretching direction; when
the strain increases beyond 80%, crack formation helps release the
tensile strain on the polymer film and the lamellar distance reverts
to its original value. Figure 18e demonstrates the stretchable thin
film topography under strain, and the hypothesis can be proven
through the AFM images. The same group later reported another
intrinsic stretchable semiconductor polymer that also contained
isoindigo-bithiophene backbone but with poly(butyl acrylate) (PBA)
side-chains.182 PBA is an elastic polymer with a low glass transitional
temperature of -54 2C; by introducing PBA into the PII2T backbone,
the resulting semiconductor polymer was able to be stretched to
60% strain while maintaining its electrical properties. As shown in Fig.
193, a pristine PII2T exhibits a well-organized packing morphology,
but with an increasing amount of PBA introduced to the PII2T
polymer, the film morphology became disordered due to the
interruption of polymer interchange by the elastic side-chains. The
AFM images also suggest a decrease in polymer crystallinity with an
increase in PBA content, which results in a soft semiconductor
polymer. The soft mechanical property of the semiconductor is
further confirmed by the optical microscope images in Fig. 19b. The
pristine PII2T polymer clearly shows crack formation under stretch
and as the amount of PBA content increases, the film ductility
improves drastically.182

Elasticity is an important property for intrinsically stretchable
electronics; however, most of the works reported so far only focus
on softening the semiconductor materials through increasing
amorphous fraction at the molecular level of the polymer to achieve
greater strains without forming cracks. The mechanical and electrical
properties after the film returned to its original state were rarely
discussed. For a stretchable electronic to be useful, it isimportant for
the polymer film to exhibit the same properties it had prior to the
stretch once it is released back to its original state. A well-known
approach used to achieve a true elastic polymer is through the
crosslinking of polymer networks. Crosslinking of polymer networks

8| J. Name., 2012, 00, 1-3

prevents irreversible sliding between polymer chains, suppresses
aggregation of polymer chains, and reduces crystallinity of the
polymer film.183 18 Wang et al. synthesized a diketopyrrolopyrrole
(DPP)-based conjugated polymer with cross-linkable PDMS
oligomers, which were used to fabricate an intrinsically stretchable
semiconductor. The resulting FET device achieves 0.66 cm?2/V-s at 0%
strain and maintains a stable mobility above 0.4 cm?/V-s after 500
cycles of stretch-and-release cycles under 20% strain.'®®> DPP
polymers are known to be one of the best performing conjugated
polymers with high mobility,85 187 while PDMS is known to be one of
the most flexible due to the presence of an Si-O-Si bond, which can
vary between 135° to 180°. The DPP-based conjugated polymer
crosslinked with PDMS oligomers results in a polymer film with
increased elasticity; no crack formation was observed after 500
stretch-and-release cycles under 100% strain.!®> In Fig. 20a, optical
microscope images of both crosslinked polymers (20DPPTTECx) and
non-crosslinked polymers (20DPPTTEC) under 0% and 150% strain
are shown; the observation of crack formation under 150% strain in
non-crosslinked polymer film was found, whereas no cracks were
visible in the cross-linked polymer film. In addition, the AFM images
of both crosslinked polymers and non-crosslinked polymers are
shown in Fig. 20b. The nanofiber morphology is observed in the
20DPPTTEC film indicating high crystallinity domains, while the
20DPPTTECx film shows a decrease in nanofiber domains, which
implies a decrease in crystallinity.185

Another approach than can be used to achieve a stretchable
semiconductor is through synthesizing conjugated block copolymers,
which combines a conjugated polymer block and a flexible polymer
block. The block copolymer approach enables the fine-tuning of the
mechanical properties and electrical properties of the synthesized
materials. One of the earlier works in synthesizing block copolymers
for stretchable electronics application was reported by Miiller et
al.*%®  Semiconductor diblock copolymers that consist of
polyethylene (PE) and regioregular P3HT exhibit outstanding
flexibility and stretchability up to 600% strain, which is the best
performing stretchable semiconductor to date.'8 P3HT was chosen
here for its excellent conducting properties thanks to its semi-
crystalline structure, while PE provides exceptional mechanical
properties and chemical resistance. The diblock copolymer combines
the advantages of both polymers and results in good electronic and
mechanical performance, which are required for stretchable
electronics.’®® Figure 20c shows the P3HT-PE diblock copolymer
stretched up to 600%. The Optical microscope images show a
classical neck formation, which is a result of plastic deformation of
the copolymers. However, the irreversible plastic deformation of the
P3HT-PE diblock copolymer under strain is not desirable.
Furthermore, due to the introduction of the insulator block into the
P3HT block, its electrical property is comprised with an average
mobility of 0.02 cm?/V-s at 0% strain which is two magnitudes lower
than the 1 cm?/V-s charge carrier mobility benchmark for FET.185-189
A different synthesis utilizing block copolymers was proposed by
Peng et al.. In this work, the authors designed a new semiconductor-
rubber-semiconductor triblock copolymer based on the principle of
thermoplastic elastomers. The alternating rubbery and hard
segments facilitate the elastic deformation of the triblock
semiconductor as shown in the insert of Figure 21b. The
semiconductor material used in the triblock is, once again, the well-
studied semiconductor polymer P3HT and the rubber material used
in this ABA triblock copolymer is poly(methyl acrylate) (PMA).167 The
two-phase nanostructure contains a crystallinity domain that
provides charge transport in a rubber matrix, which helps to increase
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the semiconductor’s mechanical stretchability.1? Figure 21a
demonstrates the proposed film morphology of the P3HT-PMA-P3HT
triblock copolymers, where P3HT forms a nanofibrillar network with
ordered polymer inter-chain stacking embedded in a rubbery PMA
matrix. The nanofibrillar networks allow the triblock copolymer to
reduce the content of the semiconductor materials while retaining
its electrical properties.’®® %1 The P3HT-PMA-P3HT copolymer
demonstrates the mechanical characteristics of elastomers as shown
in Fig. 21b where the film deformed elastically with 6 MPa Young's
modulus and an elongation at break of 140%. Compared with the
P3HT homopolymer with reported values of 28 MPa Young's
modulus and 13% elongation at break, the result further confirms
PMA successfully contributes to increasing film stretchability and
elasticity.'%® The annealing temperature plays an important role in
film morphology of the triblock copolymers; as the temperature
increases, the nanofibrillar structure appears, as shown in Fig. 21c.
The authors suspect the nanofibrillar structure is the result of dense
and ordered pi-pi stacking of P3HT. The nanofibers help to connect
P3HT networks and provide efficient charge transport pathways.16”

Despite side-chain engineering, infusing flexible blocks into
copolymers, and modifying segmented polymer backbones being
successful at enhancing the molecular stretchability of
semiconductor films, most of the works reported thus far have failed
to demonstrate both high mobility and high stretchability
simultaneously. Incorporating polar substituents into a conjugated
polymer is known to influence the morphology of the polymer film
and provides dynamic behavior to the polymer chains.*® Oh et al.
present an intrinsic stretchable semiconductor, which incorporates
hydrogen-bonding moieties to achieve high stretchability and charge
mobility under strain. Introducing hydrogen-bonding moieties into
DPP conjugated polymers helps to partially break down the
conjugated network and promote dynamic non-covalent crosslinking
networks, which results in lower elastic modulus.*® The dynamic non-
covalent crosslinking networks can be easily broken-down to
accommodate mechanical strain; at the same time, it possesses a
self-healing ability, which allows the semiconductor film to return to
its original state.*® The synthesized stretchable material is based on
DPP repeating units and non-conjugated 2,6-pyridine dicarboxamide
(PDCA) moieties in the polymer backbone. PDCA is chosen here to
introduce hydrogen bonding to the flexible DPP backbones; in
addition, due to the presence of the two amide groups in PDCA,
hydrogen bonding enables the formation of polymer networks while
maintaining its elastic modulus. The authors believe the decrease in
elasticity was due to an increase of the amorphous fraction in the
polymer film, which enables mechanical stretchability. The chemical
structures of the stretchable semiconductor can be found in Fig. 22a
with different PDCA amounts added. The dichroic ratio was studied
to gain insight into polymer chain alignment on strain; it was found
that when 0 % PDCA was added to DPP, initially, the dichroic ratio
increased slightly under strain due to polymer chain alignment and
then fell back to ~1 due to the relaxation of the polymer chain after
crack formation in the film. In contrast, when 10 % PDCA was added,
the dichroic ratio increased linearly to 1.8 as the film was stretched
to 100% (Fig. 22b). In order to study the charge transport properties
of the semiconductor polymer, an OFET based on PDMS substrate
was fabricated. As shown in Fig. 22c, when the strain is applied in a
perpendicular direction up to 100% in the P3 device, the mobility
remains above 1 cm?2/V-s from 1.32 cm?/V-s at 0 % strain. In addition,
the P3 device shows little degradation in mobility after 100 cycles of
stretching between 0 to 100 % strain as shown in Fig. 22e. In addition
to its intrinsic stretchable characteristic, dynamic hydrogen-bonding
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in the polymer also enables a self-healing ability via post treatments
through heat or solvent annealing, which promotes chain movement
as illustrated in Fig. 22f. The self-healing ability is further confirmed
by AFM images in Fig. 22g. This work successfully designs an
intrinsically stretchable semiconductor with self-healing capabilities,
which provide robust mechanical properties for wearable electronics
applications.

Instead of creating intrinsically stretchable semiconductors
through sophisticated molecular design and complicated chemical
synthesis, blending elastomers into organic semiconductor polymers
is a simple method to improve the overall stretchability of organic
electronics. However, because elastomers are typically an insulator,
the overall electronic properties of the semiconductor layer are often
worsened. Xu et al. recently reported a highly stretchable organic
semiconductor film that maintains its good charge transport
characteristic under large strain.’®* This is a result of the
nanoconfinement effect of polymers attributed to enhancing chain
dynamics in the amorphous phase of the polymer while constraining
growth in the crystallinity phase. Nanoconfinement morphology is
achieved by mixing a high-mobility semiconducting polymer DPPT-TT
and a soft elastomer (SEBS). Matching of surface energy between the
two materials results in nanoscale mixing morphology as shown in
Fig. 23a. DPPT-TT forms nanofibrils inside an elastic SEBS polymer
matrix. The nanofibrils are formed from phase separation while
individual DPPT-TT nanofibrils are connected together, which
contributes to good charge transport; the soft SEBS polymer
increases mechanical stretchability and prevents cracks from
forming (Fig. 23b). Together, the nanoconfinement of the polymer
enables high stretchability and good charge transport of the organic
semiconductor materials.’®* Another intrinsically stretchable
composite semiconductor with high mobility under large strain was
reported by Kim et al. The composite semiconductor was achieved
by blending PDMS rubber with P3HT nanofibril (P3HT-NF).1°2 The
resulting composite forms a percolated pathway for charge transport
and considerably enhances the crystallinity of the P3HT-NF film,
which results in enhanced charge mobility.17% 193 194 The film
morphology of P3HT-NF percolated PDMS rubber composite under
strain is shown in Fig. 23c; when the intrinsically stretchable
semiconductor film is first stretched, P3HT-NF starts to straighten to
accommodate the strain. When the film is stretched to 50% some
rupture is observed, as indicated by yellow arrows in Fig. 23c.
However, due to the presence of the PDMS matrix, under 50% strain,
most of P3HT-NF remains connected and the film can be stretched
or twisted, while still returning to its original shape without forming
any cracks (Fig. 23d). Moreover, the P3HT-NF/PDMS stretchable film
was made into TFT and the mobility under different strains were
studied (Fig. 23e). It is worth noting that once the TFT is stretched to
50% along the direction of channel length, only a slight decrease in
mobility from 1.4 to 0.8 cm?/V-s is observed (Fig. 23e). The stable
performance under large strain demonstrates P3HT-NF/PDMS has
great potential in a wide range of applications.

Other than thin films, organic semiconductor can also be made
into long and continuous nanowires by electrospinning process
which is known to improve the electrical properties and mechanical
properties of the organic semiconductors. Lee et al. reported a facile
way to achieve an intrinsically stretchable semiconductor by utilizing
electrospinning method.!®® The organic semiconductor material was
composed of fused thiophene diketopyrrolopyrrole (FT4-DPP)-based
polymer and PEO. The high electric field during the electrospinning
process results in highly ordered alignment of the FT4-DPP:PEO
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nanowires in the longitudinal direction, which then contribute to
better charge transport mobility comparing with FT4-DPP:PEO thin
films.1% Due to its high molecular weight, PEO is chosen here as a
molecular binder to mix with low molecular weight FT4-DPP to help
maintain continuous polymer jet during electrospinning process. In
addition, the low elastic modulus and low glass transition
temperature of PEO help to decrease the overall elastic modulus of
the FT4-DPP:PEO composite nanowires and therefore increase their
overall mechanical ductility.®® In order to achieve higher
stretchability and improved stability under high stretching cycles, Lee
et al. prestretched the elastic substrate, then applied the FT4-
DPP:PEO nanowires on the prestretched substrate to create a
serpentine-like geometry. Figure 24a shows the schematic
illustration of deformable FET with serpentine FT4-DPP:PEO
nanowires. Optical images of 100% strain in the length-direction
shows the nanowires are continuous and stay connected under 100%
strain. Alternately, FT4-DPP nanowires without PEO under strain was
also demonstrated in Figure 24b. From the optical microscope image,
it can be observed that the nanowire is disconnected under 25%
strain. This proves that incorporation of PEO as the polymer binder
improves the stretchability of the nanowires. Figure 24c shows the
morphological change of the FT4-DPP nanowire under strain. During
stretching, PEO acts as the binder to FT4-DPP and main the nanowire
overall structure whereas FT4-DPP’s lamellar structure unfold and
increase the m-n stacking distance which also results in decrease in
transport mobility. The stretchable OFET composed of FT4-DPP:PEO
nanowires show high field-effect mobility (>8 cm2V-2s-1) and can be
both stretched and compressed under 100% strain. Other
semiconducting materials such as P3HT:poly( ¢ -carprolactone) (PCL)
and poly(3,3” 7 -didodecylquarterthiophene) (PQT-12):PEO have
also been reported to be made into electrospun nanowires to
achieve stretchable transistors.17. 198

The semiconductor 1-D network materials have also been explored
as the electrical components in stretchable electronics.*® 162 Among
all, CNTs have been used in the channel layer for intrinsically
stretchable OFET; the network microstructure accommodates large
strain through sliding and buckling of individual wires without losing
the junction. Chortos et al reported an intrinsically stretchable OFET,
which could be stretched to 100% strain. The semiconductor CNT
was prepared by sorting with poly(3-dodecylithiophene) (P3DDT),62
and the device retained good transistor characteristics up to 100%
strain. A fully stretchable OFET fabricated with all solution process
has also been demonstrated. Liang et al. reported a good
stretchability of SWCNT-based transistor, which can be stretched up
to 50% by using the lamination technique. The authors believe that
the intrinsic stretchability of the semiconductor channel is credited
to the unique morphology, where the elastomeric dielectric
copolymer infiltrates into the SWCNT and forms an interpenetrating
network. Individual carbon nanotubes are wrapped around by
elastomer while maintaining the nanotube-nanotube junction. The
SWCNT-elastomer network helps to prevent junction disjointing
under large strain and further increases the stretchability and
stability of the CNT layer.*®

Controlling the film morphology of the semiconductor materials
through chemical synthesis and blending of elastomers into
semiconductor materials has shown great success in developing
intrinsically stretchable semiconductors. All these reports indicate
that the future of stretchable electronics is promising. However,
current organic semiconductor materials still have some limitations.
Most of the materials face the challenge of being incapable of
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retaining their electrical properties under tensile strain. New
materials, new methodologies, and new fabrication processes are in
need to develop stretchable organic semiconductors that can
achieve high elasticity, high mobility, and high stability
simultaneously. A systematic study in how film morphology,
intermolecular stacking interaction, and molecular structure affects
the semiconductor properties (i.e. mobility, and charge transport
capability) should be revealed to provide a guideline in developing
intrinsically stretchable organic semiconductors.

4. Intrinsically Stretchable Dielectric materials

Recent progress in soft materials have made it possible to fabricate
stretchable electronics that can mimic human muscles or can be
mounted to soft surfaces like human skin and smart clothes.1%%-204
Dielectric materials typically take parts in capacitors and transistors
due to their insulating nature or exhibit their electromechanical
transducing properties in dielectric elastomers.20>207 Their charge-
accumulating property opens up a wide range of applications, such
as sensors?%8211  soft  robotics,212216, energy harvesting
generators.29%. 217-222  refreshable braille displays,?6: 223-226 gnd
tunable lenses??’”. To gain stretchable high-performance
implementations with minimum external energy consumption, high
dielectric constant with good stretchability is usually required for
dielectric materials. Traditional inorganic dielectrics display high
permittivity but lack stretchability, whereas polymeric dielectrics are
possible for high strain situations but usually have low dielectric
constants. Researchers have now focused on employing
morphological controls to impart extensibility for inorganic
dielectrics and improve electrical performances for intrinsically
stretchable dielectrics. Here, we will introduce several morphological
control methods that cover both topics with an emphasis on
enhancing electrical performances. For a convenient comparison of
the properties for different dielectric materials, the performances of
different type of dielectrics and their corresponding morphological
control methods are shown in Table 3.

Traditional gate dielectric materials for FETs are rigid organics like
SiO, and Al,0s, which are brittle and incompatible with stretchable
substrates. There are two common approaches used to impart
mechanical compliance and robustness to dielectric materials. The
first approach involves geometrically patterning the brittle
inorganics into wrinkled or wavy structures,'3 208 228233 gnd the
second combines rigid transistor islands with a stretchable
substrate.202 231, 234, 235 For the wrinkled configurations, the
dielectrics are stretched from the buckled state to a flat surface
before inducing strain along the material bonds themselves. For the
rigid island structures, the high strains are accommodated by
elongation in the soft substrate rather than the rigid components
themselves.

Inorganic dielectrics with wrinkled structures possess high
stretchability while maintaining excellent electrical performance as
their flat configurations. However, the pre-stretching process
required to obtain the wrinkle structures is cumbersome. Also, the
inorganic dielectrics typically rely on costly vacuum-based deposition
methods for fabrication, which is incompatible with solution printing
processes. Furthermore, wavy structures can be incompatible with
certain devices that require planar interfaces.?36-23¢ The electrical
performance of the dielectrics with rigid island structures remain
consistent with their original values because the stretchability is
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imparted by the stretchable regions between islands; however, a
larger degree of expansion usually requires a larger area of inactive
substrate, which will cause a trade-off between the device density
and stretchability.

4.1 Improving Electrical Performance of Polymeric Dielectrics

As we introduced earlier, even though inorganic dielectrics have
high dielectric constants, they are too brittle to adapt to stretchable
matrices unless they incorporate wavy or island structures. The hunt
for truly intrinsically stretchable dielectrics has turned to
polymers,161, 162,209, 233272 pglymers are a natural choice given their
inherent stretchability and insulating properties, but the dielectric
constant for a pure polymer is usually not comparable to inorganic
dielectrics.20-30. 43-47. 49 To improve the electrical performances for
both transistors and dielectric elastomers, morphological control
methods on dielectric materials are used to enhance dielectric
constant, reduce elastic modulus and improve electrical breakdown
strength for lowering their working voltage and increasing
extendibility. For the reverse process, when mechanical energy
transfers to electricity, microstructures are useful to increase
deformation of dielectrics to gain a higher energy transfer ratio. This
review will highlight important works on all four aspects.3142 48

4.2 Enhancing Dielectric Constant

There have been attempts to enhance dielectric constant of
elastomers by blending them with highly polarizable conjugated
polymers or grafting polar side groups to the elastomer backbone.?’3
274 Carpi et al. mixed poly(3-hexylthiophene) (PHT) into silicone at
very low concentrations (1-6 wt%). The best electromechanical strain
response result was with 1 wt% PHT due to both the increase in
dielectric constant (~2000@1Hz) and the reduction in tensile elastic
modulus, which was supported by a 7.6% transverse strain with only
an 8 MV m electric field. It was accompanied by a small increase in
dielectric loss and a small reduction in tensile elastic modulus. Dunki
et al. introduced sulfonyl lateral polar group to polysiloxanes
backbone with two post-polymerization synthetic strategies and
tuned the dielectric constant from 5 to 22.7.%75 Liang et al. used PU-
co-polyethylene glycol (PU-co-PEG) as a transparent elastomer
dielectric for their transistors.?6* The urethane acrylate oligomers
contributed to the high stretchability, while the PEG diacrylate
helped increase the dielectric constant.?’6 277 The dielectric constant
of this copolymer was as high as 13 at 12Hz, with a > 90% optical
transmittance at 550 nm and a > 50% elongation at break. Overall,
the electrical performances (on current and mobility) of transistors
declined by about 50% at 50% strain. Failure happened at strains
over 50% due to the stretching limit of the dielectric. During fatigue
testing, the transistors survived 1000 stretching cycles at 20% strain.
Eventually, they used the stretchable TFT matrix to drive an OLED,
since the cutoff voltage of the drain supply (-2.7V) was in line with
the threshold voltage of the OLED. As shown in Fig. 25, the TFT
integrated OLED still functioned at 30% strain. Azide-crosslinked
SEBS is synthesized as dielectric elastomer by Zhenan Bao’s group.2%%
267,278,279 |t has a gate dielectric capacitance of 1.75 nF cm™. Azide-
crosslinked SEBS is slightly more elastic and has a little higher
dielectric constant (~2.5 at 100 Hz) than uncrosslinked SEBS. Their
transistor arrays could stretch to 100% strain in both x and y
directions without cracking, delamination, or wrinkles as supported
by the stable performance shown in Fig. 26a & b. The transistors’
electrical performance remained stable at up to 600% strain when
subjected to pressure, twisting or biaxial stretching. The transistors
showed potential in real-life applications with their mechanical
robustness since they survived 1000 times of cycle test at 100% strain
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(Fig. 26¢ & d). As a proof of concept for skin electronics, a 10 x 10
stretchable matrix was integrated with resistive tactile sensors,
which can be conformably attached to human’s skins. In Fig. 26e & f,
the on-current map showed the accurate detection of the 6
conductive legs of an artificial ladybug.

Interpenetrating polymer networks (IPN) also help to increase the
dielectric constant of silicone-based elastomers: one component
enhances the mechanical property, while the other imparts
polarity.?80 Tugui et al. created a dual-phase continuous
microstructure by interpenetrating PDMS with a polyurethane
containing tetramethyldisiloxane moieties and carboxyl groups.?8!
The polarity from the urethane groups and pendent carboxyl groups
contributed to a high dielectric constant (12 at 1 Hz, 5.9 at 10 000 Hz)
when compared to a pure PDMS film. This high dielectric constant
induced a 7.1% strain actuation with an electric field of 20 MV m?
and with its fast response time, it proved suitable for dielectric
elastomer generators, which was first proposed by Pelrine et al. in
2001'281-285

Introducing organic dipole groups into the elastomers lead to a
uniform distribution of moieties with high permittivity and it can also
lower mechanical stiffness, which is beneficial for higher actuation
strain at lower electric fields.?’3 286-288 However, the polar groups
introduced in this method reduce the overall dielectric strength and
makes the EAP more susceptible to moisture. Intrinsically stretchable
dielectrics can also take the form of inorganic dielectric nanofillers
dispersed in polymer substrates. In this setup, the nanofillers
dominate the electrical properties with their high dielectric constant
and the polymer substrate ensures mechanical compliance. 2% Cai et
al. introduced a hybrid gate dielectric that mixed 50 nm cubic phase
BaTiO3 nanoparticles in PDMS film.256 BaTiO; itself has a permittivity
around 200. With BaTiO3 dispersed at a 26% nanoparticle volume
ratio, the hybrid dielectric had a capacitance of 2.9 nF cm, which
was independent of frequency between 100 Hz and 1 MHz. The
constant small leak current (~40 pA for a 2000 x 200 um TFT channel)
at 60% strain showed good compatibility without pinholes between
BaTiO; and PDMS. Both TFT and the logic circuits based off this hybrid
dielectric could stretch to over 50% strain across thousands of cycles
in either parallel or perpendicular directions to the channel without
significant electrical performance degradation.

Like the hybrid dielectrics, ceramic or conductive nanofillers can
also improve the electromechanical performance of dielectric
elastomers. Huang et al. blended a PU matrix with high dielectric
constant copper phthalocyanine oligomers (PolyCuPc) and
conductive PANI to achieve 9.3% strain with a 20 MV m electric
field.?8 With ratio of PANI:PolyCuPc:PU = 14:15:85, the dielectric
constant reached 800 at 1 Hz. Hu et al. reported a nanocomposite
that included a small amount of aluminum nanoparticles with
superior actuation performance to pure acrylate copolymer .2° A 4
v/v% loading of Al,0; nanoparticles resulted in a maximum 56%
actuation area strain, 140 MV m! dielectric strength, and a dielectric
constant of 8.5 at 100 Hz. As shown in Fig. 27, dielectric constant
changed proportionally with the increase in Al,03 concentration. For
other dielectric elastomer options, Polyvinylidene fluoride-
trifluoroethylene (P(VDF-TrFE)) is an electrostrictive polymer often
studied for its actuation potential.2?1-2°3 P(VDF-TrFE) shows a high
dielectric constant (425 at 1Hz) when mixed with copper-
phthalocyanine (CuPc) fillers.?®®> Zhang et al. demonstrated a
thickness strain of -1.91% with a 13MV m electric field. For a silicone
based dielectric elastomer, Bele et al. blended a low concentration
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(2 wt%) of Titanium dioixide-based nanotubes into a PDMS matrix
and increased dielectric permittivity to 1.33 times (4 at 1 kHz) when
compared to PDMS without nanofillers.?®* 4.2% lateral strain was
performed at 40 kV/mm without significant damage to dielectric
strength (>60 kV/mm) and elastic modulus (0.4 MPa). Yin et al. chose
thermoplastic polyurethane as the elastomer substrate, mixed in
Barium titanate nanoparticles as dielectric constant-enhance fillers
and dibutyl phthalate as plasticizers.?> The resulting dielectric
elastomer composite, which showed a 28% increase in dielectric
constant and a 43% decrease in Young’s modulus, was then
employed into an energy harvesting generator and harvested energy
density up to 1.71 mJ/cm3 with 0.45% efficiency.

Mixing in ceramic nano-fillers with high dielectric constants is an
efficient way to increase dielectric constant, but high loads can lead
to agglomeration of the nano-fillers, which will eventually impede
the flexibility and electromechanical response of elastomers.2%: 297
An improved method incorporates conductive components at
relatively low weight ratios.2?8301 After reaching a critical point, the
conductive components are close to each other while still separated
by the insulating polymer. Covering the conductive nano-fillers with
insulating shells helps prevent them from forming conductive
pathways. Wang et al. reported a reduction of 30% pf actuation
electric field by blending in 0.75 wt% MWCNTs fillers.3%2 The long
aspect ratio of MWCNTSs lowered the concentration requirement for
forming a percolation network and helped generate more
“microcapacitors” within the insulating elastomer matrix to enhance
dielectric constant. Graphene is another promising option for
conductive nanofillers because of its excellent conductivity and m-
conjugated structure.3%3-305 Zhang et al. mixed 1.5 wt% partially
reduced graphene oxide (GO) nanosheets in an elastomer to realize
a high dielectric constant of 11 (@1kHz) and a low modulus of 0.51
MPa of the elastomer nanocomposite.3® The elastomer matrix,
polystyrene-b-poly (n-butyl acrylate)-bpolystyrene (SBAS) triblock
copolymer, was synthesized with reversible addition/fragment
transfer emulsion polymerization with high elasticity and low
modulus. The high permittivity is another benefit from the polar
ester groups of poly(n-butyl acrylate) blocks. Nanofillers with higher
aspect ratios are typically more promising to enhance elastomers’
dielectric constant. Ji et al. employed high aspect ratio (~700) silver
nanofibers (AgNFs) obtained by electrospinning to improve the
dielectric constant of cellulose nanofibers-epoxy hybrid films.21
With an optimal concentration of 1.2 wt%, AgNFs imbedded film
showed a high dielectric constant of 9.2 (120kHz) and high
transmittance of 90%. Both dielectric constant and transmittance of
elastomers with AgNFs are higher than those of same concentration
AgNPs (4.0, 29%) and AgNWs (5.5, 90%) imbedded films (Fig. 28a, b
& c). A capacitive touch sensitive panel was utilized to visualize the
sensitivity of each of the films; AgNF-imbedded films showed the
highest capacitance change due to its high dielectric constant. As
shown in Fig. 28d, by replacing the glass cover on a commercial
phone, this AgNF-imbedded dielectric layer exhibits great potential
in future flexible electronics.

Solid nanofiller can significantly enhance the electrical
performance of dielectric elastomers, but the compliance mismatch
introduced by their rigid natures can harm the elastomers’ overall
extensibility.3% High permittivity liquid inclusions or liquid dielectric
layers therefore shine a light in the realization of dielectric
elastomers with high dielectric constant and low mechanical rigidity.
Bartlett et al. mixed eutectic Ga-In liquid metal into silicone or
polyurethane polymer matrix and brought up the dielectric constant
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by 400%.307- 398 Mazurek et al. embedded high permittivity glycerol
droplets into PDMS matrix and the permittivity of this elastomer
increased to 16 at 1 kHz compared with 3.3 for that of pure PDMS.3%°
Glycerol droplets also worked as softeners to reduce the elastomer’s
modulus and enhance actuation performance.3!0 Besides introducing
liquid inclusions, Shi et al. designed dielectric gels with high dielectric
constant (30~50) at 1 K-10 MHz frequency range, and transmittance
of 99% with a 100 um thick gel.3!! The dielectric gel can be actuated
with 172% strain under 4kV/mm electric field. As shown in Fig. 29a,
the dielectric gel contains a 3D polymer network and both propylene
carbonate and ethylene carbonate as liquid solvents due to their high
dielectric constant. A bioinspired lens, whose focal length can be
tuned with an applied electric field, was demonstrated (Fig. 29b).

4.3 Lowering Elastic Modulus

For dielectric elastomers, ceramic or conductive nanofillers tend to
increase the elastic modulus of elastomers, which is contradictory to
the purpose of lowering actuation voltage. Moreover, the weak
interfaces between nanofillers and a polymer matrix are usually the
main cause of dielectric loss.31? Instead, synthesizing ductile long-
chain polymer with low elastic modulus can help enhance the
elongation at break and save the cumbersome work of physically
blending in nanofillers.313.314

Zhang et al. reported that a low modulus, ductile silicone
elastomer can be constructed with a long chain
polymethylvinylsiloxane and a lower concentration of cross-linker.312
Zhao et al. lowered the modulus of an acrylic-based elastomer from
0.41 MPa to 0.11 MPa by tuning the component ratio of crosslinkers,
resulting in an actuation coefficient increase from 14.43 to 51.54.31%
With a dielectric constant of 5.67 @ 1kHz, the actuation strain of the
modified elastomer reached 52.08% at a low electric field of 21.57
kV/mm, which is 4.2 times higher than that of a commercial VHB
4910 tape, given the same electric field (17 kV/mm). Their work was
also applied into a bend actuator, which was capable of a 1802
bending angle.

4.4 Increasing Electrical Breakdown Strength

Dielectric elastomer has the unique electromechanical transducing
property that can be applied to fabricate “artificial muscle”.
However, the maximum electromechanical performance of dielectric
elastomers is capped by their dielectric strength, beyond which the
charged species mobilize and conduct electricity.3'® Localized
defects, pull-in effect, and high leakage current can further reduce
the film’s dielectric strength before intrinsic breakdown is reached.
To prevent electromechanical instability (EMI), pre-straining the film
can strengthen the film before electrical actuation.317-33* However,
pre-straining dielectric film is a cumbersome process that requires
additional rigid and passive frames, which could introduce stress
concentration points leading to failure in the film.316.335 The mass and
volume of the additional frame may also lower the devices’ work
density and power to mass ratio.33 In order to eliminate the extra
operation and frame that are included in the pre-strain process,
other morphological control methods now attract great attention to
prevent pull-in effect and enhance elastomers’ electrical breakdown
strength without a physical pre-strain frame.?2% 337-34

IPNs are fabricated by cross-linking a pre-strained polymer
network (A) that is swollen with another short chain monomer (B).33%
339 The IPN fabrication process is shown in Fig. 30.3% IPN film is
released from the support after curing process. The cured polymer
network (B) is now locked in compression, which prevents network
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(A) from returning to the unstrained state. The pre-strained effect on
network (A) is therefore maintained without needing a pre-
stretching frame. Suo et al. proposed an IPN model consisting of a
long chain network and a short chain network.33” The long chain
polymer imparts the large actuated deformation ability of the
system, while the short chain polymer counteracts the positive
thinning loop by constraining the polymer network. There are a
number of successful results reported using VHB-based IPNs.338-341
Tugui et al. studied the effect of the network composition and host
network pre-stretch step for a series of bimodal silicone
interpenetrating networks.3%> Ha et al. utilized poly(1,6-hexanediol
diacrylate) as the short chain network to lock a pre-strained VHB film.
A IPN film with 18.3 wt% poly(1,6-hexanediol diacrylate) preserved a
pre-strain that was up to 275% and generated a 233% actuated
strain.338 33° The performance of this IPN films was comparable to a
300% x 300% biaxially pre-strained VHB 4905 acrylic elastomer.
However, interpenetrating network polymers still require a complex
pre-stretching process to achieve the long chain polymer network.
This process can lead to early failure in the dielectric elastomer due
to local stress concentrations.

Based on the same model as Suo et al. proposed, Niu et al.
developed an easy dielectric elastomers fabrication method that
avoids any pre-strain process by tuning the concentration of cross-
linkers in the mixture of acrylate comonomers.3>° Not only is the
entire fabrication process adaptable to conventional coating
techniques, but the resultant elastomer has a stress-strain
relationship that demonstrates rapid stiffening above a threshold
strain, which completely suppresses EMI and imparts high actuated
strain. Plasticizers were also introduced into the system to lower the
glass transition temperature of the elastomer. As a result, the softer
film was less viscoelastic and responded faster. In their work, a
dielectric elastomer film with dielectric constant of 5 at 12Hz, a 314%
actuated strain or a maximum breakdown field of 236 MV m can be
customized while fully suppressing its EMI.

Besides adjusting the concentration of cross-linkers, adding short
chain cross-linkers with multi-functional groups is also helpful in
rapidly raising the elastomer stiffness at small strain ratios. Ren et al.
introduced trimethylolpropane triacrylate (TMPTA) as a trifunctional
cross-linker into a BSEP system.22% 332, 333, 352354 Tha |ong chain
urethane diacrylate contributed to the large actuated deformation,
while TMPTA countered the pull-in effect by stiffening the polymer
network. Even a small amount of TMPTA (1 wt%) was sufficient to

overcome EMI.3%6 Pei group developed a refreshable and bistable

braille display and rewritable electronic papers based on BSEPs.216

223, 225, 226, 357 Brajlle dots made from their polymer bonded to
electrodes could reversibly switch between stable dome and flat

states as shown in Fig. 31.225 Rewritable papers could show and
preserve arbitrary digits without extra energy consumption as shown

in Fig. 32.3%7 Arrays of these dots could then display any Braille
character and support 0.6 N of force, creating a strong, tactile
surface. By manipulating the concentration and content of cross-
linkers, there is no need to incorporate pre-stretching into the
dielectric elastomer fabrication process. Instead, UV curable cross-
linkers can be mixed with other monomers to achieve a crosslinked
network in one step, which simplifies the device fabrication
procedure and enables a wider range of applications.

Another type of elastomer with a bottlebrush structure was also
reported as an EMI free, as-casted elastomer without needing pre-
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actuation stretching. 3°0.351.358364 Thjs single component elastomer is
created by grafting two or more side chains to the polymer
backbones with covalent bonds. The structure of a bottlebrush
elastomer is demonstrated in Fig. 33a.3%> Elastomers with low
modulus and high extensibility are more ideal in biomedical
applications, as they permit large stroke and low-voltage
actuation.?'# 227, 366 The side chain structures of the bottlebrush
elastomers reduce the entanglement of polymer backbones by
densely tethering long side chains, which release the molecular
constraint on larger deformation states and result in rapid onset
strain-stiffening. Figure 33b compares the true stress-area expansion
curve of coiled elastomers, conventional biaxially pre-strained
elastomers, and bottlebrush elastomers.3* Daniel et al.
demonstrated a low modulus (~¥100 Pa) elastomer with bottlebrush
structures,3*® where the film was stretchable to 1000% strain.
Varnoosfaderani et al. obtained bottlebrush elastomers with a large
range of moduli (100 Pa ~ 1 MPa), by adjusting the polymerization
degree of both the side chains and the polymer backbones.3>! Their
actuators (dielectric constant = 2.94) managed a > 300% strain
actuation with a low electric field below 10 MV m. The effective
work density and electromechanical efficiency were 10 kJ m3 and
50% respectively. Caspari et al. used modified polysiloxane with
butylthioether side chains and achieved a dielectric constant of 5.4
at 1 MHz, with an area actuation strain of 200% with 53 kV/mm
electric field.3%” The polar side groups help increase the dielectric
permittivity to 4.3 when compared with pristine PDMS elastomers
(~3) and suppress the electromechanical instability under large
actuation strains.

Aromatic voltage stabilizers were explored due to their electron
trapping ability by phenyl groups.3%8 The trapped electrons reduce
the electric field strength on cathode by acting as negative space
charges, thus reducing further electron migration from cathode,
which will delay electrical breakdown. Voltage stabilizers can either
be mixed in as additives or designed into elastomers’ chemical
structures. Razak et al. synthesized soft copolymer elastomers with
varying chain lengths of PDMS and polyphenylmethylsiloxane (PPMS)
as aromatic voltage stabilizer, with a dielectric constant of 3.4 at 1
MHz.3%° With an optimal aromatic group concentration of ~0.84
mmol/g?, the electrical breakdown strength of PDMS-PPMS
copolymer (~72 kV/mm) showed an improvement over pure PDMS
elastomer (53 kV/mm). Madsen et al. blended voltage stabilizer
copolymers into PDMS-based elastomers followed by crosslinking,
which lead to a random dispersion of aromatic domains in a
continuous PDMS matrix.37° With the concentration of 1.4 mmol/g?
of phenyl groups, the electrical breakdown strength of the
crosslinked elastomer is 18% higher than a PDMS reference
elastomer.

For solid dielectric elastomers, pull-in effect will lead to permanent
dielectric breakdown. But for liquid dielectrics, liquid will merge
immediately and recover its insulating state under electric
breakdown.3’* Acome et al. fabricated a soft dielectric elastomer
with PDMS as a shell and a vegetable-based transformer oil as a
liquid dielectric.3”! As shown in Fig. 34a, when experiencing a pull-in
transition step, the electrostatic force on PDMS exceeded its
mechanical restoring force and led to the formation of a donut shape
without electric breakdown when two electrode sides were pulled
together. With a stack of 5 self-healable actuators, a gripper, which
is comparable to natural muscles with an actuation stoke of 7mm,
was demonstrated to move delicate object as seen in Fig. 34b.
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4.5 Fabricating Microstructures for Reverse Energy Transfer

By reversing the energy flow in the actuators, dielectric elastomers
can provide a simple way to harvest energy from mechanical energy
sources.207,217-221, 291 The concept of dielectric elastomer generators
was first suggested by Pelrine et al. in 2001, which led to the creation
of several generator configurations.28% 291,372,373 The basic operating
principle is that capacitance changes in the dielectric elastomer
between strained states and relaxed states lead to changes in the
potential of the stored charges, thus the electrical potential
energy.?®! As shown in Fig. 35a, Li et al. presented a triboelectric
nanogenerator with a structure that alternatively stacked a planar
“dielectric-conductive-dielectric” layer and a wavy “conductive-
dielectric-conductive” layer.?2% 221 The wavy structure allowed the
generator to bend, stretch, and compress, creating a maximum
volume charge density of 0.055 C m3 that was used to drive an
electronic watch. Microstructures were also created on one side of
the dielectrics to increase contact areas. When attached to the
bottom of a pair of shoes, the generator powered a pedometer and
a fitness tracker while the user was jogging (Fig. 35b). In their
subsequent work, a generator with an ultrahigh, 1160% stretchability
and 96.2% transparency outputs an open-circuit voltage of 145V and
an instantaneous areal power density of 35 mW m2.222 As shown in
Fig. 35¢, the generator powered 20 LEDs in both the initial state and
the stretched states with finger tapping. The transparent generator
was also attached to a liquid crystal display and drove the screen with
finger presses.

Besides these high electrical and mechanical performance metrics,
biocompatibility is another vital metric for the consideration of non-
invasive wearable devices. Most popular material selections of
dielectric elastomers and stretchable transistors are polyurethane,
silicone and acrylate. Based on their manufacturers’ Material Safety
Data Sheets, most of the commercial polymer products are listed as
biocompatible. Direct cytotoxicity experiments on flexible silicon
field effect transistors on polyimide, stretchable silicon FETs, InGaN
light emittingndiodes, and AlinGaPAs LEDs on low modulus silicone
all showed no inflammation or systemic immunologic responses.374
Most concerns of the biocompatibility debates come from the
inorganic inclusions inside the polymer composites. To date, only a
few iron oxide nanoparticles with surface modification have been
approved by FDA (Venofer®, Ferrlecit®, INFed®, Dexferrum® and
Feraheme®).3’> Other nanoparticles, Au, Ag and metal oxide
nanoparticles, etc., have been actively investigated in clinical trials.
Studies have shown promising results for inorganic nanoparticle
cores with biocompatible shells or surface modification.3’® Plant
extract synthesized metal nanoparticles can also be a novel source
for biocompatible inclusions.37”

Soft and stretchable electronic devices are novel entries into the
medical and wearable markets where irregular interfaces are needed
to interact with soft tissues. Artificial muscles also see applications in
human muscle rehabilitation and robotics. With the expansion of
advanced electronics, pressure to develop dielectric materials with
more advanced performance has increased. Here, discussions were
focused on specially designed morphological control methods to
help dielectric materials reduce the requirement for external energy
input while exhibiting larger extendibility. Sensitivity-enhanced
capacitors/transistors-based medical and sports devices, actuation
electric field-reduced artificial muscles are now more promising to
become household implementations.

14 | J. Name., 2012, 00, 1-3

5. Conclusion

Recent progress in soft materials have made it possible to fabricate
stretchable electronics that can be mounted to soft surfaces like
human skin and smart clothes. Traditionally, these surfaces have
posed difficulties due to their large strain deformation. To enable
mechanical stretchability of electronic materials, geometrically
patterning the brittle inorganics into wrinkled/wavy structures or
combing rigid transistor islands with a stretchable substrate is the
general approach. However, in order to make intrinsically stretchable
electronic devices, all components need to be stretchable to avoid
limitations by their reliance on brittle components. In this review, we
have investigated recent achievements of intrinsically stretchable
conductors, semiconductors and insulators and their applications in
intrinsically stretchable organic electronics. Considering the
advantages of a facile manufacturing process, a high strain tolerance,
and a low cost, intrinsically stretchable electronics offer new
opportunities to stretchable electronic devices. Moreover, these
stretchable electronic devices with intrinsically stretchable
components will advance future developments in wearable devices,
foldable electronics, electronic skins, energy storage, and medical
devices. Finally, we also note that morphological/nanostructural
systems comprising two distinct materials could encounter modulus
mismatching, such as in the AgNW/elastomer composite electrode.
While embedding the nanowires in the elastomer matrix deters
separation or other failures that may impact the structural integrity.
Studies on the stability of the materials and devices under repeated
stretching cycles have been reported, but more comprehensive
characterization should be carried out, and remedies be developed.
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Figure 1. Schematic of an intrinsically stretchable TFT comprising elastomeric conductors, semiconductors, dielectric materials and

substrate, all made stretchable via morphological/nanostructural controls.
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Figure 2. Performance of transparent and stretchable AgNWs/PDMS heater. (a) Photograph of transparent and stretchable AgNWs
percolation network on PDMS substrate. The blue dotted circle represents the AgNWs network. (b) Infrared images of AgNWs/PDMS heater
operated at 60 °C before and after stretching with 60% strain. (c) Temperature profiles of a transparent and stretchable AgNWs/PDMS heat
attached onto a human wrist under the conditions of outward (Left) and inward bending (Right). Inset shows top view of the infrared image

of heater on the wrist. Adapted with permission.8* Copyright 2015, Wiley-VCH.
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Figure 3. (a) Fabrication of AgNWs/PU composite electrode by high intensity pulsed light. SEM images of stretchable AgNWs/PU conductor
(b) before stretching and (c) after stretching at 100% strain. LED integrated conductor based on stretchable AgNWSs/PU electrode (d) before
stretching and (e) after stretching at 20% strain. (f) Human motion detection of finger joint by stretchable AgNWs/PU composite electrode.

Adapted with permission.8” Copyright 2016, Springer.
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Figure 4. (a) Schematic of stretchable energy harvester. i) Piezoelectric elastic composite made of ecoflex silicone rubber, PMN-PT particles
and MWCNTSs with both sides of stretchable very long AgNWs percolation network before stretching. ii) The generation of electricity under
the stretching state. The magnified schematics of stretchable very long AgNWs percolation network before and after stretching are presented
at the bottom panels. (b) Photographs of stretchable energy harvester under the states of before stretching, after stretching at 200% strain
and releasing. (c) The generation of i) the output open-circuit voltage and ii) the short-circuit current in the forward and reverse connections

from stretchable energy harvester. Adapted with permission.?” Copyright 2015, Wiley-VCH.
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Figure 5. (a) Preparation of AgNW percolation network embedded in the shape memorable electroactive polymer of poly(TBA-co-AA). (b)
SEM image of cross-section of AgNWs-poly(TBA-co-AA) electrode. (c) Sheet resistance change of AgNWs composite electrode as a function
of strain and the concentration of AA. (d) Photographs of area strain of BSEP actuator as a function of electric fields. Adapted with

permission.®? Copyright 2015, Wiley-VCH.
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Figure 6. (a) Mechanical stress-strain responses of fresh AgNWs composite electrode, blade cut sample with 40 um depth, and healed
electrode by heating at 100 °C for 3 min as a function of strain. (b) Resistance change of fresh and healed AgNWs composite electrodes as a
function of strain. SEM images of top view of (c) AgNWs composite film after 100 times of stretching-relaxing between 0% and 60% strain

and (d) After healing by heating treatment at 100 °C for 70s. Adapted with permission.®> Copyright 2015, American Chemical Society.
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Figure 7. (a) Schematic of the preparation of stretchable transparent capacitive sensor by sandwiching acrylic elastomer layer between
AgNWs network electrodes embedded in PU substrate. (b) Normalized resistance changes of AgNWs composite electrodes with different
initial sheet resistance as a function of strain. (c) Capacitance changes of device stretched between 0% and 60% during cyclic test. (d)
Capacitance changes of device at different tensile strain as a function of applied pressure. Adapted with permission.?3 Copyright 2013,

American Institute of Physics.
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Figure 8. (a) Prestrained HS3 silicone film with both sides of carbon grease electrodes for the electric field off (top) and on (bottom), 117%
relative strain was obtained under a field of 128 MV/m in the central region of actuator (bottom). Adapted with permission.8 Copyright 2000,
American Association for the Advancement of Science. (b) Area strain of actuators with different crosslinker concentrations as a function of

applied electric field. Adapted with permission.'%® Copyright 2013, Wiley-VCH.
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Figure 9. (a) Resistance change of spray-coated SWNTs electrode on 3M VHB 4905 as a function of strain. Inset: Photographs of actuator
under the different applied voltage. Adapted with permission.''? Copyright 2009, American Institute of Physics. (b) SEM image of self-cleared
SWNTs surface near the fault. Adapted with permission.®® Copyright 2008, Wiley-VCH. (c) Cyclic test of silicone-carbon nanotubes composite
electrode between 0% and 100% strain at a strain rate of 1000% s~*. (d) Energy density of capacitive energy harvester as a function of applied
electric field. Inset: An energy harvester attached to the linear stage. Adapted with permission.!'3 Copyright 2014, Wiley-VCH. (e) Resistance
change of SWNTs on PDMS substrate as a function of stretching cycles. Inset: Photograph of a skin-like pressure and strain sensor. (f) Cyclic
test of capacitance change under the stretching between 0% and 30% strain. Adapted with permission.®* Copyright 2011, Nature Publishing

Group.
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Figure 10. (a) Superaligned CNTs film drawn out from a superaligned CNTs array on 8-inch silicon wafer. (b) Sheet resistance and
transmittance of freestanding superaligned CNTs film as a function of strain. Adapted with permission.'** Copyright 2010, Wiley-VCH. (c)
Resistance change of superaligned CNTs/PDMS composite film as a function of cyclic test. Inset: Schematic of fabrication of superaligned
CNTs/PDMS composite film. Adapted with permission.11” Copyright 2011, Wiley-VCH. (d) Capacitance change of device as a function of tensile
strain in both directions. Inset: Schematic of supercapacitor with biaxially stretching. Adapted with permission.!'> Copyright 2014, Nature

Publishing Group.
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Figure 11. (a) Resistance change of graphene on prestrained PDMS substrate as a function of strain. Insets: Resistance change of graphene

on unstretched PDMS substrate and photographs of stretching directions. Adapted with permission.®® Copyright 2009, Nature Publishing

Group. (b) Resistance change of bilayer graphene and MGG as a function of stretching cycles. Inset: Schematic of MGGs a stretchable

electrode. (c) Capacitance change of devices with monolayer, bilayer, trilayer graphene and MGGs electrodes as a function of strain. (d) The

all-carbon stretchable and transparent transistor for the switching of LED under 0% (left) and 100% (right) strain. Adapted with permission.122

Copyright 2017, American Association for the Advancement of Science. (e) Resistance change of the RY and NCRY sensors as a function of

strain. Inset: Photograph of PDMS coated RY sensor under stretching. (f) Resistance change of NCRY sensor under the bending motions. Inset:

Photograph of NCRY sensor sewed on the elbow wrap at the angle of 135°. Adapted with permission.3’8 Copyright 2015, American Chemical

Society.
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Figure 12. (a) Resistance change of PEDOT:PSS/acrylamide organogels with different weight ratios. Inset: Photograph of two LED lights circuit
interconnected with PEDOT:PSS/acrylamide organogel on the Ecoflex substrate under the strain of 200%. Adapted with permission.'33
Copyright 2015, Wiley-VCH. (b) Schematic of electroluminescent device sandwiched ZnS:Cu phosphor microparticles/PDMS layer between
both PEDOT:PSS/EMIM TCB transparent electrodes (top). Photograph of electroluminescent device under strain of 50% (Bottom). Adapted
with permission.’3* Copyright 2016, American Chemical Society. (c) Conductivity change of PEDOT:PSS composite with various STEC
enhancers. Inset: Schematic of PEDOT:PSS composite film with STEC enhancers. (d) The mobility change of 3 x 3 arrays of field-effect
transistors interconnected with PEDOT:PSS/STEC between 0% and 125% strain. Inset: Nine rigid field-effect transistor devices under

uniformly stretching in all directions. Adapted with permission.'3> Copyright 2017, American Association for the Advancement of Science.
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Figure 13. (a) Photograph of stretchable conductive fiber by injecting EGaln into the core of stretchable hollow fiber before and after
stretching. Inset: Cross section of stretchable conductive fiber. Adapted with permission.13® Copyright 2013, Wiley-VCH. (b) SEM image of
stretchable conductive fiber by dip-coating of EGaln. Inset: The stretchable fiber coated with EGaln. (c) Optical images of change in LED light
intensity under stretching up to 210% when the stretchable conductive fibers were applied as the interconnects. Adapted with permission.14?
Copyright 2018, I0P publishing. (d) Optical images of stretchable conductive liquid metal coil by injecting Galinstan into a micro-patterned
elastomer channel. (d) Photographs of liquid metal coil under biaxial stretching and releasing (Top). Then resistance change of coil as a
function of biaxial strain (Bottom). (e) SPL change of microphone as a function of strain. Inset: Schematic of setup for performance

measurement of microphone. Adapted with permission.'*3 Copyright 2015, Nature Publishing Group.
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Figure 14. (a) The transparent, high speed and large strain actuator by sandwiching a dielectric elastomer layer between two ionic electrodes

of polyacrylamide hydrogel containing a NaCl electrolyte with 100 um thick before and after applying voltage. (b) Resistance change of

hydrogel/electrolyte conductor and electronic conductors as a function of strain. Adapted with permission.’? Copyright 2013, American

Association for the Advancement of Science. (c) Resistance change of the PEDOT:PSA/n-PAA and PEDOT:PSS/n-PAA hydrogels with different

weight ratios as a function of strain. Inset: Two LED lights interconnected with PEDOT:PSA/n-PAA hydrogel at 200% strain. Adapted with

permission.14’ Copyright 2018, Royal Society of Chemistry. (d) Photographs of the self-healing performance of PNAGA-PAMPS-PEDOT/PSS

hydrogel. Adapted with permission.'#® Copyright 2017, Nature Publishing Group.
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Figure 15. (a) Atomic force microscope (AFM) images of the two pristine conjugated polymers (P3HT and DPPT-TT) and their topography
morphology after blending with PCBM (P3HT:PCBM and DPPT-TT:PCBM). (b) Optical microscope images of PEDOT:PSS, PEDOT:PSS/DPPT-

TT:PCBM, and PEDOT:PSS/P3HT:PCBM at 0 % and 20 % strain. Adapted with permission.'®® Copyright 2012, Elsevier B.V..
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Figure 16. (a) Optical images of P3HT:PCBM and P3DDT:PCBM films under 10% strain. Adapted with permission.'>® Copyright 2013, Wiley-
VCH. (b) Optical images of the OPV stretched up to 100%. (c) AFM images of young’s modulus map of a PTB7:PC;;BM film and a

PTB7:PC;,BM:DIO film. Adapted with permission.158 Copyright 2017, American Chemical Society.
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Figure 17. (a) Optical images of a blue OLEC under 0% and 45% strain at 8V. Adapted with permission.?¢® Copyright 2011, Wiley-VCH. (b)
Device performance of a yellow OLEC device at 12 V under different strain. A photograph of a yellow OLEC wrapped around a 400 um
carboard is shown in the left inset. The right insets show optical images of a yellow OLEC under 0% and 120% strain. Adapted with permission.3
Copyright 2015, Nature Publishing Group. (c) A SEM image of the SuperYellow:ETPTA:PEO:LiTf blend film (100:15:15:4 by weight percent).
(d) Schematic illustration of a SuperYellow:ETPTA:PEO:LiTf blend film under strain. Adapted with permission.'’? Copyright 2016, American

Chemical Society. (e) Optical images of a white OLED under 0% and 130% strain driven at 14 V. Adapted with permission.* Copyright 2014,

Chemical Society Reviews
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Figure 18. (a) Optical images of a PU/P3HT/PU OFET under 0% and 150% strain. (b) The film morphology of P3HT under 0% and 200% strain.
Adapted with permission.t6! Copyright 2014, Wiley-VCH. (c) AFM topography images of the polymer film with PII2T main chain and
carbosilane side chain (PII2T-C8). The well packing structure of the nanofibrillar morphology can be observed. (d) Lamellar packing spacing

of the PII2T-C8 thin film under different applied strain (0-100 %). (e) AFM topography images of the PI12T-C8 thin film under strain. Adapted

with permission.’® Copyright 2016, American Chemical Society.
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Figure 19. (a) AFM topography images of the pristine PII2T film, the polymer film of PII2T incorporated with 5 % PBA side chain (PII2T-PBA5),
the polymer film of PII2T incorporated with 10 % PBA side chain (PII2T-PBA10), and the polymer film of PII2T incorporated with 20 % PBA
side chain (PII2T-PBA20). (b) Optical images of pristine PII2T, PII2T-PBAS5, PII2T-PBA10, PII2T-PBA20 under 0 %, 25 %, and 100 % strain.

Adapted with permission.'82 Copyright 2017, American Chemical Society.
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Figure 20. (a) Optical microscope images of both 20DPPTTEC, and 20DPPTTECx film at 0% and 20% strain. (b) AFM topography images of
20PPTEC and 20DPPTECx. The non-crosslinked film shows high crystallinity domain whereas the crosslinked film shows decrease in
nanofibrillar packing. Adapted with permission.1® Copyright 2016, Wiley-VCH. (c) The optical image of the P3HT-PE film stretched up to
600%. Necking was observed in the image which is due to plastic deformation of the film. Adapted with permission.'®8 Copyright 2007, Wiley-

VCH.
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Figure 21. (a) The schematic illustration of the morphology of the P3HT-PMA-P3HT triblock copolymer. (b) The stress-strain curve of the
P3HT-PMA-P3HT triblock copolymer. (c) AFM topography images of the P3HT-PMA-P3HT film under different annealing temperatures.

Adapted with permission.®” Copyright 2015, Royal Society of Chemistry.
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Figure 22. (a) Chemical structure of P1 to P6 semiconductor polymers and the schematic illustration of the stretching mechanism of the
semiconductor film through hydrogen bonding. (b) Dichroic ratio of P1, P3, and P5 polymers under strain (0 -100 %). (c) Field effect mobility
of P1 and P3 polymers under various strain. (d) Schematic illustration of the fabrication process of the TFT. (e) Schematic illustration of the
polymer healing process through solvent vapor treatment. (f) Field-effect mobility versus stretching-releasing cycles under various strain.

Adapted with permission.*® Copyright 2016, Nature Publishing Group.
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Figure 23. (a) Optical microscope image of the DPPT-TT/SEBS film under 100% strain and its AFM images. (b) A schematic illustration of the
nanoconfinement morphology embedded inside a soft elastomer matrix. Adapted with permission.®* Copyright 2017, American Society for
the Advancement of Science. (c) AFM phase images of P3HT-NF percolated PDMS rubber composite under various strain (0 — 50%). The
yellow errors are point at the rupture location of P3HT-NF.5° (d) Photographs of P3HT-NF percolated PDMS composite film under different
types of mechanical deformation.>® (e) Mobility and threshold voltage under various mechanical strain.>® Adapted with permission.>®

Copyright 2017, American Society for the Advancement of Science.
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Figure 24. (a) Schematic illustration of deformable transistor with serpentine FT4-DPP:PEO nanowires. Optical microscope images show the
serpentine FT4-DPP:PEO nanowires at 0% strain and 100% tensile strain. (b) Polarized optical microscope image (upper) and optical
microscope image (middle and lower) of FT4-DPP nanowire (PEO was etched away) under 0% strain (upper), 25% strain (middle), and release
back to 0% strain (lower). The arrows point at broken region on the nanowire. (c) Schematic illustration of the morphologies of FT4-DPP:PEO

composite nanowires at its pristine state (left) and under stretching state (right). Adapted with permission.'®® Copyright 2018, Wiley-VCH.
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Figure 25. Luminance of an OLED powered by a stretchable TFT with different strains (along channel length direction) and inputs. Drain supply

is -4.0 V. Adapted with permission.2%* Copyright 2015, Nature Publishing Group.
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Figure 26. Device performance of the intrinsically stretchable transistor arrays and coupled tactile sensors. Mobilities and threshold voltages
when the transistor was stretched (a) parallel and (b) perpendicular to the channel direction. “Rel” presents the value after the device was
released from 100% strain. (c, d) Mobilities and on currents of the device for 1 000 stretching cycles at 100% and 0% strain when the transistor

was stretched parallel and perpendicular to the channel direction. (e, f) Image and on current map of the coupled flexible tactile sensor

matrix with the accurate detection of legs from the artificial lady bug. Adapted with permission.29% Copyright 2018, Nature Publishing Group.
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Figure 27. Dielectric constants change with increased Al,O; concentration. Measured at 200 V AC and 400 Hz. Adapted with permission.2%°

Copyright 2014, Royal Society of Chemistry.
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Figure 28. Comparison of cellulose-nanofiber films containing 1.2 wt% AgNPs, AgNWSs and AgNFs. (a) Optical transmittance of film with AgNPs
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(left), AgNWs (middle) and AgNFs (right). (b) Schematic illustration of a capacitive touch sensor panel covered by high-k layer. (c) 2D mappings
of capacitance change on each touch sensitive panel with fingertip touch. (d) Photographs of smart phone with glass replaced by AgNFs

imbedded film. Adapted with permission.?1* Copyright 2017, Wiley-VCH.
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Figure 29. Dielectric gel. (a) Schematic illustration of a dielectric gel (b) Demonstration of a bioinspired lens with tunable focal length. Adapted

with permission.31! Copyright 2018, Nature Publishing Group.
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Figure 30. Scheme of the fabrication process of an elastomer with IPN structure. (a) Original acrylic film. (b) Biaxially pre-straining (400% x

400%). (c) Added and cured the additives to fabricate an interpenetrating network. (d) The interpenetrating network preserved most of the

pre-strain after releasing the external force. Adapted with permission.33° Copyright 2007, IOP Publishing.
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Figure 31. A six-dot Braille character display. (a) All six dots were at ON state. (b) Side view of OFF state. (c) Side view of ON state. (d) Braille

character (ON state) was touched by a human finger. Adapted with permission.22> Copyright 2012, SPIE.
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Figure 32. Demonstration of photonic rewritable papers showing selected digits. Scale bars are 3mm in length. Adapted with permission.

357

Copyright 2018, Wiley-VCH.
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Figure 33. Structure illustration and mechanical properties of bottlebrush-structured elastomers. (a) lllustration shows the interior brush-
like structures to lower the entanglement density of polymer backbones. Adapted with permission.3%> Copyright 2016, Nature Publishing
Group. (b) True stress as a function of areal expansion for 1: a conventional elastomer with linear elasticity, 2: a biaxially pre-strained

elastomer that exhibits strain-stiffening, 3: a bottlebrush structured elastomer. Adapted with permission.3>! Copyright 2016, Wiley-VCH.
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Figure 34. Self-healing donut-shape elastomer with liquid dielectrics. (a) Schematic of actuation process through pull-in transition. (b) A soft

gripper made of two stacks of actuators moved a raw egg. Adapted with permission.3’! Copyright 2018, American Association for the

Advancement of Science.
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Figure 35. Demonstrations of energy harvesting generators. (a) Structure of a multilayer triboelectric nanogenerator. (b) Top: Demonstration
of self-powered shoes that are based on multilayer triboelectric generators with the function of pedometer and fitness track enabled.
Bottom: The voltages of energy storage unit while the nanogenerators were driving the pedometer and the fitness tracker. Adapted with
permission.22° Copyright 2017, Wiley-VCH. (c) 20 LEDs were powered by tapping on a triboelectric nanogenerator when the generator was
(left) relaxed and (middle) stretched. Right: An LCD screen was driven by a transparent nanogenerator with finger pressing. Adapted with

permission.2?2 Copyright 2017, American Association for the Advancement of Science.
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Table 1. Summary of performance and applications of intrinsically stretchable conductive materials.

Design Rules Materials Rs (Q/sq)/T (%) Max Strain (%) Applications Ref.
AgNWs/PDMS 30/85 60 Heater 8
AgNWs/PU 1.8/50 80 Wearable sensor 87
Metal wires AgNWs/Poly(TBA-co-AA) 88.6/80 140 Actuator 92
on/embedded into AgNWs/PEDOT/DA 15/78 100 Healable conductor 95
stretchable polymer AgNWs/PU 44.7/82.7 60 Capacitive sensor %3
substrates AgNWs/Poly(acrylate) 17.25/80 50 Stretchable electrode 80
CuNWs/PDMS 12/80 10 Stretchable electrode 379
CuNWs/PU 8.5/70 90 Stretchable electrode 105
Carbon CNTs/PDMS 500/90 120 Capacitive sensor 380
materials/conductive Graphene/SEBS 637/95 120 Stretchable electrode 122
olvmer on Graphene/Optically clear adhesive 92/84.5 30 Actuator 120
stret?:h!ble olvmer Graphene/PDMS 280/80 30 Stretchable electrode 66
substraFt)esy Graphene/AgNWs/PDMS 33/94 100 Stretchable electrode 119
PEDOT:PSS/PDMS 46/82 10 Stretchable electrode 381
Stretchable conductive PEDOT:PSS 30/90 125 .Stretchable 135
olymer/CNTs film interconnect
P CNTs Sheet 1000/78 200 Loudspeaker 65
Table 2. Summary of performance of stretchable semiconductor materials.
Mobility at
Design Rule Materials Morphology Controls Stretchability strain of 0% Applications Ref.
[em2v-1s1)
P3DDT:PCBM Long alkyl chain 10% - 0sc 156
PTB7:PC;,BM:DIO Small grain domains 100% - 0sc 158
OF-B/PEO-DMA/LITf - 45% - OLEC 160
SuperYellow:ETPTA:PEO:LITf Crosslinking network 120% - OLEC 3
WLEP:OXD-7 IPN 130% - OLED 4
Microcracked P3HT Microcracks 265% 3.4x107? OFET 161
PII2T - 100% 50.7 x 1072 OFET 163
P1I2T-C8 Lamellar packing 100% 8.06 OFET 185
Maintain
) PII2T-PBA Reduce crystallinity 100% 0.8 OFET 182
electrical
properties
while lower 20DPPTTECX Crosslinking network 150% 0sc OFET 185
elastic modulus
P3HT-PE Reduce crystallinity 600% 2x107? OFET 168
Nanofibrillar network in
P3HT-PMA-P3HT ) 140% 9x10* OFET 167
rubbery matrix
Dynamic non-covalent
DPP-DMPA (P3) 100% 0.66 OFET 49
network
DPPT-TT:SEBS Nanoconfinement 100% 0.59 OFET 164
Nanofibril percolated
P3HT-NF/PDMS . 50% 1.4 OFET 192
rubber matrix
FT4-DPP:PEO Nanowires networks 100 >8 OFET 2
Semiconducting CNT Nanowire networks 100% 0.18 OFET 162
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SWCNT Nanowire networks 50% ~30 OFET 46
Table 3. Summary of performance and morphological control methods of intrinsically stretchable dielectric materials.
: . " . Actuation L
Focus Materials Inclusion Morphology Controls Dielectric Constant Applications Ref.
Performance
Silicone Poly(3-hex-ylthiophene) Polar group 2000@1Hz 7.6% @ 8 kV/mm Soft Robotic 273
PU-co-PEG PEG diacrylate Polar group 13@12Hz 20% 1000 cycles* TFT 276
SEBS Crosslinked azid Polar group 2.5@100Hz 100% 1000cycles* TFT 209
PDMS+PU IPN tet thyldisil ieti boxyl
4 etramethyldistioxane moleties + carboxy PN 12@1Hz 7.1% @ 200 kv/mm Soft Robotic 1
network groups
PDMS BaTiO; nanoparticles Inorganic nanofillers 9@100Hz-1MHz 50% 1000cycles* TFT 266
PU PolyCuPc Inorganic nanofillers 800@1Hz 9.3% @ 20 kV/mm Soft Robotic 289
56% trai 140
Acrylate copolymer Al,O; Inorganic nanofillers 8.5@100Hz 6 area strain@ Soft Robotic b
kV/mm
Increase dielectric P(VDF-TrFE) CuPc Inorganic nanofillers 425@1Hz -1.91% @ 13 kv/mm Soft Robotic 293
constant
PDMS TiO, nanotubes Inorganic nanofillers 4@1kHz 4.2% @ 40 kV/mm Soft Robotic 294
PU Barium titanate nanoparticles Inorganic nanofillers 13.6@1kHz 125% @ 27.3 kv/mm Soft Robotic 295
21.3% trail
SBAS Graphene oxide Conductive nanofillers 11@1kHz area strain @ Soft Robotic 303
33 kV/mm
Cellulose nanofibers-
Epoxy AgNFs Conductive nanofillers 9.2@120kHz - Capacitive sensor 21
PDMS Glycerol High permittivity liquid 16@1kHz - Soft Robotic 382
4-
acryloylmorpholine+
N,N'- Propylene carbonate/Ethylene carbonate High permittivity liquid 30-50@1k-10MHz 172% @ 4 kV/mm Soft Robotic 31
methylenebis(acryla
mide)
Le lasti 52.08 21.57
ower elastic Acrylate glycidyl methacrylate Long chain polymer 5.67@1kHz % @ Soft Robotic 315
modulus kv/mm
VHB 1,6 hexanediol diacrylate Interpenetrating network - 233% @ 300 kV/mm Soft Robotic 339
1,6-hi diol diacrylate &
Acrylate ! exanediol dacrylate Short-chain crosslinker 5@12Hz 314% @ 344 kV/mm Soft Robotic 109
dibutoxyethoxyethyl formal
Acrylate Trimethylolpropane triacrylate Short-chain crosslinker 371 70% @ 127 kV/mm Soft Robotic 354
Increase electrical
breakdown PDMS Monomethacryloxypropyl side chains Bottlebrush 2.94@1MHz 300% @ 10 kV/mm Soft Robotic 383
strength
Polysiloxane Butylthioether side chains Bottlebrush 5.4@1MHz 200% @ 53 kV/mm Soft Robotic 367
72 kV/mm (electrical
PDMS Polyphenylmethylsil A ti It: tabili: 3.9@1MH; Soft Roboti 369
olyphenylmethylsiloxane romatic voltage stabilizer @1MHz breakdown strength) oft Robotic
PDMS vegetable-based transformer oil Liquid dielectric - 37% @ 33 kV/mm Soft Robotic an

*Tensile stress cycle test for transistors
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