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materials. A common strategy to render 
stiff, straight inorganic materials stretch-
able is to create stretchable structures out 
of them, such as network, mesh, wavy, or 
coiled shapes. In general, at the system 
level three architectures/confi gurations 
can be employed to achieve stretchable 
electronics: i) stretchable active device 
components, ii) stiff active device islands 
and stretchable interconnects, and iii) a 
combination of the two. 

 Two fabrication approaches have been 
used to process inorganic materials: top-
down and bottom-up. Following the top-
down approach, stretchable structures 
can be created for both active device 
components and interconnects. [ 15–18 ]  For 
example, out-of-plane wavy structures 
have been patterned and transfer printed 
onto a prestrained substrate followed by 
releasing the strain to generate wavy struc-
tures. [ 19 ]  In-plane horseshoe-like struc-
tures have been fabricated, then trans-

ferred to stretchable substrates. [ 20,21 ]  The top-down approach 
offers precise microfabrication with excellent repeatability, and 
thus enables a highly viable route to high-performance stretch-
able electronics. A variety of exciting devices have been devel-
oped using this approach, including hemispherical eye cam-
eras, [ 22 ]  epidermal electronics, [ 23 ]  and conformal biointegrated 
electronics. [ 24–26 ]  

 As a complementary approach, bottom-up synthesized 
nanomaterials have been demonstrated as building blocks for 
stretchable electronics. Nanomaterials notably have superior 
material properties, large surface areas, and are potentially 
compatible with scalable fabrication processes (e.g., printing). 
While individually they are much more stretchable than their 
bulk counterparts (i.e., larger fracture strain [ 27–32 ]  their stretch-
ability can be further enhanced by introducing stretchable 
structures. [ 33,34 ]  So far, progress in nanomaterials for stretch-
able electronics has been mostly on stretchable interconnects 
or conductors (i.e., following the 2nd architecture mentioned 
above), while stretchable active device components using nano-
materials (e.g., stretchable transistors based on carbon nano-
tubes (CNTs) or graphene [ 35,36 ] ) are emerging. 

 In this review, we provide a summary of recent advances 
in stretchable conductors using bottom-up synthesized nano-
materials over the past fi ve years or so. Among the many nano-
materials that have been reported, carbon nanomaterials and 
metallic nanomaterials are particularly promising for stretch-
able conductors and related devices (e.g., capacitive sensors, 

 Stretchable electronics are attracting intensive attention due to their prom-
ising applications in many areas where electronic devices undergo large 
deformation and/or form intimate contact with curvilinear surfaces. On the 
other hand, a plethora of nanomaterials with outstanding properties have 
emerged over the past decades. The understanding of nanoscale phenomena, 
materials, and devices has progressed to a point where substantial strides in 
nanomaterial-enabled applications become realistic. This review summarizes 
recent advances in one such application, nanomaterial-enabled stretchable 
conductors (one of the most important components for stretchable elec-
tronics) and related stretchable devices (e.g., capacitive sensors, supercapaci-
tors and electroactive polymer actuators), over the past fi ve years. Focusing 
on bottom-up synthesized carbon nanomaterials (e.g., carbon nanotubes 
and graphene) and metal nanomaterials (e.g., metal nanowires and nano-
particles), this review provides fundamental insights into the strategies for 
developing nanomaterial-enabled highly conductive and stretchable conduc-
tors. Finally, some of the challenges and important directions in the area of 
nanomaterial-enabled stretchable conductors and devices are discussed. 

  1.     Introduction 

 Flexible electronics has been used in a wide range of appli-
cations, such as fl exible transistors, smart sensors, fl exible 
energy harvesting and storage, rollable displays, and artifi cial 
skins. [ 1–8 ]  The key advantages of fl exible electronics, compared 
with the fl at, rigid counterpart, include high fl exibility, low-cost 
manufacturing (e.g., ink-jet printing and roll-to-roll processing) 
and inexpensive substrate materials (e.g., plastics). However, 
fl exible electronics faces challenges for applications where 
devices undergo large deformation (e.g., bending, twisting and 
stretching) or intimately integrate with curvilinear surfaces 
(e.g., human skin), which calls for the emergence of stretchable 
electronics. [ 9 ]  

 Stretchable electronics is a technology that builds electronic 
circuits on top of a stretchable substrate or by embedding them 
in a stretchable matrix. [ 9–14 ]  The past decade has seen exciting 
progress in the fi eld of stretchable electronics, mainly through 
the exploration of inorganic materials in addition to organic 
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be the focus of this review. This review is organized as follows: 
In Section 2, we summarize the strategies for developing nano-
material-enabled highly conductive and stretchable conduc-
tors. In Section 3–6, we review the recent progress in stretch-
able conductors based on CNTs, metallic nanowires (NWs), 
graphene, and metallic nanoparticles (NPs), respectively. In 
Section 7, we survey the representative applications of the 
stretchable conductors. Before closing, challenges and future 
prospects of nanomaterial-enabled stretchable conductors and 
devices are discussed.  

  2.     Strategies to Render Nanomaterials Highly 
Stretchable and Conductive 

 For application as stretchable conductors, it is critical to render 
nanomaterials highly stretchable and conductive. For stretcha-
bility, a straightforward method is to deposit the nanomaterials 
on top of or to embed them inside elastomeric materials to form 
composites. Polydimethylsiloxane (PDMS) is a widely used 
elastomeric material. In order to enhance the adhesion between 
nanomaterials and a PDMS substrate, surface treatment by 
oxygen plasma, [ 37 ]  ultraviolet (UV) light, [ 38,39 ]  or chemicals [ 40 ]  
has been used to modify the naturally hydrophobic PDMS sur-
face with hydrophilic functionalities. Beyond forming compos-
ites, stretchable structures, such as wavy, coiled, net-shaped, 
spring-like structures are typically introduced to accommodate 
large deformations. 

  2.1.     Composites 

 One method to enhance the stretchability is to disperse nano-
materials into elastomeric materials, taking advantage of 
the electric performances of the rigid fi ller materials and the 
mechanical deformability of the soft matrix. Due to their large 
aspect ratio, 1D nanomaterials are excellent candidates as the 
fi ller materials, often in the form of fl exible and conductive 
scaffolds to construct effective conducting networks. [ 41 ]  The 
resistance of the resulting composite is generally sensitive to 
the strain, due to the dependence of the contacts between nano-
materials on the deformation. [ 42 ]  

 To obtain highly stretchable and conductive composites, 
a delicate balance should be kept between electrical perfor-
mances and mechanical deformability. High loading of conduc-
tive fi llers is required for high conductivity, which, however, 
increases the stiffness and reduces the stretchability of the com-
posite. [ 43,44 ]  Besides the quality of the fi ller nanomaterials (e.g., 
the aspect ratio and purity), the addition of surfactants and the 
selection of processing methods play a vital role in the quality 
of the composite (e.g., fi ller distribution, homogeneity, fi ller 
orientation, and resulting mechanical and electrical perfor-
mances). [ 45 ]  Homogeneous dispersion of fi llers within the sur-
rounding polymer matrix is crucial. [ 46 ]  Dispersion techniques 
(e.g., ultrasonication, [ 44,45 ]  hot pressing, [ 41 ]  jet-milling, [ 47 ]  and 
shear mixing [ 45,48,49 ]  or exfoliation agents (e.g., ionic liquids 
 [ 41,44,47,50,51 ]  have been adopted to ensure the uniformity and 
density of the composite. Perforation and rubber coating [ 41,50 ]  

have been used to increase the elasticity of the composite. 
Note here the fi llers are randomly distributed in the polymer 
matrix. For more details, a recent summary on the conductive 
composite elastomers is provided by Jeong and co-workers [ 52 ]  
Besides as fi llers, nanomaterials in the form of thin fi lms can 
be coated/deposited onto or embedded into the elastomeric 
materials to achieve stretchability. 

 Typically such nanomaterial fi ller/polymer matrix and nano-
material fi lm/polymer matrix composites are stretchable with 
reasonable conductivity but the conductivity decreases with 
the applied strain due to the decreased contact area between 
the nanomaterials as a result of sliding. Only by further intro-
ducing stretchable structures, such as net-shaped or wavy struc-
tures, [ 53–56 ]  as discussed in the following sections, could stretch-
able conductors with stable conductance be achieved.  

  2.2.     With Prestrain 

 Since the pioneering work of thermally induced buckling of 
metal thin fi lms on PDMS substrates, [ 57 ]  there has been much 

 Shanshan Yao  received her 
B.S. in microelectronics and 
M.S. in microelectronics and 
solid-state electronics from 
Xi’an Jiaotong University in 
2009 and 2012, respectively. 
She started Ph.D. studies 
in mechanical engineering 
at North Carolina State 
University from the fall of 
2012. Her research inter-
ests include growth, nano-

mechanics, and device applications of nanowires and 
two-dimensional materials.

 Yong Zhu  received his B.S. 
degree in Mechanics and 
Mechanical Engineering from 
the University of Science 
and Technology of China, 
China, in 1999, and his 
M.S. and Ph.D. degrees in 
Mechanical Engineering from 
Northwestern University 
in 2001 and 2005, respec-
tively. He was a postdoctoral 
fellow at the University of 

Texas at Austin from 2005 to 2007. He is currently an 
Associate Professor in the Departments of Mechanical and 
Aerospace Engineering, Materials Science and Engineering 
and Biomedical Engineering at North Carolina State 
University. Zhu’s research interests include mechanics of 
nanomaterials, micro/nano-electromechanical systems, 
and fl exible/stretchable electronics.

Adv. Mater. 2015, 
DOI: 10.1002/adma.201404446

www.advmat.de
www.MaterialsViews.com



3wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IEW

interest in buckling structures for stretchable electronics. 
Mechanical buckling has been demonstrated to be a promising 
approach to realize stretchable “wavy” structures on elasto-
meric substrates. Brittle, inorganic materials could buckle and 
become stretchable with this approach. The strategy of pre-
strain–release–buckling is schematically illustrated in  Figure    1  a, 
which consists of three steps: i) prestraining the elastomeric 
substrate, ii) transferring or depositing the semiconducting or 
metallic materials onto the prestrained elastomeric substrate, 
and iii) releasing the prestrained substrate. The releasing step 
leads to the spontaneous formation of periodic, wavy struc-
tures, which can be bent, stretched, and compressed, similar 
to an accordion bellows. Upon stretching, the wavy structure 
accommodates the strain by the increased buckling wavelength 
and decreased buckling amplitude, rendering much less strain 
inside the materials themselves. As a result, the electric resist-
ance remains nearly constant during the stretching. The inter-
facial mechanical properties between the functional materials 
and the substrate are the key to determine the buckling pat-
terns and related dimensions. [ 33,54,58 ]  

    2.3.     Without Prestrain 

 In the prestrain–release–buckling strategy, a critical step is 
to prestrain the substrate, which might present a challenge 
for large-scale manufacturing processes (e.g., the roll-to-roll 

process). Alternative strategies are being 
pursued to avoid this prestraining step. One 
such strategy was recently demonstrated 
where the interface interaction between the 
functional materials and the substrate plays 
an important role. [ 54 ]  Following this strategy 
(as shown in Figure  1 b), the stretching step 
is performed after the functional building 
blocks are transferred/deposited onto the 
substrate. Upon stretching, the building 
blocks slide on the substrate (without much 
strain built in the blocks), but upon releasing 
the building blocks buckle (instead of sliding 
back). The resistance typically exhibits a 
dependence on strain history and achieves 
a stable value after the release step when a 
buckled structure is formed. [ 37,54,60 ]  

 Buckling of the building blocks can 
happen along the longitudinal direction 
(direction of the tensile strain) or the trans-
verse direction. [ 61 ]  Due to the Poisson effect, 
when the substrate is stretched in the longitu-
dinal direction, the building blocks along the 
transverse direction experience a compres-
sive strain, at a lower level (typically about 
half for elastomeric substrates). Based on 
this phenomenon, another strategy to avoid 
the prestraining step was demonstrated, [ 61 ]  
where the building blocks are transversely 
oriented. When the substrate is stretched in 
the longitudinal direction, the transversely 
oriented building blocks buckle; when the 

substrate is released, the buckled building blocks recover to 
their initial fl at state. This transverse buckling strategy offers 
an additional advantage, which is the much reduced strain in 
the transverse direction compared with that in the axial direc-
tion. [ 61 ]  This strategy particularly applies for 1D nanostructures. 
The drawback of this strategy is that it only works for uniaxial 
stretching (not biaxial stretching). All the stretching/releasing 
steps discussed in this section are after device manufacture.  

  2.4.     Other Stretchable Structures 

 In addition to the aforementioned strategies, others have been 
developed to introduce stretchable patterns, such as percolation 
nanomaterial networks, [ 62,63 ]  net-shaped structures [ 37,56,64,65 ] 
 and spring-like structures. [ 66 ]  1D nanomaterials such as 
CNTs [ 38,67 ]  and metal NWs [ 63,68–70 ]  can easily form networks by 
techniques like dispersing, [ 60,71 ]  electrospinning, [ 72 ]  or cross-
stacking aligned ribbons. [ 55 ]  Within a certain level of tensile 
strain applied, the nanomaterials will rotate and slide against 
each other to accommodate the strain. Net-shaped structures 
can accommodate most of the strain by the shape change 
(alignment of the net along strain direction), and thus maintain 
the conductive pathways during deformation. The net-shaped 
structures can be generated by forming fused junctions in the 
percolation networks (e.g., metal NW percolation network with 
junctions welded/soldered by graphene oxide [ 73 ]  and by thermal 
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 Figure 1.    Schematic illustrations of the mechanical buckling processes: a) Prestrain–release–
buckling and b) stretching–release–buckling along the longitudinal direction. Plasmonic 
welding of silver nanowire junctions: c) TEM image of a silver nanowire junction before (top) 
and after (bottom) illumination. Scale bar is 50 nm. d) The resistance of an individual silver 
nanowire and a crossed junction before and after 60 s illumination. Scale bar: 2 µm. c,d) Repro-
duced with permission. [ 59 ]  Copyright 2012, Nature Publishing Group.
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growth condition (e.g., CNT fi lms with continuous 2D reticu-
late structure [ 37,64 ] ), and fabricating nanomaterials using tem-
plates with network structures (e.g., interconnected networks of 
graphene grown using a nickel foam template [ 65 ]  and intercon-
nected networks of carbon nanofi bers derived from bacterial 
cellulose [ 56 ] ). As another stretchable structure, spring-like struc-
ture can be formed by twisting the CNT yarns and the strain is 
absorbed by straightening the loops. [ 66 ]   

  2.5.     Strategies to Enhance Conductivity and Transparency 

 With the strategies to create stretchable structures, the next 
question is how to impart high conductivity and even high 
transparency. The resistance of a nanomaterial network has the 
contributions from both the nanomaterials themselves and the 
junctions between them. Generally, the junction resistance is 
much higher and is the limiting factor for the conductivity of the 
whole network. In attempt to decrease the junction resistance, 
techniques such as high-force pressing, [ 74,75 ]  annealing, [ 76–78 ]  
plasmonic nanowelding [ 59,79 ]  and soldering by a second mate-
rials [ 73,80,81 ]  have been developed to increase the contact area 
at junctions or to locally melt the junctions together. A three 
orders of magnitude decrease in the junction resistance 
was achieved with light-induced plasmonic nanowelding 
(Figure  1 c–d). [ 59 ]  The pressing/nanowelding of the junctions 
work particularly well for metallic NWs, but for CNT and gra-
phene, the low conductivity of the materials themselves repre-
sents the main limiting factor of the overall conductivity. Thus 
doping can be employed to greatly enhance the conductivity of 
CNTs and graphene. [ 82–84 ]  

 Typically, the higher density of nanomaterials can have better 
electrical conductivity but at the cost of lower optical transmit-
tance. According to the percolation theory [ 85,86 ]  for random 2D 
conducting sticks (or fi laments), the critical bonding radius at 
percolation ( R  c ) and the stick density ( N  s ) satisfi es Equation   1   
and   2  : 

     =/ 2 2.118c sR r   
(1)

 

      π= 1/s sr N   
(2)

 

 which lead to:

     = 5.71s c
2N R   (3) 

   Clearly, for the case of 1D nanomaterials, the maximum 
radius for percolation is the length ( L ) of the conducting NWs 
or nanotubes and thus the critical density ( N  c ) to maintain the 
conductive network for electron transport can be determined by:

     = 5.71c
2N L   (4) 

   The conductivity of the network is given by:

     σ ∝ −( )cN N t

  (5) 

 where  N  is the density of the conducting sticks. For a given den-
sity ( N ) of the NWs/nanotubes, the longer the NWs/nanotubes, 
the lower the critical density ( N  c ) is, and thus a higher conduc-
tivity can be achieved. The use of longer metallic NWs has been 
shown to help obtain a better balance between conductivity and 
transmittance. [ 62,87 ]  Several fi gures of merit (FOMs) linking the 
conductivity and transmittance have been introduced to eval-
uate the performance of transparent conductors. [ 88–90 ]    

  3.     CNT-Based Stretchable Conductors 

 CNTs can be viewed as molecular-scale tubes of graphitic 
carbon with outstanding properties, including high mechan-
ical strength, elastic modulus, thermal conductivity, and elec-
trical conductivity. [ 91,92 ]  They can be synthesized using various 
methods, such as arc discharge, laser ablation, and chemical 
vapor deposition (CVD). [ 93 ]  CNTs can be mass-produced at rela-
tively low cost and therefore have attracted extensive academic 
and industrial interest. 

  3.1.     CNT/Elastomer Composites 

 In this section, we focus on stretchable conductors based on 
CNT composites (e.g., by dispersing CNTs into a polymer 
matrix). The superior properties of CNTs make them particu-
larly attractive as fi ller materials to form composites. Due to 
their remarkable mechanical properties, [ 94–96 ]  CNT composites 
are widely used to enhance the Young’s modulus, strength, and 
toughness of different polymer and ceramic systems. [ 97 ]  

 In the past few years, much effort has been devoted to fab-
ricating CNT/polymer composites for stretchable conductors/
electrodes, almost all of which are opaque. For instance, single-
walled CNT (SWNT) pastes have been prepared by uniformly 
dispersing chemically stable SWNTs in an elastic fl uorinated 
copolymer matrix. [ 50 ]  The SWNT pastes were perforated with a 
net-shaped structure and coated with PDMS to improve their 
elasticity. The resultant SWNT composite fi lms exhibited initial 
conductivity of 57 S cm −1 , which decreased to 6 S cm −1  for a 
uniaxially applied tensile strain of 134%. The same group then 
modifi ed the fabrication process by using an ionic liquid and a 
jet-milling process to ensure the uniform dispersion of longer 
and fi ner SWNTs in the fl uorinated copolymer matrix. [ 47 ]  The 
viscosity of the resulting SWNT rubber composite increased 
and the extra rubber coating and perforation steps were elimi-
nated, resulting in a process that is compatible with direct 
printing technologies ( Figure    2  a). The printed elastic con-
ductor can be stretched by 118% with a constant conductivity of 
9.7 S cm −1  (for 1.4 wt% of SWNTs) or by 29% with a constant 
conductivity of 102 S cm −1  (for 15.8 wt% of SWNTs), as shown 
in Figure  2 b and c. 

  To further improve the conductivity, Chun et al. [ 41 ]  reported 
printable and stretchable composite materials using both 
micrometer-sized silver fl akes and multiwall CNTs (MCNTs) 
as the fi llers, where the MWNTs decorated with silver nano-
particles serve as the fl exible scaffolds to bridge the conducting 
pathways among the silver fl akes. The addition of silver was 
found to greatly improve the conductivity. The hot-rolling 
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technique was used to increase the density of the fi lm; the 
elasticity of the fi lm was improved by perforation and embed-
ding into a nitrile butadiene rubber (NBR) substrate. The max-
imum conductivity of the hot-rolled and perforated Ag-MWNT/
NBR fi lms was found to be 5710 S cm −1  at 0% strain and 
20 S cm −1  at 140% strain. [ 41 ]  Besides introducing silver to 
enhance the conductivity of the CNT composite, p-type doping 
through acid treatment [ 98,99 ]  offers an alternative way to enable 
high conductivity at moderately low loading of CNTs, without 
sacrifi cing the stretchability of the composites. With a mod-
erately low SWNT content of less than 4 wt%, a very high 
stretchability was achieved in SWNT–ionic-liquid/silicone-
rubber composites sprayed onto an elastic substrate. [ 44 ]  After 
nitric acid treatment, the fabricated electrode possessed a high 
stretchability of 200% and the conductivity was maintained at 
18 S cm −1  after 20 stretch/release/stretch cycles. 

 In addition to stretchable and conductive CNT composites 
fabricated by dispersing CNT powder/ionic liquid in a polymer 
matrix, progress has been made to develop novel CNT-based 
stretchable conductors by infi ltrating conductive CNTs with soft 
polymers to form conducting networks. In these materials, the 
dynamic contacts between the CNTs remain effective during the 
stretching process. Shin et al. [ 43 ]  prepared highly elastic and con-
ductive composite sheets by infi ltrating MWNT forests with a 
polyurethane (PU) binder to form 3D accordion-like structures, 
which showed an extremely high failure strain (over 1400%). 
The resistance of the fi lm showed little change upon twisting 
and/or bending. After pretreatment by initial stretching/release 
cycles, the resistance of the composite sheet remained almost 
constant for a tensile strain up to 40%. By back-fi lling highly 
porous and conducting 3D networks of SWNTs (SWNT aero-
gels) with PDMS, Kim et al. [ 100 ]  fabricated stretchable conduc-
tors that were mechanically robust against repeated stretching, 
bending, or twisting deformations. The initial conductivity 
for the highly transparent SWNT-aerogel–PDMS composite 
fi lms and the opaque ones were 0.83 S cm −1  and 1.08 S cm −1 , 
respectively. The resistance stabilized after fi ve cycles of 
stretching/release for up to 100% tensile strain. 

 The performances of stretchable conductors with transmit-
tance lower and higher than 50% are summarized in  Table    1   
and  Table    2  , respectively. Commercially available carbon-fi lled 
rubber and carbon-particle-based conducting rubber are also 
included in Table  1  for comparison. For some applications, 
such as stretchable electrodes for capacitive strain and pres-
sure sensors and electroactive polymer actuators, the conduc-
tivity and stable strain range are not critical. However, for other 
applications, such as stretchable interconnects/electrodes for 
stretchable displays or integrated electronic circuits, a high con-
ductivity and a large stable strain range are usually required. 

     3.2.     CNT Ribbons/Films 

 While low-transparency conductors are useful as interconnects 
and electrodes, making them transparent will broaden the appli-
cations of stretchable conductors, such as stretchable displays 
and solar cells. Doped metal oxides, especially indium tin oxide 
(ITO), have been the dominant electrode material for optical 
devices. With the increasing costs due to the scarcity of indium 
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 Figure 2.    a) Fabrication processes of SWNT fi lm rubber paste and elastic 
conductor. b) The elastic conductors printed on PDMS sheet using screen 
printing through shadow masks. The inset shows the microscopy image 
of the printed elastic conductor. c) SEM image of the elastic conductor. 
The fi ner SWNTs were uniformly dispersed and formed well-developed 
networks in the fl uorinated copolymer matrix. a–c) Reproduced with per-
mission. [ 47 ]  Copyright 2009, Nature Publishing Group.
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  Table 1.    Summary of the performances of stretchable conductors with transmittance <50%. Commercially available carbon-fi lled rubbers are also 
included in the table for comparison. 

Materials Strategies Initial electrical properties Electrical properties under 
tensile strain

Applications

SWNT–fl uorinated copolymer 

composite [50] 

Composite  σ  a) : 57 S cm −1  σ : Stable at 57 S cm −1  within 

38% strain

–

SWNT–fl uorinated copolymer/

PDMS [50] 

Composite, Net-shaped 

structure
 σ : 57 S cm −1  σ : Decrease moderately, 6 S cm −1  

at 134% strain

Stretchable active matrix

SWNT–fl uorinated copolymer 

paste/PDMS [47] 

Composite  σ : 102 S cm −1  with 15.8 wt% 

SWNT, 9.7 S cm −1  with 

1.4 wt% SWNT

 σ : Stable at 102 S cm −1  within 

29% strain, or stable at 9.7 S cm −1  

within 118% strain

Stretchable active-matrix 

displays

Ag–MWNT–fl uorinated 

copolymer/NBR [41] 

Composite, Net-shaped 

structure
 σ : 5710 S cm −1  σ : Decrease with strain, 20 S cm −1  

at 140% strain

Stretchable LED interconnects

Nitric acid-doped SWNT-KE441/

acrylic elastomer [44] 

Composite  σ : ca. 63 S cm −1  σ : Stable at 18 S cm −1  within 

200% strain

–

MWNT forests–PU [43] Composite  σ : 0.5–1 S cm −1  R  c) : Almost constant for strain up 

to 40%

–

MWNT–PDMS composite [45] Composite  σ : ca. 10 −5  S cm −1  R : Increase with strain –

SWNT aerogel–PDMS [100] Composite  σ : 1.08 S cm −1  R : Stable within 100% strain –

Au/Pd-coated superaligned 

MWNT ribbon/PDMS [53] 

Prestrain (100%)-releasing-

buckling, Composite
 R  s  b) : 72 Ω sq −1  R : Stable within 100% strain Stretchable LED interconnects

Superaligned MWNT ribbon/

PDMS [54] 

Stretching–release–buckling, 

Composite
 R  s : 211 Ω sq −1  ( T : 40%)  R : Stable within 100% strain –

Cross-stacked Superaligned CNT 

fi lm-PDMS [55] 

Cross-Stacked structure, 

Composite
 σ:  63 S cm −1 ,  R  s : 405 Ω sq −1  , 

T  d)  :  39% for 4 layers

 R : Increase by 15% at 28% strain –

SWNT/VHB 4905 [71] Composite, Network  R:  ca. 300 Ω  R : Superlinearly increase, ca. 10 7  Ω 

at 700% strain

Dielectric elastomer 

actuators

Reticulate SWNT/PDMS [101] Net-shaped structure, Prestrain 

(100%)-releasing-buckling, 

Composite

–  R : Stable within 140% strain Stretchable supercapacitors

SWNT/PDMS [38] Prestrain (40%) releasing-

buckling, Composite

–  R : Stable within 40% strain Stretchable supercapacitors

SWNT/PDMS [102] Composite  R  s : ca. 170 and ca. 19 Ω sq −1  

for 1 and 5 layers

 R : Increase by less than 1.2 times 

within 100% strain

Stretchable LED interconnects

Superaligned CNT/PDMS [103] Prestrain (100%)-releasing-

buckling, Composite
 R  s : ca. 650 Ω sq −1  R : Increase by less than 6% within 

100% strain

–

CNT rope [66] Spring-like structure  σ : 440 S cm −1  R : Increase by 2% at 20% strain –

CNT fi ber/PDMS [104] Prestrain (40%)-releasing-

buckling, Composite

–  R : Almost stable within 40% strain –

Carbon fi ber/PDMS [56] Composite, 3D interconnected 

network
 σ : 0.20–0.41 S cm −1  R : Almost stable within 80% strain Stretchable LED 

interconnects

AgNW–PDMS [60] Composite, Network, Stretching 

(80%)–release–buckling
 σ : ca. 8130 S cm −1  σ : Stable at 5285 S cm −1  within 

50% strain

Capacitive sensors, 

Stretchable LED interconnects

AgNW–PDMS [105] Composite, Network  R : 9.8 Ω  R : Increase with strain up to 100% Stretchable batteries

AgNW–CNT/Ecofl ex [79] Composite, Network  R  s : 18 Ω sq −1  R : Increase with strain up to 480% Stretchable LED interconnects

AgNW–CNT/Ecofl ex [106] Prestrain (150%)–release–

buckling, Composite, Network
 R  s : 24–27 Ω sq −1  R : Increase with strain up to 460% Stretchable LED interconnects

PUS–AgNW–PDMS [107] Composite, 2D/3D binary 

networks
 σ : 8.35–19.2 S cm −1  

depending on the mass 

content

 R : Increase by 160% at 100% strain 

for the fi rst cycle

Stretchable LED interconnects

3D AgNW–PDMS [108] Composite, 2D/3D binary 

networks
 σ : 21.5 S cm −1  with AgNW 

density of 25 mg cm −3 

 R : Increase by 150% at 100% 

strain, almost stable within 50% 

strain after the second stretching

Stretchable LED interconnects
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and other limitations, including poor fl exibility, dramatically 
deteriorated conductivity under strain, and limited transpar-
ency in the near infrared region, [ 126 ]  new stretchable and trans-
parent electrodes are in demand to replace ITO. [ 127,128 ]  CNTs, 
metallic NWs, and graphene are all promising candidates. 

 To date, two main methods have been employed to fabricate 
CNT-ribbon/fi lm-based conductors: i) CNT ribbons consisting 
of aligned CNTs directly drawn from vertically grown CNT 
forests, and ii) deposition or embedding of randomly distrib-
uted CNTs onto or inside stretchable substrates such as PDMS. 
These methods are employed along with other strategies dis-
cussed in Section 2 to fabricate highly conductive, transparent, 
and stretchable conductors based on CNT ribbons/fi lms, 
which have shown promising potential for stretchable devices, 
including stretchable displays [ 47 ]  loudspeakers, [ 129 ]  pressure and 
strain sensors, [ 39,130 ]  and stretchable supercapacitors. [ 38,101 ]  

 CNT ribbons are sheets of continuous and unidirectional 
CNTs, in which the CNTs are uniform and aligned nearly par-
allel to the drawing direction. [ 131 ]  The key to producing CNT rib-
bons is to fabricate high-quality, superaligned, vertically grown 
CNT forests. [ 132 ]  To distinguish from an ordinary, vertically 
aligned CNT forest, superaligned CNT forests have much better 
alignment and stronger van der Waals interactions, and can be 
drawn into continuous fi lms or yarns, [ 133–135 ]  which originates 
from their very clean surface, narrower diameter distribution, 
and higher nucleation density. [ 131,136 ]  Superaligned CNT forests 

are typically grown by low-pressure CVD and  Figure    3  a shows 
a typical SEM image of a superaligned, vertically grown CNT 
forest. The drawing process from superaligned CNT arrays to 
fi lms and yarns is quite simple, where CNT bundles are joined 
end-to-end and aligned along the drawing direction, as schemat-
ically shown in Figure  3 b. A continuous ribbon can be obtained 
simply by using tweezers to pick off or blades to scratch off 
CNT bundles from the superaligned CNT array. [ 131 ]  The as-
drawn CNT ribbons are unidirectionally aligned, ultrathin 
(tens of nanometers), extremely lightweight, transparent, and 
conductive, and they can be fabricated in a large size by the 
roll-to-roll process. [ 129,131,137 ]  Figure  3 c shows an optical image 
of a transparent conducting fi lm drawn from a superaligned 
CNT forest/array. When preparing CNT ribbons and yarns, 
volatile solvents (e.g., ethanol or acetone) are commonly used to 
shrink the yarns/ribbons [ 53,55,132,138,139 ]  or increase the density 
of the cross-stacked superaligned CNT fi lms, [ 55 ]  mainly for two 
reasons: i) better interaction among the CNTs and thus better 
mechanical strength, and ii) decreased surface roughness 
leading to reduced light scattering but higher transmittance. 
The transmittance of a CNT fi lm can be improved by reducing 
the height of the superaligned CNT arrays through controlling 
the growth conditions [ 136 ]  and laser or oxygen-plasma trimming 
of the superaligned CNT arrays and as-drawn CNT ribbons. [ 137 ]  
The conductivity can be enhanced by metal deposition [ 53,137 ]  
and chemical doping. [ 37,39,82 ]  Ultrathin CNT fi lms have been 
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Materials Strategies Initial electrical properties Electrical properties under 
tensile strain

Applications

CuNW/VHB 4905 [109] Composite, Network  – Conductive within 200% 

area strain

Dielectric elastomer 

actuators

CuNW–PVA–PDMS [110] Porous structure, Composite  σ : 0.83 and 8.1 S cm −1  

(annealed) with PVA 

concentration of 10%

 R : Almost stable within 

60% strain

–

Ag-doped graphene fi bers/

PDMS [83] 

Prestrain (150%)–release–

buckling, Composite
 σ : 930 S cm −1 Conductive for 150% strain Stretchable LED 

interconnects

Graphene/VHB 4905 [111] Composite, Biaxi-

ally prestrain(10%, 

500%)–release–buckling

 R : ca. 8000 Ω ( T : 30%)  R : Increase with strain 

up to 450%

Dielectric elastomer 

actuators

GF–PDMS [65] Composite, 3D interconnected 

network
 σ : ca. 10 S cm −1  R : Increase by ca. 30% 

at 50% strain

–

AgNP/SBS fi ber mat [112] Composite  σ : 5400 S cm −1  σ : Decrease with strain, 

2200 S cm −1  at 100% strain

Stretchable antenna, LED 

interconnects, strain sensors

AgNP/wavy PDMS [113] Wavy structure, Composite –  R : Increase by ca. 3 times 

at 30% strain

–

AgNP/PU [114] Composite, 3D network  σ : 11 000 S cm −1  and 

1800 S cm −1  for 5 × LBL and 

5 × VAF composites

 σ : Decrease with strain, and 

2400 S cm −1  and 94 S cm −1  at 

110% strain for 5 × LBL and 

5 × VAF composites

–

Au nanosheet/SBS mat [115] Network  σ : ca. 33 333 S cm −1 Almost stable within 90% strain Stretchable transistors

Carbon-fi lled rubber (Stockwell 

Elastomerics, Inc.) [43] 

–  σ : 0.02–0.2 S cm −1 Strain at break: 100–275% –

Carbon particle-based con-

ducting rubber (Kinugawa 

Rubber Industrial) [50] 

–  σ : ca. 0.1 S cm −1  σ : Almost stable within 160% 

strain

–

    a)  σ : Conductivity;  b)  R  s : Sheet resistance;  c)  R : Resistance,  d)  T:  Transmittance.   

Table 1. Continued
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  Table 2.    Summary of the performances of transparent stretchable conductors with transmittance >50%. 

Materials Stretchable Strategies Initial electrical properties, a)  T  b) Electrical properties c)  
under tensile strain

Applications

Superaligned MWNT 

ribbon–PDMS [116] 

Stretching–release–buckling, 

Composite

60% Stable at 3.5 kΩ within 

100% strain

–

Superaligned MWNT ribbon/

PDMS [116] 

Prestrain (50%), Composite – Stable within 50% strain –

CNT/PtBA [67] Composite Composite: 500, 87% Resistance increase with strain 

up to 50%

Polymer light-emitting 

electrochemical cells (PLECs)

Doped SWNT fi lm/PDMS [39] Stretching–release–buckling, 

Composite
SWNTs: 328 Ω sq −1 , 79%; 

1100 S cm −1 , 68% for a 

100 nm fi lm

 σ  d) : Stable at 2200 S cm −1  within 

150% strain

Strain and pressure sensors

Reticulate SWNT fi lm–PDMS [37] Net-shaped structure, 

Composite

53, 62%; 20, 52%; 7, 16% Stable within ca. 40% strain Stretchable LED interconnects

Acid-treated SWNT–PU nanoweb/

VHB [117] 

Stretching–release–buckling, 

Network, Composite

SWNT–PU: 424, 63% Almost stable within 100% 

strain

–

SWNT aerogel–PDMS [100] Composite Composite: 0.83 S cm −1 , 

ca. 93%

Stable within 100% –

Ultralong AgNW/Ecofl ex [62,76] Prestrain (300%), Composite, 

Network

AgNWs on glass: 9, 89%; 

69, 95%

Slightly increase within 460% 

strain

Stretchable LED interconnects

AgNW–polyacrylate with 

5% AA [69] 

Composite, Network AgNWs: 50.1, 92.4%; 

7.4, 81.7%

Composite: 50.8, 90.2%; 

7.5, 79.6%

Increase with strain, 2.3 times 

at 50% strain.

–

AgNW–PtBA with 5% AA [68] Composite, Network Composite: 88.6, 80%; 10, 45% Increase with strain, within 

10 3  Ω sq −1  ( R  s ) at 140% strain

Bistable large strain actuation

AgNW/PU [118] Composite, Network Composite: 44.7, 82.7%; 8, 

74.6%

Increase with strain, highly 

conductive at 60%

Capacitive sensors

AgNW/dopamine-modifi ed 

PDMS [40] 

Composite, Network Composite: 35, 80% Almost stable within 15% strain Flexible LED interconnects

AgNW/PDMS [119] Prestrain (10%) in both axis, 

Composite

AgNWs: 14, ca. 85% Biaxially stable within 5% strain Stretchable LED interconnects

AgNW–PDMS–Zonyl [120] Composite, Network Composite: 4.5, 80% Increase with strain up to 100% Stretchable LED 

interconnects, stretchable 

photodetectors

PEDOT:PSS–soldered AgNW/

PEN [80] 

Composite, Network AgNWs: 600, 90%; 25, 85% Increase with strain up to 20% Flexible Touch-Panels

GO-soldered AgNW–PUA [73[ Net-shaped/fi shnet structure AgNWs: 26, 92.1%; 12, 86%

Composite: 26, 86.3%; 12, 

79.2%

Increase with strain, 10.6 times 

increase at 80% strain

Stretchable polymer LEDs

AgNP/PDMS [121] Zigzag structure, Composite ca. 10 4  S cm −1  ( σ ) for uniaxial 

stretchable conductor; ca. 70% 

( T ) for biaxially stretchable 

conductor

Highly conductive under 

ca. 50% uniaxial stain; for 

double-transferred sample, con-

ductive under 40% biaxial strain

Stretchable LED interconnects

CuNW–poly(acrylate) [122] Composite, Network Composite: 220, 91.5%; 5, 

70.5%

Increase with strain for strain 

up to 15%

–

CuNW–PU [70] Composite, Network CuNWs: 52, 86.7%; 8, 70.7% Increase with strain, below 

100 Ω sq −1  for strain up to 60%

–

Composite: ca. 56, 84.5%; 

ca. 8, 68.7%

CuNW/Ecofl ex [63] Composite, Network CuNWs: 37, ca. 80% Increase slowly with strain up 

to 250%

Touch panels

CuNF/PDMS [72] Composite, Network CuNWs: 200, ca. 96%; 50, 

ca. 90%; 12, 80%

Composite: 9.2, 50%

Increase by 5% at 10% strain –
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employed in a myriad of applications, such as polarizers and 
polarized light sources, [ 133,134 ]  incandescent displays, [ 140 ]  sur-
face-enhanced Raman scattering (SERS) substrates, [ 141 ]  trans-
mission electron microscopy (TEM) grids, [ 142 ]  and CNT touch 
screens. [ 137 ]  

  Due to their unique properties, promising stretchable con-
ductors have been fabricated either by creating wavy structures 
out of otherwise-fl at CNT ribbons or by using cross-stacked 
CNT ribbons. Zhang et al. [ 116 ]  fabricated transparent stretch-
able conductors by embedding continuous CNT ribbons into 
PDMS. The CNT–PDMS fi lm showed a transparency of ca. 
60% at wavelengths ranging from 400 to 800 nm, and excellent 
fl exibility and robustness. Under the fi rst stretching, the CNTs 
slid against each other, leading to improved alignment along 
the tensile direction and weakened CNT connections, and thus 
to an increase in resistance. Upon release, wavy structures were 
generated accompanied by better connections between the 
CNTs. As a result, only a small fraction of the resistance was 
recovered. After the wavy structure was formed, a stable resist-
ance (35.5 kΩ) was achieved for strains up to 100% after six 
stretching/release cycles. 

 With a similar stretching–release–buckling strategy, our 
group fabricated transparent stretchable conductors based on 
CNT ribbons after the device manufacture. [ 54 ]  Here, the CNT 
ribbons were transfer printed onto the top of a PDMS sub-
strate to investigate the detailed microstructural changes of the 
aligned CNTs under strain, which was not possible in previous 
work [ 116 ]  where the CNT ribbons were embedded in PDMS. 
It was observed that during stretching, the CNTs slid on the 
substrate and between themselves, which caused the increase 
in resistance; during release (compression), the CNTs formed 
periodic wavy structures in the lateral direction (in-plane), as 
shown in  Figure    4  a. Upon formation of the wavy structures, 
the resistance of the CNT ribbon remained constant during the 
following stretching and release cycles, as shown in Figure  4 b. 
A continuum-mechanics analysis based on the shear-lag theory 
was performed to correlate the observed sliding behavior with 
the interfacial mechanical properties between the CNTs and 
the PDMS. A stable resistance can be achieved in CNT-ribbon/
PDMS conductors in a wide strain range (>100%). 

  Using the prestrain–release–buckling strategy, CNT ribbons 
were transfer printed on top of a prestrained PDMS substrate 

to fabricate transparent stretchable conduc-
tors. [ 53 ]  Release of the prestrain caused out-of-
plane buckling of the CNT ribbons (Figure  4 c). 
The wavy CNT ribbons were able to accom-
modate large stretching up to the prestrain 
level (100%) with an increase in resistance of 
only about 4.1%, as shown in Figure  4 d. Note 
the resistance is normalized by its initial value 
at the zero strain. The small resistance change 
is due to the existence of fl at regions, where 
the CNTs slide under the applied strain. At a 
strain higher than the prestrain, the CNT rib-
bons showed a strain dependence of the resist-
ance because of the sliding between the CNTs, 
similar to the stretching–release–buckling sce-
nario. By coating the CNTs with a thin layer 
of sputtered Au/Pd, a fairly high electrical 
conductance was obtained. Applying the same 
prestrain–release–buckling strategy, the verti-
cally aligned CNTs were patterned and transfer 
printed with the assistance of a PDMS stamp, 
infi ltrated with PDMS, and then bonded 
to the prestrained PDMS substrate, and a 
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 Figure 3.    a) Side-view SEM image of the vertically grown CNT forest. Reproduced with permis-
sion. [ 53 ]  Copyright 2012, John Wiley and Sons. b) Schematic illustration of drawing yarns or 
fi lms from superaligned CNT arrays. Reproduced with permission. [ 131 ]  Copyright 2011, John 
Wiley and Sons. c) A transparent conducting fi lm drawn out of superaligned CNT arrays on 
an 8-inch silicon wafer. Reproduced with permission. [ 137 ]  Copyright 2010, John Wiley and Sons. 
d) SEM image of a 2-layer cross-stacked superaligned CNT fi lm. Reproduced with permis-
sion. [ 55 ]  Copyright 2011, John Wiley and Sons.

Materials Stretchable Strategies Initial electrical properties, a)  T  b) Electrical properties c)  
under tensile strain

Applications

Graphene/PDMS [123] Composite, Isotropically 

prestrain (12%)

Graphene on quartz plate: ca. 

280, ca. 80%

Stable biaxially within ca. 11%, 

increase by one order of magni-

tude at ca. 25% strain

–

PVA/Wavy Graphene/PDMS [124] Wavy structure, Composite Graphene: 600–1250, PDMS 

supported Graphene: 

50–60% ( T )

Increase with strain, ca. 2 times 

at 40% strain

Stretchable Supercapacitors

Graphene–AgNW/PDMS [125] Network, Composite Graphene–AgNWs: 

33, 94%

Almost stable within 

100% strain

Oxide semiconductor 

transistors, Stretchable ILED 

interconnects

    a) Sheet resistance (unit: Ω sq −1  unless otherwise indicated);  b)  T : Transmittance;  c) Resistance unless otherwise indicated;  d)  σ : Conductivity.   

Table 2. Continued
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resistance increase of less than 6% was 
observed for stretching up to the prestrain 
level (100%). [ 103 ]  

 In addition to a single layer of CNT rib-
bons, cross-stacked CNT ribbons, [ 141–144 ]  were 
used to create a cross-shaped conducting net 
(Figure  3 d). A stretchable conductor made 
of even layers of cross-stacked, superaligned 
CNTs embedded into PDMS showed a small 
resistance change within a strain of 28%. [ 55 ]  
The advantage of cross-stacked CNT-ribbon/
PDMS over single layers of CNTs is the 
isotropic electrical conductivity, making it 
potentially a biaxial transparent and stretch-
able conductor. [ 55 ]  

 In the second method, randomly distrib-
uted CNT fi lms, with or without reticulate 
structures, deposited on top of or embedded 
inside elastomeric substrates have been 
demonstrated as transparent and stretch-
able conductors. The most commonly used 
elastomeric substrate is PDMS, while other 
materials have been used. [ 67,71 ]  CNTs can be 
formed into thin fi lms by simple solution dis-
persion using methods like spray-coating [ 39,71 ]  
and Meyer-rod-coating. [ 67 ]  Alternatively, CNTs 

can be embedded in elastomeric substrates 
by over-coating the elastomeric material on a 
CNT fi lm, followed by polymerization of the 
elastomer. 

 Randomly distributed SWNTs sprayed 
onto a VHB 4905 substrate (from 3M) 
maintained a high conductivity under very 
high strains up to 700%, but the resistance 
increased with strain. [ 71 ]  Lipomi et al. [ 39 ]  
deposited transparent CNT fi lms on a PDMS 
substrate; upon stretching and release of 
the strain, a spring-like structure made of 
CNTs ( Figure    5  a) was generated. The suc-
cessful application of the stretching–release–
buckling strategy enabled the CNT/PDMS 
composite to be stretchable for strains up to 
150% while maintaining a high conductivity 
(2200 S cm −1 ) in the stretched state. When 
stretching and releasing the substrate in 
both axes, the fi lms exhibited buckling struc-
tures and stretchability in both directions 
(Figure  5 b). In other work, 2D SWNT macro-
fi lms were rendered stretchable by creating 
periodically sinusoidal patterns through 
the prestrain–release–buckling method 
(Figure  5 c). [ 38 ]  The SWNT fi lms were able 
to maintain a stable conductance within the 
strain range up to the prestrain level (40%). 
Very recently, an inkjet-printed SWNT-based 
stretchable conductor was reported. [ 102 ]  Sheet 
resistances of ca. 170 and ca. 19 Ω sq −1  were 
realized for 1- and 5-layer printed fi lms after 
nitric acid treatment. A resistance increase of 
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 Figure 5.    Schematics (left) and corresponding AFM phase images (right) of CNT fi lms on 
PDMS after stretching and releasing the PDMS along one axis (a) and along two axes (b). Scale 
bars: 600 nm. The dashed and solid white boxes indicate the CNT bundles buckled along the 
horizontal and vertical axes, respectively. a,b) Reproduced with permission. [ 39 ]  Copyright 2011, 
Nature Publishing Group. c) SEM image of a buckled SWNT macrofi lm on PDMS, where the 
buckling wavelength is 2 µm. Reproduced with permission. [ 38 ]  Copyright 2009, John Wiley and 
Sons. d) SEM image of the as-grown single walled carbon nanotube fi lms with hierarchical 
reticulate structures. The inset shows photographs of SWNT/PDMS stretchable conductor 
under bending and twisting. Scale bar: 500 nm. Reproduced with permission. [ 37 ]  Copyright 
2012, John Wiley and Sons.

 Figure 4.    CNT ribbon/PDMS stretchable conductor by the stretching–release–buckling 
strategy: a) An SEM image showing the lateral buckling of CNTs induced by stretching–release–
buckling. b) Resistance change of a CNT fi lm on top of PDMS as a function of applied strain. 
a,b) Reproduced with permission. [ 54 ]  Copyright 2012, John Wiley and Sons. CNT ribbon/PDMS 
stretchable conductor by the prestrain–release–buckling strategy: c) SEM image of a buckled 
CNT ribbon induced by releasing the prestrain of PDMS. Inset shows the high magnifi cation 
image. The images were taken by tilting the sample at an angle of 20°. d) Resistance of a CNT 
ribbon/PDMS fi lm as a function of tensile strain. c,d) Reproduced with permission. [ 53 ]  Copy-
right 2012, John Wiley and Sons.
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less than 20% was observed after the 5-layer fi lm was subjected 
to 100% tensile strain for 1000 cycles. 

  SWNT fi lms with a hierarchical reticulate structure 
(Figure  5 d) synthesized via fl oating-catalyst CVD possess a 
high conductivity (2000 S cm −1 ) and a high strength (350 MPa) 
owing to the unique 2D reticulate structure and the long inter-
bundle connections. [ 64 ]  By embedding this unique structure 
into PDMS, Cai et al. [ 37 ]  created highly transparent and stretch-
able conductors. The transmittance ranged from 62% to 16% 
at a wavelength of 550 nm with sheet resistance ranging from 
53 to 7 Ω sq −1 . After the fi rst several cycles of stretching/
release, it was observed that the fi lm became reversibly stretch-
able without much resistance change under a certain strain 
range (ca. 40%). The fracture strain was found to be 60% with 
a resistance increase of 125%. Taking advantage of the initial 
stretchability of the continuous 2D reticulate SWNT struc-
ture and the buckling surfaces that were rendered by pre-
straining and releasing a PDMS substrate, a stable resistance 
was achieved in the strain range of 140%. [ 101 ]  For strain within 
100%, the CNT–PDMS electrodes accommodated the strain 
mainly by the buckled patterns, while beyond that, the strain 
was largely absorbed by the deformation of the 2D reticulate 
SWNT bundles along the strain direction.  

  3.3.     CNT Fibers and Yarns 

 Another interesting CNT assembly that can be used for 
stretchable conductors is CNT fi bers or yarns, which have 
the potential to retain the excellent mechanical and electrical 
properties of the individual CNTs. [ 104 ]  The CNT fi bers can be 
produced by continuously dry- or wet-spinning of bunches of 
CNTs from vertically superaligned CNT arrays, [ 133,135,145,146 ]  
CNT solutions, [ 147 ]  melts with dispersed CNTs, [ 148 ]  or gas-
phase aerogels of CNTs. [ 149,150 ]  The fabricated CNT yarns 
typically show a very high strength-to-weight ratio [ 150 ]  and a 
high conductivity. [ 146 ]  Applications such as strain sensors, [ 151 ]  
tough composite fi bers, [ 152,153 ]  high-strength and highly con-
ductive composites, [ 138 ]  and torsional artifi cial muscles [ 154 ]  
have been demonstrated. The main limitation of CNT yarns 
for stretchable electronics is the limited stretchability, which 
is due to the irreversible sliding between the CNTs during 
stretching. [ 42,66,155 ]  The strain-to-failure values were generally 
less than 10%, [ 135,150 ]  for either as-fabricated yarns or yarns 
after alcohol and thermal treatments. [ 132 ]  Besides the early 
fracture at small strains, the sliding and irreversible deforma-
tion also deteriorate the conductivity of the yarns, showing as a 
rapid increase in resistance under strain. 

 To impart stretchability to the CNT yarns, two approaches 
have been developed: over-twisting the CNT yarns to form a 
spring-like structure [ 66 ]  and prestrain–release–buckling. [ 104 ]  
Representative structures following the two approaches are 
shown in  Figure    6  . In the fi rst approach, the CNT yarns were 
slightly over-twisted to generate a spring-like rope with self-
assembled loops (Figure  6 a–c). Under stretching, the rope can 
accommodate the strain by separating and straightening the 
loops, somewhat similar to the wavy or net-shaped structures. 
The reported stretchability is as high as 285%, 20 times higher 
than that of the original, straight CNT yarns. [ 66 ]  Besides the 

super-stretchability, the spring-like rope exhibits good strength, 
stable spring constants (within 20% tensile strain), and conductivity: 
The initial conductivity was 440 S cm −1 , which remained stable 
within a moderate strain of 20% for 1000 loading cycles. 

  Using the second approach, Zu et al. [ 104 ]  fabricated CNT-
fi ber-based stretchable conductors by releasing a prestrained 
PDMS substrate with the transferred CNT fi bers on top. To 
enhance the interfacial bonding between the CNT fi bers and 
the PDMS and facilitate the buckling of the CNT fi bers, a thin 
layer of liquid PDMS was coated on top of the CNT fi bers. 
While also using the prestrain–release–buckling method, the 
generated buckling shape is quite different from those for indi-
vidual CNTs, [ 156 ]  CNT fi lms, [ 38 ]  well aligned CNT ribbons, [ 53,54 ]  
silicon NWs, [ 33 ]  and silicon nanoribbons. [ 157 ]  Instead of sinu-
soidal or coil shapes, the CNT fi bers kink laterally, as shown 
in Figure  6 d. During the stretching/release cycle, the kinked 
pattern accommodates the strain by straightening and kinking 
back without apparent permanent fracture. An almost stable 
resistance was observed for strain levels up to the prestrain 
level (40%). 

 In addition to the yarns and fi bers made of CNTs, polymer 
fi bers coated with nanomaterials are emerging as conduc-
tors. [ 117,158,159 ]  An acid-treated SWNT/PU nanoweb was 
reported as a transparent stretchable conductor, where electro-
spun PU fi bers were used as the stretchable template/scaffold 
to guide the deposition of the CNTs without agglomeration. 
A conducting network with a small amount of CNTs was 
formed, with a sheet resistance of 424 Ω sq −1  at 63% transmit-
tance. By generating noodle-like structures in PU fi bers by the 
stretching–release–buckling strategy (Figure  6 e), the CNT/PU 
nanowebs exhibited almost constant conductivity under strains 
up to 100% after several cycles of stretching and release. [ 117 ]    

  4.     Metal-Nanowire-Based Stretchable Conductors 

 Despite the exciting progress of CNT-based stretchable con-
ductors, their conductance is still quite low (Table  1  and  2 ). 
Conductors with relatively low conductance are acceptable in 
voltage-driven devices (e.g., capacitive touch screens, electrowet-
ting displays, and liquid-crystal displays), but not for current-
driven devices like organic light-emitting diodes (OLEDs) and 
solar cells. [ 126 ]  Metal materials including thin metal fi lms, [ 160,161 ]  
metal grids, [ 162,163 ]  and metallic NWs have received much atten-
tion due to their high conductivity and ductility (i.e., large 
failure strain). While thin metal fi lms and metal grids are 
promising as transparent electrodes, [ 90 ]  their rigid nature limits 
their application in stretchable electronics. On the other hand, 
networks of metallic NWs are rather attractive as stretchable 
conductors. 

  4.1.     Silver Nanowires 

 Among all the metal materials, Ag has the highest electrical 
conductivity, [ 164 ]  by virtue of which silver NWs (AgNWs) are the 
most extensively studied metal nanostructures as conductors. 
AgNWs can be grown by a variety of methods, [ 165 ]  including 
the hydrothermal method, the polyol synthesis process, the 
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microwave-assisted process, the electrochemical technique, the 
UV irradiation technique, and the template technique, among 
which the polyol synthesis process [ 166–169 ]  is relatively simple 
with low cost and a high yield, and is thus widely used. In the 
polyol possess, metallic precursors (e.g., silver nitrates) are 
reduced by a polyol (e.g., ethylene glycol) with the presence of 
poly(vinylpyrrolidone) (PVP). AgNWs are typically grown with 
diameters of 30–200 nm and lengths of 1–20 µm. [ 127 ]  Recently, 
Lee and co-workers developed a successive multistep growth 
method for very long AgNWs, where AgNO 3  was reduced 
repeatedly in ethylene glycol in the presence of PVP. [ 62,76 ]  
 Figure    7  a–c show the very long AgNW ink, an SEM image, and 
the transparent electrode made of such AgNWs, respectively. 
The average length and diameter after seven reduction steps of 
AgNO 3  were reported to be 96.1 µm and 160 nm, respectively. 

  Besides excellent electrical conductivity, AgNW networks 
show a high transmittance for a wide range of wavelengths. 
In contrast, the transmittance of ITO electrodes deteriorates in 
the near-infrared. [ 126 ]  AgNWs also exhibit an interesting surface 
plasmon resonance property arising from collective oscillations 

of the conduction-band electrons upon interaction with the 
incident electromagnetic fi eld. [ 170,171 ]  Taking advantage of the 
surface plasmonic property, AgNWs have been used in a wealth 
of applications, including ultrasensitive biosensing [ 172 ]  and 
plasmonic waveguiding. [ 173,174 ]  

 Several deposition methods have been employed to fabricate 
AgNW-based electrodes from NW solutions, such as spray-
coating, [ 175–177 ]  vacuum fi ltration followed by transfer, [ 62,178 ]  
Meyer rod coating, [ 80 ]  and drop-casting. [ 164 ]  Much progress 
has been made to develop AgNW-based transparent elec-
trodes as a substitute for ITO. [ 88,89 ]  For example, De et al. [ 178 ]  
achieved optical transmittance  T  = 85% and sheet resistance 
 R  s  = 13 Ω sq −1  on a PET substrate. Hu et al. reported AgNW 
networks with 8 Ω sq −1  and 80% diffusive transmittance in 
the visible range. [ 126 ]  More recently, Leem et al. [ 179 ]  reported 
 R  s  ≈ 35 Ω sq −1  at 98% transmittance. Scardaci et al. [ 176 ]  dem-
onstrated that AgNWs can be spray-deposited over a large area 
to form networks with  T  = 90% and  R  s  = 50 Ω sq −1 . AgNWs 
on a PET substrate have been reported to have good fl ex-
ibility under bending [ 74,126,178 ]  and good conductance against 
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 Figure 6.    SEM images of yarn-derived spring-like CNT rope: a) SEM image showing highly uniform, perfectly arranged loops. b) High magnifi ca-
tion image of the loops. c) SEM image of the loop surface showing single-walled nanotube bundles. a–c) Reproduced with permission. [ 66 ]  Copyright 
2012, John Wiley and Sons. d) SEM image of the kinked CNT fi ber showing the in-plane kinked patterns enabled by prestrain-then-release the PDMS 
substrate. Reproduced with permission. [ 104 ]  Copyright 2013, John Wiley and Sons. e) SEM images of SWNT/PU nanoweb with noodle-like structure 
induced by the stretching–release–buckling strategy. The inset shows the magnifi ed image. Reproduced with permission. [ 117 ]  Copyright 2012, Royal 
Society of Chemistry.
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heat, water, acetone, and isopropyl alcohol (IPA) exposure. [ 126 ]  
Thanks to the superior optical/electrical performance and 
progress in the fabrication process, a wide range of fl exible 
devices using AgNWs have been successfully demonstrated 
at low cost, including organic light-emitting diodes (LEDs) [ 180 ]  
shape-memory polymer LEDs, [ 181 ]  and solar cells. [ 75,177,179,182 ]  

 With the strategies discussed in Section 2, AgNWs have 
also been explored recently as stretchable conductors. Pei’s 
group embedded a AgNW network below the surface of sev-
eral polymer matrices such as poly(acrylate), [ 69 ]  PU, [ 118 ]  and 
poly(tert-butylacrylate) (PtBA), [ 68 ]  to form compliant electrodes. 
The addition of acrylic acid (AA) into the polymer composi-
tion of PtBA and poly(acrylate) play an important role, and 
improves the adhesion between the polymer and AgNWs, and 
thus ensures good transfer of the AgNWs into the polymer 
matrix. The fabricated electrodes were endowed with excel-
lent compliance, high conductivity, and good transparency. A 
sheet resistance of 50.8 Ω sq −1  with transmittance of 90.2% 
and 7.5 Ω sq −1  with transmittance of 79.6% were achieved in 

AgNW–poly(acrylate) electrodes with 5% AA, and the sheet 
resistance increased by only 2.3 times at 50% strain. [ 69 ]  The 
AgNW–PtBA composite with 5% AA showed a sheet resist-
ance as low as 10 Ω sq −1  and remained conductive with a sheet 
resistance of 10 2 –10 3  Ω sq −1  at a strain of 140%. [ 68 ]  Alternatively, 
AgNWs were spray-deposited on a polydopamine-modifi ed 
PDMS substrate, where the polydopamine layer rendered a 
highly hydrophilic surface to enhance the adhesion of AgNWs 
with PDMS. [ 40 ]  The spray-deposited AgNWs demonstrated 
a low sheet resistance of 35 Ω sq −1  at 80% transmittance and 
good robustness against strain below ca. 15%. Recently, gra-
phene oxide (GO) was introduced to solder the AgNW junc-
tions, which greatly reduced the contact resistance, enhanced 
the stretchability and stability of AgNW networks. [ 73 ]  Stretch-
able conductors prepared by coating GO-soldered AgNW net-
works with polyurethane acrylate (PUA) showed transmittance 
of 86.3% with a sheet resistance of 26 Ω sq −1  or 82.5% with a 
sheet resistance of 14 Ω sq −1 . The resistance was increased by 
10.6 times under a tensile strain of 80%. 
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 Figure 7.    Very long Ag NWs fabricated by the SMG process: a) Digital image of the very long AgNW ink in ethanol. b) SEM images of AgNWs fabri-
cated after 7 SMG steps. Scale bar: 50 µm. a,b) Reproduced with permission. [ 62 ]  Copyright 2012, John Wiley and Sons. c) Image of a highly transparent 
conductor based on very long AgNWs on a glass substrate. Reproduced with permission. [ 76 ]  Copyright 2012, Royal Society of Chemistry. AgNW/
PDMS elastic conductors: d) The AgNW/PDMS elastic conductors with a linewidth of 800 µm patterned in parallel. The inset shows the conductors 
deformed by hand. e) SEM image of the buckled AgNW/PDMS surface after the stretching and releasing cycles. The inset shows the cross-sectional 
SEM image of the AgNW/PDMS layer. d,e) Reproduced with permission. [ 60 ]  Copyright 2012, John Wiley and Sons. f) Schematic illustration (left) and 
SEM image (right) of multiscale AgNW/CNT hybrid structures with relatively larger dimension of AgNW backbone (pink colored) and smaller dimen-
sion CNT branch (gray-colored) for electron transport. The scale bar on right SEM image is 300 nm. Reproduced with permission. [ 106 ]  Copyright 2014, 
John Wiley and Sons.
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able conductors. Ho et al. demonstrated biaxially stretchable 
conductors by transferring the AgNW network onto a biaxi-
ally prestrained (10%) PDMS substrate. [ 119 ]  While the stable 
strain range was not very high (up to 5%), it was suggested that 
longer NWs could potentially increase the biaxial stretchability. 

 Despite the efforts that have been taken to make AgNW 
electrodes stretchable, most AgNW electrodes have showed 
increasing resistance with applied strain [ 68,69,73,80,118 ]  or a small 
strain range for stable resistance (e.g., <20%), [ 40,119 ]  which 
limits their applications as stretchable conductors. Recently, 
Xu and Zhu [ 60 ]  demonstrated a promising approach to fabricate 
highly conductive and stretchable AgNW conductors by embed-
ding the AgNW network just below the surface of PDMS, as 
shown in Figure  7 d. The fi rst several stretching and releasing 
cycles within a strain range of 80% rendered a constant conduc-
tivity of 5285 S cm −1  in a large range of tensile strain (0–50%). 
Figure  7 e illustrates the underlying mechanism for the con-
stant resistance under the large strain: the AgNW/PDMS layer 
formed a periodic wavy pattern after stretching/release, in con-
trast to the initial, fl at surface. During stretching, the AgNWs 
slide between each other by overcoming the friction force; 
during release, the AgNWs cannot slide back, giving rise to the 
collective buckling of the top AgNW/PDMS layer and thus the 
wavy structure. Upon formation of the wavy structure, the con-
ductor maintains a nearly constant resistance as no further NW 
sliding would occur during stretching. 

 Percolation theory predicts that the required NW density to 
keep the same conductivity dramatically decreases as the NW 
length increases, owing to the longer percolation paths and 
reduced NW junctions. [ 76 ]  Effort has been devoted to manu-
facturing stretchable and transparent conductors with long 
NWs. Very long AgNWs prepared by seven reduction steps 
of AgNO 3  were vacuum fi ltrated and transferred onto a pre-
strained Ecofl ex, followed by a thermal annealing process to 
remove the residue PVP and facilitate nanowelding between 
the NWs. [ 62 ]  Transparent conductors with superior conductance 
(9–70 Ω sq −1 ), transparency (90–96% on glass) and stretchability 
(highly conductive under strain up to 460%) were achieved. 
The same group later eliminated the annealing/welding pro-
cess by using CNTs (with much smaller diameters of 1.2 nm 
and length of 2–10 µm) to promote the contact of the junction 
area and reduce the junction resistance. [ 106 ]  As illustrated in 
Figure  7 f, the addition of the CNTs improved the conductivity 
due to extra local conducting pathways and more fi rmly joined 
AgNWs junctions. The multiscale hybrid AgNW–CNT com-
posite transferred to a prestrained Ecofl ex substrate was able to 
accommodate tensile strain as high as 460%. 

 In addition to the 2D AgNW networks discussed above, hier-
archical 3D assemblies with binary network structures were 
designed by Yu and co-workers [ 107,108 ]  to enhance the electro-
mechanical stability of AgNW-based stretchable conductors. 
One way is to dip-coat a PU sponge with a AgNW network, as 
shown in  Figure    8  a and b, [ 107 ]  while the other way is to use ori-
ented growth of ice to guide the assembly of the AgNWs into 
highly ordered micronetworks with interconnected compart-
mental units, as shown in Figure  8 d and e. [ 108 ]  PDMS has then 
been introduced to encapsulate the above 3D structures. Under 
strain, both the 2D AgNW network and the 3D structure (PU 

skeleton for PU–AgNW–PDMS conductors and AgNW com-
partmental micronetwork for 3D AgNW–PDMS conductors) 
can deform to accommodate the strain, leading to an improved 
electromechanical performance, as illustrated in Figure  8 c and 
f, respectively. The PU–AgNW–PDMS conductors retained 
high conductivity (>19.2 S cm −1 ) and a small increase in resist-
ance under a tensile strain of 50%. For the AgNW compart-
mentalized architecture–PDMS conductor, the fi rst stretching 
by 100% tensile strain led to a resistance increase of 150%. 
After that, little increase in resistance was observed for strains 
within 50%. 

    4.2.     Copper Nanowires 

 Silver has a low natural abundance and AgNW-based elec-
trodes are reported to be not cheaper than those based on 
ITO. [ 176,183 ]  CuNWs thus become an appealing alterna-
tive due to the fact that copper has comparable conduc-
tivity to silver, [ 122 ]  is low cost (1% the cost of silver), and 
is more abundant (1000 times than silver or indium). [ 128 ]  
CuNWs can be fabricated by a number of methods, 
including aqueous-based reduction of copper salts, [ 183–185 ]  
non-aqueous self-catalytic growth, [ 87 ]  and electrospinning. [ 72,186 ]  
 Figure    9   shows CuNWs grown by several common methods. 
Much progress has been made to improve the performance 
of CuNW fi lms, in terms of sheet resistance, transparency, 
and fl exibility. With ultralong CuNWs and thus enhanced 
aspect ratio (Figure  9 c), Zhang et al. [ 87 ]  reported electrodes 
with a sheet resistance of ca. 90 Ω sq −1  at 90% transmittance. 
More recently, Guo et al. [ 78 ]  demonstrated a sheet resistance of 
51.5 Ω sq −1  at 93.1% transmittance with excellent fl exibility. A 
nearly constant transmittance over the UV–vis–NIR range and 
a high ratio of electrical conductivity to optical conductivity 
(ca. 93) were achieved. [ 78,87 ]  

  Wu and co-workers [ 109 ]  demonstrated that a CuNW network 
can reversibly slide on 3M VHB 4905 acrylic elastomer and 
serve as a compliant electrode for dielectric elastomer actuators. 
The CuNW network retains good conductivity at an area strain 
as high as 200%. Due to the fact that the transmittance changes 
during actuation, CuNW-based actuators can be used as light 
valves. CuNWs were also embedded with poly(acrylate) [ 122 ]  
and a PU matrix, [ 70 ]  and the resistance increased with applied 
strain. 220 Ω sq −1  and 91.5% transmittance, or 5 Ω sq −1  and 
70.5% transmittance were obtained for the poly(acrylate) matrix, 
while ca. 56 Ω sq −1  and 84.5% transmittance, or ca. 8 Ω sq −1  
and 68.7% transmittance were obtained for the PU matrix. 
Pretreatment by 6-aminohexanoic acid can facilitate bonding 
between CuNWs and the PU matrix, suppress the sliding of the 
CuNWs during stretching, and hence improve the stretchability. 
Although the resistance increased with applied strain, the resist-
ance can be kept below 100 Ω sq −1  for strains of up to 60%. [ 70 ]  

 The stretchability was signifi cantly improved in a plasmonic 
nanowelded CuNWs network that was transferred onto Eco-
fl ex. [ 63 ]  Fast and localized plasmonic heating and welding at 
the NW junctions was performed through a polarized laser to 
reduce the resistance, which avoided oxidation of the CuNWs 
during traditional bulk heating and damage to the substrate 
materials. The resulting CuNW/Ecofl ex can be stretched to 
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250% strain with slow resistance change with strain. Very 
recently, CuNW-based conductors with stable conductivity 
during strain were achieved by a CuNW–poly(vinyl-alcohol) 
(PVA) aerogel embedded with PDMS (Figure  9 d and e), where 
the addition of a trace amount of PVA stabilized the CuNW 
scaffolds and maintained the structural integrity during both 
the fabrication process and mechanical pressing/stretching. [ 110 ]  
The highly porous structure introduced through the freeze-
drying process enabled CuNW–PVA–PDMS ambers to endure 
a compressive strain of 60% and a tensile strain of 60%. No 

particular resistance change was observed after several cycles of 
stretching, as shown in Figure  9 f. 

 Electrospinning or electrostatic spinning offers a simple and 
versatile route to draw continuous NWs, often called ultrathin 
fi bers (with diameters ranging from a few micrometers down to 
a few nanometers) from solution or a melt. [ 187 ]  This process is 
widely used to generate numerous types of polymer fi bers and 
polymer composites. [ 188–190 ]  Electrospun sub-micrometer Cu 
fi bers or NWs have been reported [ 186 ]  where copper nitride or 
copper acetate were used as the precursor and polyvinylbutyral 
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 Figure 8.    Stretchable conductors with 3D hierarchical structures. PUS–AgNW–PDMS stretchable conductors: a) SEM image of PUS–AgNW before 
introducing PDMS. b) Schematic (left) and photograph (right) of PUS–AgNW–PDMS composite. c) Schematic illustration of the deformation of the 
PUS–AgNW–PDMS conductors during stretching. Both the 3D PU micro-network and the 2D AgNW (on the surface of PU) nano-network deform to 
absorb the strain. a–c) Reproduced with permission. [ 107 ]  Copyright 2013, John Wiley and Sons. AgNW compartmental architectures-PDMS stretchable 
conductors: d) SEM image for 3D AgNW compartmental architectures with 25 mg cm −3  of AgNWs before introducing PDMS. e) Schematic (left) and 
photograph (right) of 3D AgNW–PDMS composite. f) Schematic illustration of the deformation of the AgNW–PDMS conductors during stretching. 
Both the 3D compartmental micro-network and the 2D AgNW nano-network deform to absorb the strain. d–f) Reproduced with permission. [ 108 ]  Copy-
right 2014, John Wiley and Sons.
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or PVA were used as the matrix to generate composite fi bers, 
followed by thermal treatment to form copper oxide fi bers. 
After hydrogen reduction, these copper oxide fi bers could be 
reduced into copper fi bers. Wu et al. [ 72 ]  fabricated continuous 
Cu nanofi bers with a length of more than 1 cm and a diam-
eter of ca. 100 nm (Figure  9 g and h). A low sheet resistance of 
50 Ω sq −1  at a high transmittance of 90% was obtained as a 
result of the ultrahigh aspect ratio (up to 100 000) and fused 
junctions between the Cu nanofi bers. The Cu nanofi bers on 
PDMS showed good robustness against bending to a 6 mm 
radius of curvature and stretching to 10% strain. 

 Despite the relatively low cost and high performance, the 
poor stability against thermal oxidation and chemical corrosion 
of CuNWs and the resulting degraded conductivity over time 
may hamper their applications. Several ways are being explored 
to improve the long-term stability without sacrifi cing much 
of the conductivity and transparency, such as coating with an 
aluminum-doped zinc oxide (AZO)/aluminum oxide (Al 2 O 3 ) 
passivation layer, [ 191 ]  coating with nickel, [ 192 ]  coating with gra-
phene oxide platelet, [ 193 ]  embedding the materials underneath 
poly(acrylate), [ 122 ]  and treating them with hydrogen plasmas. [ 87 ]    

  5.     Graphene-Based Stretchable Conductors 

 Since the fi rst preparation of highly oriented pyrolytic 
graphite by mechanical exfoliation, [ 194 ]  graphene has become 
of central interest due to its unique two-dimensional struc-
ture with atomically thin carbon atoms arranged in a honey-
comb lattice, and its unique properties, including excellent 
electron mobility, high chemical and thermal stability, ultra-
high strength, large specifi c surface area, and low contact 
resistance with organic electronic devices. [ 195–198 ]  A myriad 
of applications have been demonstrated, such as electro-
chemical sensors and biosensors, polymer composites, 
fi eld-effect transistors and organic electronic devices, and 
energy conversion and storage devices. [ 195,199–208 ]  For these 
applications, large-scale synthesis and assembly of gra-
phene pose a major challenge. [ 209 ]  Various methods have 
been developed including epitaxial growth on SiC [ 210,211 ]  and 
metal surfaces, [ 212 ]  reduction from graphite oxide, [ 213–215 ]  
liquid-phase exfoliation, [ 216,217 ]  and CVD, [ 218,123 ]  among 
which CVD is relatively simple and can produce large-area, 
high-quality graphene. After growth, the graphene can be 
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 Figure 9.    a) An image showing as-grown CuNWs in reaction fl ask by reducing Cu(NO 3 ) 2  with hydrazine. b) SEM image of CuNW products in (a) with 
nanowires of 90 ± 10 nm and length of 10 ± 3 µm. One end was attached with copper particle as shown in the inset (scale bar: 200 nm). a,b) Reproduced 
with permission. [ 183 ]  Copyright 2010, John Wiley and Sons. c) Self-catalytic grown single crystalline ultralong copper nanowires with excellent dispers-
ibility. The average diameter was ca. 78 nm and lengths were tens to hundreds of micrometers and even several millimeters. Reproduced with permis-
sion. [ 87 ]  Copyright 2012, American Chemical Society. d) Schematic illustration of CuNW–PVA aerogel before PDMS embedding. e) Left: Photograph of 
the CuNW–PVA–PDMS rubber amber. Right: The rubber ambers could be cut-shaped into 1D, 2D, and 3D structures. Scale bars: 1 cm. f) Resistance 
of the CuNW–PVA–PDMS rubber amber as a function of tensile strain up to 60%. d–f) Reproduced with permission. [ 110 ]  Copyright 2014, American 
Chemical Society. g) Schematics showing setup (left) and fabrication steps (right) for electrospinning of Cu nanofi bers. h) SEM image of electrospun 
Cu nanofi bers with diameters of ca. 100 nm. Scale bar: 10 µm. g,h) Reproduced with permission. [ 72 ]  Copyright 2010, American Chemical Society.
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transferred onto arbitrary substrates with the assistance of 
PDMS, [ 123,111 ]  poly(methyl methacrylate) (PMMA), [ 219–221 ]  
or thermal release tape. [ 222–224 ]  Bae et al. reported thermal-
release-tape-assisted roll-to-roll transfer of 30-inch CVD-
grown graphene fi lms onto fl exible PET substrates, as 
indicated in  Figure    10  a and b. [ 224 ]  The transferred gra-
phene fi lms showed a high quality and a half-integer 
quantum Hall effect. A sheet resistance of ca. 30 Ω sq −1  at 
ca. 90% transmittance was achieved for p-doped four-layer 
graphene fi lms. 

   5.1.     Graphene 

 The transmittance of graphene is dependent on the number 
of layers with 2.3% light absorption for each layer of gra-
phene over the visible range. [ 225 ]  The electrical conductivity, 
however, strongly relies on the crystalline quality and surface 
morphology (uniformity, defects, etc.). [ 195 ]  The high transpar-
ency and good conductivity make graphene a promising can-
didate as transparent electrodes. [ 226–228 ]  Kim et al. reported 
large-scale, patterned synthesis of high-quality graphene using 
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 Figure 10.    a) Roll-to-roll transfer of graphene fi lms from a thermal release tape to a target substrate (PET fi lm). b) A 30-inch multilayer graphene 
fi lm transferred onto a 35-inch PET sheet. a,b) Reproduced with permission. [ 224 ]  Copyright 2010, Nature Publishing Group. c) Left: Graphene fi lms 
fl oating in solution after etching the nickel layers. Then the fl oating graphene fi lm can be transferred by direct contact with substrates. Right: Gra-
phene fi lms on the PDMS substrate. d) Resistance vs. tensile strain for a graphene fi lm transferred to PDMS substrate isotropically prestrained 
by 12%. The left inset shows the results for the graphene fi lm transferred to an unstretched PDMS substrate. The right inset shows the stretching 
process. c,d) Reproduced with permission. [ 123 ]  Copyright 2009, Nature Publishing Group. e) Top view SEM image of the wavy/wrinkled graphene on 
PDMS support. Reproduced with permission. [ 124 ]  Copyright 2014, American Chemical Society. f) Crumpled graphene fi lm generated by sequentially 
relaxing the substrate along two pre-stretched direction. Reproduced with permission. [ 111 ]  Copyright 2013, Nature Publishing Group. g) Photograph 
of a GF/PDMS composite under bending. Inset: SEM image of a freestanding GF with ultralow density. Reproduced with permission. [ 65 ]  Copyright 
2011, Nature Publishing Group.
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substrates by etching the nickel substrate on which the gra-
phene was synthesized (Figure  10 c). [ 123 ]  A sheet resistance of 
ca. 280 Ω sq −1  and a transmittance of ca. 80% were achieved, 
where UV/ozone thinning was adopted to improve the trans-
mittance. To enhance the electromechanical stability, the gra-
phene fi lm was transferred to biaxially prestrained PDMS 
(ca. 12% strain). After releasing the PDMS, both longitudinal 
and transverse resistance remained stable within 11% tensile 
strain, and increased by one order of magnitude at ca. 25% 
strain, as shown in Figure  10 d. An alternative way to render 
the graphene fi lm stretchable is to grow the graphene on wavy 
Cu foil instead of the planar one, followed by drop-casting 
PDMS and etching the Cu foil (Figure  10 e). [ 124 ]  The resulting 
graphene/PDMS exhibited transmittance between 50% and 
60%. Another coating of PVA on top of the graphene greatly 
suppresses the formation of cracks during stretching and thus 
enhanced the stretchability. The resistance of graphene/PDMS 
coated with PVA increased by ca. 2 times under tensile strain 
of 40%. 

 By sequentially releasing the biaxially prestrained VHB 
4905 substrate with a graphene fi lm on top along the two 
prestrain directions, self-organized, crumpled hierarchical 
structures can be formed, as shown in Figure  10 f. [ 111 ]  When 
stretching the substrate back in both directions, the crumpled 
structure can be “unfolded”. With unequal prestrains of 10% 
and 500%, the crumpled graphene conductor can accommo-
date an extreme strain of 450% along the direction with the 
higher prestrain. Interestingly the crumpled 
graph ene is superhydrophobic. The revers-
ible crumpling–unfolding process can be 
used to tune the wettability and optical trans-
mittance of the graphene. 

 Macroscopic 3D graphene foams (GFs) 
were synthesized by a template-directed CVD 
process using nickel foam as the template. [ 65 ]  
Owing to the well-interconnected 3D con-
ducting network, the GF/PDMS composite 
with low graphene loading of ca. 0.5 wt% 
showed good conductivity of ca. 10 S cm −1  and 
high fracture stain of ca. 95% (Figure  10 g). 
After being treated by fi ve cycles of 
stretching, the resistance increased ca. 30% 
under 50% tensile strain.  

  5.2.     Graphene-Based Hybrid Structures 

 Undoped graphene typically shows poor 
electrical conductivity owing to poor crystal 
quality, structural defects, or large interlayer 
resistance, [ 195 ]  which restricts its applica-
tion as a conductor. In order to enhance 
the conductivity, methods such as chemical 
doping [ 84,229–232 ]  and introducing CNTs [ 233 ]  
and metal nanostructures (e.g., depositing 
on top of graphene or mixing with gra-
phene) [ 83,234–236 ]  have been developed. Gra-
phene–Ag hybrid fi bers were fabricated by 

wet-spinning process and subsequent chemical reduction, and 
they exhibited enhanced conductivity and current capacity. [ 83 ]  
For Ag-doped graphene fi bers transferred onto PDMS pre-
strained by 150%, the conductivity was maintained for strains 
within 150%. In recent work, Lee and co-workers increased 
the conductivity of graphene fi lms by spin-coating a thin layer 
of AgNW network ( Figure    11  a) on top, where the conducting 
pathways of the graphene and AgNWs function complemen-
tary to each other, and a high resistance at defect areas in the 
graphene was circumvented (Figure  11 b). [ 125 ]  Consequently, a 
low resistance of 33 Ω sq −1  at a high transmittance of 94% was 
achieved. Graphene–AgNW on PDMS (Figure  11 c) exhibited a 
large strain tolerance of 100% with negligible resistance degra-
dation (Figure  11 d); in addition, the hybrid structure showed 
a much higher breakdown electric fi eld and better stability 
against thermal oxidation compared with pure AgNWs. 

     6.     Metal-Nanoparticle-Based Stretchable 
Conductors 

 In addition to 1D nanotubes/NWs and 2D graphene, efforts 
have also been made to employ 0D metal NPs, such as 
silver NPs (AgNPs), [ 237,238 ]  copper NPs, [ 239,240 ]  and gold NPs 
(AuNPs), [ 241 ]  to develop conductors. Stretchable conductors 
have been realized by combining wavy structures and/or poly-
mers with metal NPs, especially AgNPs. It is of note that NPs 
are often ink-jet printed, which offers a low cost, eco-friendly, 
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 Figure 11.    Graphene–AgNW hybrid conductors: a) Photograph (scale bar: 2 cm) and SEM 
image (inset, scale bar: 5 µm) of graphene–AgNW hybrid fi lm on a PET substrate. b) Sheet 
resistance of silver nanowires, graphene and hybrid structures at different NW densities. c) A 
photograph of graphene–AgNW hybrid fi lm on a PDMS substrate. Scale bar: 5 mm. d) Relative 
resistance change under various tensile strains. Reproduced with permission. [ 125 ]  Copyright 
2013, American Chemical Society.
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and convenient way to fabricate stretchable conductors. Chung 
et al. developed a stretchable conductor by ink-jet printing 
AgNPs onto a PDMS substrate with a wavy, roughened sur-
face. [ 113 ]  The wavy, roughened surface can improve the stretch-
ability owing to two features: i) it promotes the adhesion of 
the ink, and ii) it helps release the stress in the Ag fi lm during 
stretching. Another layer of PDMS was covered on top of the 
printed AgNP line to further improve the electromechanical 
stability. For tensile strains up to 30%, the resistance increased 
less than three times. A schematic and an optical image of the 
fabricated conductor are presented in  Figure    12  a. Hyun et al. [ 121 ]  
used the buckled polymer as a template to create AgNP-based 
stretchable conductors with wavy structures. The fabrica-
tion fl ow is shown in Figure  12 b. The polystyrene (PS)-coated 
PDMS was buckled by applying thermal or mechanical strain 
(i) and then the trench was fi lled with polymer gel and metal 
precursors (ii). After UV exposure to crosslink the polymer, 
and chemical reduction of the metal precursor into the AgNPs, 
AgNP–polymer composites were formed and patterned (iii). 
Figure  12 c shows an SEM image of the polymer-gel–AgNP com-
posite inside the trench. Following that, the composite patterns 
were transferred onto another PDMS substrate (iv). If the 2D 
strain of the PS-coated PDMS is released sequentially, ordered 
zigzag patterns can be generated, as shown in Figure  12 d. The 
AgNP conductors with zigzag patterns exhibited large conduc-
tivity (ca. 10 4  S cm −1 ) within the tensile strain range of 0–50%. 
Biaxially stretchable conductors with biaxial stretchability of 

40% were fabricated by transferring two zigzag patterns succes-
sively, as shown in Figure  12 e. 

  Besides introducing wavy patterns to develop AgNP-based 
stretchable conductors, stretchable conductors can be fabricated 
by creating conductive composite mats of AgNPs and electro-
spun poly(styrene- block -butadiene- block -styrene) (SBS) rubber 
fi bers. [ 112 ]  The composite mats were generated by fi rst dip-
ping SBS fi bers in a AgCF 3 COO precursor solution and then 
reducing the precursor into AgNPs. AgNPs can be found in the 
interior and on the surface of the fi bers. The AgNPs formed 
the solid shell on the surface of the fi bers and upon stretching; 
the AgNP shells began to rupture at a low strain. Both the 
electron pathways from the interconnected AgNPs inside the 
fi ber and the ruptured silver shell pieces connecting the fi bers 
contributed to the conductivity of the composite mat. For the 
composite mat with a thickness of 150 µm, a high conductivity 
of 5400 S cm −1  was achieved. The conductivity decreased to ca. 
2200 S cm −1  under a tensile strain of 100%, and to 610 S cm −1  
under tensile strain of 140%. 

 A high conductivity and high stretchability were also achieved 
in AuNP − PU composites, where citrate-stabilized AuNPs with 
a diameter of ca. 13 nm were used as the fi ller, and PU was 
used as the polymer matrix. [ 114 ]  Two fabrication methods, 
layer-by-layer (LBL) deposition and vacuum-assisted fl occulation 
(VAF) were used to fabricate the composite fi lms. The initial 
conductivity of a 5× LBL stack (laminated fi ve sheets of free-
standing LBL composite fi lm) and a 5× VAF stack composite was 
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 Figure 12.    a) Schematic (bottom) and optical image (top) of the inkjet-printed AgNPs based stretchable conductor. Reproduced with permission. [ 113 ]  
Copyright 2011, AIP Publishing LLC. AgNP–polymer composites with ordered zigzag patterns for stretchable conductors: b) Schematics showing the 
fabrication process. c) Low and high (inset) magnifi cation SEM images of the polymer gel and AgNPs composites inside the trenches. d) Schematic 
(inset) and image of the ordered zigzag patterns formed by successively releasing the 2D strains. e) Schematic (inset) and optical image of the biaxi-
ally stretchable conductor by transferring the zigzag patterns successively in a perpendicular confi guration. b–e) Reproduced with permission. [ 121 ]  
Copyright 2011, John Wiley and Sons.
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and 486%, respectively. The conductivity decreased to 3500 S cm −1  
for 5× LBL and 210 S cm −1  for 5× VAF at 60% tensile strain 
and 2400 S cm −1  and 94 S cm −1  at 110% tensile strain, respec-
tively. The extraordinary electromechanical performances can 
be ascribed to the stress-induced NP organization. The AuNPs 
self-organized into 3D cellular networks under tensile strain, 
due to the local phase separation of the AuNPs in the polymer. 
Owing to the existence of stress-induced cellular networks, the 
percolation threshold for the composite decreases and thus the 
conductivity is larger compared to the composite with the same 
volumetric fraction of the fi ller but without the self-organized 
networks.  

  7.     Device Applications 

 In the previous sections, we have reviewed 
recent progress in developing new materials 
and structures for stretchable conductors 
based on CNTs, metallic NWs, graphene, 
and metallic NPs. Imparted by the excellent 
mechanical compliance and high electric 
conductivity, these stretchable conductors 
can be integrated with other materials and 
structures to form stretchable devices and 
systems. In this section, we will summarize 
the recent efforts on this front. 

  7.1.     Stretchable Interconnects 

 A straightforward application of stretchable 
conductors is stretchable interconnects that 
can be used to connect rigid device compo-
nents, following the 2nd architecture men-
tioned in the Introduction. In representative 
work, SWNT pastes and conductors were 
used as interconnects for an array of organic 
transistors to form a 19 × 37 organic-tran-
sistor-based stretchable active matrix. [ 50 ]  The 
interconnects did not infl uence the character-
istics of the transistors and the active matrix 
showed negligible and recoverable change in 
electrical behavior after 30 stretching/release 
cycles for up to 70% strain. The stretch-
able interconnects have been widely used in 
stretchable LED systems where stretchable 
conductors connect and illuminate the rigid 
LED elements. The LEDs function well when 
the systems are stretched, [ 37,41,53,60,101,102,107,121 ]  
twisted, [ 53,119 ]  or folded. [ 53,60 ]  Sekitani et al. 
developed a 16 × 16-pixel rubber-like stretch-
able active-matrix display composed of 
16 × 16 driving cells, organic LEDs and elastic 
electrical interconnects (wirings) based on 
a printable SWNT-rubber composite. [ 47 ]  The 
highly conductive and stretchable conductors 
essentially absorbed most of the strain during 

stretching (30–50%), folding, and crumpling. The driving cell 
and organic LEDs experienced little strain, and thus the electrical 
and mechanical functions of the display system were maintained 
( Figure    13  a). In another example, the potential of the transparent 
and stretchable graphene–AgNW hybrid conductors in wearable 
electronics was demonstrated. A see-through single-pixel contact-
lens display was fabricated, where the inorganic LED (ILED) 
was integrated onto a soft and curved contact lens by using a 
graphene–AgNW hybrid conductor as the conformal electrical 
interface (Figure  13 b). [ 125 ]  The device was further studied in vivo 
by fi tting it on a live rabbit eye. Using the stretchable intercon-
nects to wire rigid device elements renders the otherwise rigid 
systems stretchable. The enhanced stretchability makes it pos-
sible for these systems to integrate onto arbitrary, even dynamic 
surfaces [ 47 ]  and sustain large deformations, including stretching, 
bending, twisting, and folding, greatly expanding their applica-
tion scope. 
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 Figure 13.    a) Images of a large-area stretchable display consisting of a driving-cell active matrix 
and organic LEDs integrated by printed CNT elastic conductors. The stretchable display can be 
spread over arbitrary curved surfaces and exhibit excellent durability under folding and crum-
pling. Reproduced with permission. [ 47 ]  Copyright 2009, Nature Publishing Group. b) Top: Sche-
matic illustration of the single-pixel contact lens display integrating an ILED on wearable eye 
contact lens using the graphene–AgNW hybrid electrode as the conformal electrical interface. 
Bottom: A photograph of the ILED-hybrid electrode-contact lens device on a rabbit eye. The 
right bottom inset shows the ILED part of the device. Scale bars: 5 mm (black), 300 µm (white). 
Reproduced with permission. [ 125 ]  Copyright 2013, American Chemical Society. c) Photographs 
of shape memory PLEDs emitting light when bent with a radius of 2.5 mm (left) and recovered 
to fl at shape after heating (right). Reproduced with permission. [ 181 ]  Copyright 2010, John Wiley 
and Sons. d) Schematics of stretchable PLED, where GO soldered-AgNW/PUA composite were 
used as both anode and cathode. e) Optical photographs of a fully stretchable PLED emitting 
white light at relaxed and strained states. d,e) Reproduced with permission. [ 73 ]  Copyright 2014, 
American Chemical Society.
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    7.2.     Stretchable Polymer Light-Emitting 
Devices 

 Polymer light-emitting devices with an emis-
sive polymer layer sandwiched by two highly 
fl exible/stretchable, transparent and con-
ductive electrodes have been demonstrated. 
AgNW–polyacrylate (as anode) and SWNT–
PtBA (as both anode and cathode) electro des 
have been used to fabricate polymer light-
emitting devices. [ 67,181 ]  Embedding the 
AgNWs or SWNTs into polymer matrices 
leads to conductors with good mechanical 
robustness and low surface roughness. These 
nanomaterial-polymer composite electrodes 
introduce new features to polymer light-
emitting devices: i) they can be deformed into various temporary 
or stable shapes, owing to the use of shape-memory polymers 
like PtBA and polyacrylate; ii) compared with LEDs using non-
stretchable electrodes, the high fl exibility of the AgNW–poly-
acrylate electrodes and the high stretchability of the SWNT–PtBA 
electrodes allow for large-strain deformations during bending 
with 8% tensile/compressive strain (for AgNW–polyacrylate-
electrode-based devices, Figure  13 c) or stretching up to 45% 
strain (for SWNT–PtBA-electrode-based devices) without losing 
much of the electroluminescent properties. Recently, Liang et al. 
introduced PUA-embedded AgNW percolation networks with 
junctions soldered by graphene oxides as both the anode and 
cathode to fabricate fully stretchable white polymer LEDs 
(Figure  13 d). [ 73 ]  As a result of the high stretchability and conduc-
tivity, the LEDs were stretched up to 130% strain without losing 
their functionality, as shown in Figure  13 e.  

  7.3.     Stretchable Capacitive Sensors 

 Two conductors with a dielectric layer sandwiched in between 
form a parallel-plate capacitor whose capacitance changes as 
a result of dimensional change, change in the dielectric con-
stant, or change in the surrounding electric fi eld, which forms 
the basis of many multifunctional sensors, such as strain, pres-
sure, and touch sensors in response to planar strain, normal 
pressure, or fi nger touch, respectively. [ 242 ]  Despite the visco-
elasticity of the polymer matrix and the friction between the 
nanomaterials and the polymer matrix under deformation, 
stretchable capacitive sensors typically exhibit low hysteresis, 
fast response, and good durability, and are less susceptible to 
overshooting and stress relaxation. [ 130,243 ]  A number of capaci-
tive sensors based on CNTs or AgNWs conductors have been 
reported. [ 39,60,130,118,242–245 ]  

 As shown in  Figure    14  , when a tensile in-planar strain ( ε ) 
is applied to a parallel-plate capacitor with the initial over-
lapped length  l  0 , width  w  0 , and separation  d  0  between the elec-
trodes, the electrode length increases to (1 +  ε ) l  0 , the width 
decreases to ν ε−(1 )electrode 0w , and the separation decreases to 

ν ε−(1 )dielectric 0d  due to the Poisson effect. Considering both the 
electrodes and dielectrics are mainly composed of polymers, 
we can assume their Poisson ratios to be 0.5; thus, under small 
strain the capacitance under tensile strain is given by:
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 where  ε  0  and  ε r   represent the electric constant and dielectric 
constant for the dielectric layer, respectively,  C  0  represents the 
initial capacitance. In theory, the capacitance change has a 
linear relationship with tensile strain. The gauge factor, defi ned 
as the relative change in capacitance divided by the mechanical 
strain, is calculated to be ε= Δ =/ 1.0GF C C  AgNWs embedded 
below the surface of PDMS, [ 60,242 ]  AgNWs embedded below 
the surface of PU, [ 118 ]  percolating CNTs networks encapsu-
lated inside PDMS, [ 243 ]  buckled CNTs on top of PDMS, [ 39 ]  
CNTs fi lm embedded inside PDMS or Dragon skin, [ 130 ]  micro 
contact printed CNT-doped PDMS [ 245 ]  and in situ polymer-
ized PU/MWNT elastomer [ 246 ]  have been used to construct 
stretchable capacitors. PDMS, [ 60,130 ]  Ecofl ex, [ 39,242,245 ]  Smooth-
on Dragon skin, [ 130 ]  and 3M tapes [ 118 ]  are the common choices 
for the di electrics. As a result of the fringing fi elds associated 
with fi nite-size parallel-plate capacitors, [ 243 ]  the reported gauge 
factors were generally less than the theoretical value. The sen-
sors exhibited good linearity and stability with ther gage factors 
ranging from 0.4 [ 39 ]  to 1. [ 60 ]  The stretchability of 50% [ 39,60,242 ]  to 
100% [ 130,243 ]  was demonstrated using highly stretchable con-
ductors. Such highly stretchable strain sensors are ideal for 
wearable electronics, human motion detection, rehabilitation, 
robot systems, and other applications, where the strain range 
far exceeds the detecting range of conventional metal-foil strain 
sensors (gauges). The wearability and large-strain sensing capa-
bility were demonstrated in monitoring various human motions 
( Figure    15  a–c)  [ 130,242 ]  and in a typical robotic linkage. [ 243 ]  

   Similarly, capacitive sensors can respond to an applied pres-
sure due to the decreased distance between the two electrodes 
(Figure  14 , bottom middle), also resulting in an increase in 
capacitance. By placing orthogonally patterned stretchable 
conductor lines, a grid of stretchable capacitors was fabri-
cated, capable of measuring the pressure applied on each pixel 
(i.e., pressure mapping) (Figure  15 d). [ 39 ]  The sensitivity of the 
pressure sensor depends on how “compliant” the dielectric 
layer is. A high sensitivity of 3.3 kPa −1  was achieved with a 
highly porous Scotch Tape as the dielectric. [ 118 ]  Crosstalk (the 
infl uence of the applied pressure on the adjacent pixels [ 39 ] ) is 
a challenge for such pressure-sensor arrays. Fortunately, since 
the stretchable materials are generally very compliant, these 
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 Figure 14.    Schematic illustrations showing the mechanisms of capacitive strain, pressure 
and touch sensing: the initial state (top), under strain (bottom left), under pressure (bottom 
middle) and under fi nger touch (bottom right).  A  0 ,  d  0  and  A ′,  d ′ represent the overlapped area of 
the electrodes and the separation between electrodes for the initial state and under the stimuli, 
respectively. Reproduced with permission. [ 242 ]  Copyright 2014, Royal Society of Chemistry. 
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 Figure 15.    a) Still pictures of the prototypical data glove (top) integrating a CNT-based capacitive strain gauge onto a rubber glove and corre-
sponding capacitive responses (bottom) when gradually folding (I–V) and then unfolding (VI–VIII) the fi ngers. The arrow in the bottom image in 
(a) indicates an accidental disruption of the copper wire. Reproduced with permission. [ 130 ]  Copyright 2013, Nature Publishing Group. Demonstra-
tions showing the large-strain sensing capability for capacitive sensors based on AgNW–PDMS stretchable conductors: b) Schematic showing the 
patellar refl ex experiment (left) and capacitance change/strain caused by knee motion in patellar refl ex (right). c) Relative capacitance change and 
strain versus time for various human motions. b,c) Reproduced with permission. [ 242 ]  Copyright 2014, Royal Society of Chemistry. d) Photograph of 
the CNT based capacitive pressure sensor array with enhanced contrast (left) and the pressure profi le indicated by capacitance change when 1 MPa 
pressure was applied on the central pixel (right). Scale bar: 1 cm (left,black), 2 mm (right, white). Reproduced with permission. [ 39 ]  Copyright 2011, 
Nature Publishing Group.
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stretchable pressure sensors exhibited much lower cross-
talk than those fabricated out of non-stretchable polyester 
fi lms. [ 39,247 ]  

 The same capacitor confi guration can be used for touch 
sensing as well. Different from strain and pressure sensors, 
the mechanism of capacitive touch sensors is based on dis-
turbing the fringing electric fi eld by a fi nger (Figure  14 , bottom 
right). The fringing electric fi eld of the sensor can be disturbed 
as long as a fi nger or other grounded conducting medium is 
in proximity, leading to a long sensing range. In addition, the 
sensor can be used in both pressing mode and proximity mode, 
and the capacitance changes are dominated by the interacting 
area and the distance between the fi nger and the sensor. [ 242 ]  
AgNW based stretchable touch sensors with interdigitated and 
diamond-shaped patterns were demonstrated by Cui et al. [ 244 ]  

 The capacitive sensors described above are mechanically 
compliant, simple in fabrication, and it is easy to integrate 
several functions into one device. [ 118,242 ]  The sensor can func-
tion well when more than one stimulus is present: the gauge 
factor for the strain sensor was found to be unchanged when 
touched. At the same time, the performance of the pressure 
sensor remained nearly the same when stretched. [ 118 ]  Their 
high sensitivity, good stretchability, and multifunctionality 
make capacitive sensors an excellent choice for artifi cial skins 
for robots and prosthetic devices, touch panels, and wearable 
smart devices. Transparency can also be imparted onto capaci-
tive sensors, [ 39,130,118 ]  so that the sensor can be incorporated 
into optoelectronic devices, such as solar cells and mechanically 
robust displays.  

  7.4.     Electroactive Polymer Actuators 

 Stretchable conductors can be used in actuators as well. An elec-
troactive polymer (EAP) actuator consists of two stretchable elec-
trodes (conductors) and an EAP layer sandwiched in between. 
Note that for EAP actuators the electrodes are often called com-
pliant electrodes. EAP actuators change shape (thinner in thick-
ness and larger in area) in response to electric stimulation, as a 
result of the Maxwell stress. EAPs have found broad applications 
ranging from soft robots to implanted medical devices, energy 
harvesters, and electromechanical systems. [ 248–251 ]  Stretchable 
electrodes based on CNTs, [ 71,252,253 ]  AgNWs, [ 252 ]  CuNWs, [ 109 ]  and 
crumpled graphene [ 111 ]  have been used to form EAP actuators. 
In EAP actuators, stretchable conductors are able to meet the 
mechanical and electrical requirements, i.e., they can withstand 
repeated large deformation with suffi cient electrical conduct-
ance to distribute charges evenly and have little constraint on 
the EAP deformation. [ 254 ]  An area strain of 100% was reported 
for VHB 4905 with CNT thin fi lms sprayed on both sides [ 71 ]  and 
200% for VHB 4905 with CuNW fi lms as the electrodes. [ 109 ]  The 
transmittance of the EAP actuators can be tuned by the defor-
mation, leading to actuators with tunable transmittance. The 
transmittance of CNT- and CuNW-based actuators increased as 
the area expanded, due to the decreased density of the CNTs [ 71 ]  
and CuNWs. [ 109 ]  The widely tunable transmittance (from 13% to 
58%, as shown in  Figure    16  a) of CuNW-based actuators means 
they can be used as light valves. [ 109 ]  Moreover, for the actuators 
employing crumpled graphene as the electrodes, the unfolding 

of the crumpled structure (Figure  10 f) during actuation (with 
100% area strain) tuned the transmittance from ca. 40% to 
ca. 60% (Figure  16 b and c). [ 111 ]  

  Pei’s group introduced bistable electroactive polymers (BSEPs), 
for example, PtBA, as dielectric elastomers to form actuators that 
possess the bistable electrically-induced actuation imparted by 
temperature control across the glass transition. [ 68,249 ]  The BSEPs 
used are rigid at room temperature, and become rubbery and 
thus deformable by the electric fi eld above the glass-transition 
temperature. Upon cooling below the glass-transition tempera-
ture, the deformation and rigid shape can be locked even when 
the voltage is turned off, allowing for rigid-to-rigid bistable defor-
mations, which can be useful in developing Braille displays. [ 249 ]  
The AgNW–PtBA composite modifi ed by AA can be used as 
both Joule heating electrodes to supply the temperature above 
the glass-transition temperature and electrodes to apply a high 
voltage for actuation. As indicated in Figure  16 d, the low voltage 
( V  L ) for Joule heating (heating rate as high as 17 °C s −1 ) was 
applied horizontally across the AgNW composites, and the high 
voltage ( V  H ) for actuation was applied to the top electrode. Repeat-
able out-of-plane actuation up to 68% was obtained at 45 MV m −1  
(Figure  16 e). [ 249 ]  In addition to the electrostatic actuation only, the 
compliant electrodes could allow for smart actuation with resistive 
or capacitive sensing of the strain during the actuation. [ 254 ]   

  7.5.     Stretchable Energy-Storage Devices 

 Stretchable energy-storage and conversion devices that can 
accommodate large strains represent another indispensable part 
of stretchable electronics. Interested readers are referred to recent 
reviews on this topic including stretchable supercapacitors, bat-
teries, and solar cells. [ 13,255,256 ]  Here, we focus on stretchable 
energy-storage devices based on nanomaterial-enabled stretch-
able conductors. As an important class of energy-storage devices, 
supercapacitors possess the advantages of high power density, 
fast charging/discharging, and long cycle life. [ 257,258 ]  Typically, a 
supercapacitor is composed of three components: the electrode, 
the electrolyte, and the separator, where the electrical charges 
are stored on high-surface-area conducting materials. [ 257,259 ]  Due 
to their high specifi c surface area, good electrolyte accessibility, 
good electrical properties, and excellent mechanical and thermal 
stabilities, CNTs and graphene have been widely investigated as 
potential candidates to replace traditional mesoporous carbon 
and activated carbon as electrodes. [ 202,257,258,260 ]  

 Recently CNT-based [ 38,101,261,262 ]  and graphene-based [ 124,263 ]  
stretchable conductors were employed to fabricate stretchable 
supercapacitors. The power density ( P ) in a supercapacitor is 
determined by  P  = V  2 /4 R  S , where  V  is the voltage and  R  S  is the 
equivalent series resistance. Hence, constant  R  S  under stretching 
is required to maintain a constant power density in stretchable 
supercapacitors. [ 38 ]  Yu et al. reported stretchable supercapaci-
tors using electrodes based on a periodically buckled, sinusoidal 
SWNT macrofi lm (2D network of randomly oriented SWNTs); 
the sinusoidal SWNT macrofi lm was formed by transferring the 
macrofi lm onto a prestrained PDMS (30%) followed by release 
of the prestrained PDMS. [ 38 ]  The super capacitors had stretch-
ability up to 30% without much deterioration in capacitance, 
cycling stability, power, and energy density. Their more recent 
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work [ 261 ]  adopted an elastomeric electrospun PU separator into 
the supercapacitor ( Figure   17 a) and tested the performance of 
the stretchable supercapacitors under real-time dynamic situ-
ations. The stretchable supercapacitors showed stable perfor-
mances under dynamic stretching/release with different strain 
rates, in addition to under a mechanically static state, [ 38 ]  as 
shown in Figure  17 b. The variation of the capacitive behavior 
was observed to be within 2% for all the strain rates. Using a 
similar prestrain–release–buckling strategy, Niu et al. employed 
SWNT fi lms with a continuous reticulate architecture as elec-
trodes, which were transferred onto a PDMS substrate with an 
enhanced prestrain level (100%) to generate the buckling struc-
ture. [ 101 ]  Stretchable supercapacitors with a high stretchability 
up to 120% were achieved. The schematic of this type of super-
capacitor is shown in Figure  17 c. The superior stretchability was 
ascribed to the buckled patterns, as well as to the continuous 
2D reticulate structure of the SWNT. A maximum power den-
sity of 32 kW kg −1  was obtained and it remained nearly constant 
up to 120% strain. As can be seen from Figure  17 d, there is no 
obvious change in galvanostatic charge/discharge curves with 
or without strain. The specifi c capacitances were 48 F g −  1  and 
53 F g −  1  for zero and 120% strain, respectively. 

  With wrinkled graphene electrodes grown on wrinkled copper 
fi lms (Figure  10 e), transparent supercapacitors that can be 
stretched to 40% strain without compromising much of the elec-
trochemical behaviors (i.e., CVs, charge/discharge performance, 
and specifi c capacitance) were demonstrated. [ 124 ]  Adopting the 
prestrain–release–buckling strategy, crumpled graphene papers 
(paper-like sheets fabricated from graphene oxide) with similar 
structures to those shown in Figure  10 f were used to develop 
extremely stretchable supercapacitors. [ 263 ]  To generate the crum-
pled structures, the graphene papers were attached to elastomeric 
substrates prestrained unequally (400% and 50%) or biaxially 
(400% and 400%) along two perpendicular directions and fol-
lowed by releasing the strain sequentially. The resultant superca-
pacitors tested with aqueous H 2 SO 4  solution can be stretched up 
to 300% uniaxial strain or 800% areal strain, with specifi c capaci-
tance of 166−196 F g −1  at a discharge rate of 1 A g −1  and good 
stability over 1000 cycles of stretch/relax. An all solid state super-
capacitor with polymer gel as the electrolyte and separator was fur-
ther demonstrated, which maintained good performance under 
large deformations (150% uniaxial strain or 300% areal strain). 

 Employing AgNWs embedded into a PDMS matrix as both 
the stretchable electroactive material and current collector, zinc 

 Figure 16.    a) A CuNWs based actuator before and after actuation with a 4.8 kV voltage. Before actuation, the actuator shows transmittance of 13% 
(top). After actuated to an area strain of 200%, the transmittance increases to 58% (bottom). Reproduced with permission. [ 109 ]  Copyright 2013, Amer-
ican Chemical Society. An actuator with crumpled graphene as electrodes: b) The area of actuators expanded with area strain over 100% as the voltage 
was applied. c) Transmittance of the actuator as a function of the area actuation strain. b,c) Reproduced with permission. [ 111 ]  Copyright 2013, Nature 
Publishing Group. d) A schematic illustration of the BSEP actuator using AgNW polymer composite as both the Joule heating electrodes and compliant 
electrodes for applying high voltage. e) Photograph showing the deformed circular active area of BSEP actuator under electric fi eld of 45 MV m −1 . 
d,e) Reproduced with permission. [ 68 ]  Copyright 2012, John Wiley and Sons.
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(Zn) electroplated on a AgNW/PDMS substrate as the anode, Lee 
and co-workers [ 105 ]  demonstrated stretchable Ag–Zn batteries, 
as illustrated in Figure  17 e. The two electrodes and the liquid 
electrolyte were encapsulated in a PDMS casing. The charge/dis-
charge curves for the battery without strain and with 80% strain 
are shown in Figure  17 f. The areal capacity of 0.11 mA h cm −2  
was observed for the battery without strain The stretchable bat-
tery maintained its functionality in the highly stretched states, 
exhibiting an areal capacity of 0.09 mA h cm −2  under 80% tensile 
strain. Development of stretchable and highly effi cient energy-
storage devices will help achieve better energy economy and 
facilitate the realization of self-powered wearable electronics.  

  7.6.     Other Applications 

 In addition to their applications like interconnects, LEDs, 
sensors, actuators, and energy-storage devices, stretchable 

conductors are being explored as other components in stretch-
able/wearable electronics. Motivated by the recent progress in 
the wearable electronics and the need for conformal wireless 
communication, a variety of fl exible and stretchable antennas 
based on nanomaterial-enabled stretchable conductors have 
been developed, including conductive composite mat of AgNPs 
and rubber fi bers, [ 112 ]  vertically grown CNTs embedded in a 
polymer, [ 264 ]  and AgNWs embedded in PDMS. [ 265,266 ]  By using 
two AgNW–PDMS sheets as the radiating element and the 
ground plane with a dielectric layer sandwiched in between, our 
group [ 265 ]  demonstrated a 3 GHz microstrip patch antenna and 
a 6 GHz 2-element patch array. The resonant frequency of the 
AgNW/PDMS patch antennas slightly increased with increasing 
tensile strain in the range of 0–15% ( Figure    18  a and b). The 
variability was small, such that most receivers were able to pick 
up the signal even if the antenna was stretched, but with a sen-
sitive enough receiver, the antenna could actually function as 
a strain sensor in its own right. A wider range of stretchability 

 Figure 17.    Dynamically stretchable supercapacitors based on buckled SWNT macrofi lm: a) Schematic illustration of the stretchable supercapacitor. 
b) Cyclic voltammograms of the stretchable supercapacitors under the dynamic stretching/releasing mode at scan rates 4.46% strain s −1 . The curves 
shift between the two CV curves under statically applied minimum (0%) and maximum (31.5%) strain. a,b) Reproduced with permission. [ 261 ]  Copy-
right 2012, American Chemical Society. Stretchable supercapacitors with buckled SWNT fi lms having continuous reticulate architecture as electrodes: 
c) Schematic illustration of the supercapacitor. d) The galvanostatic charge/discharge curves for buckled SWNT fi lm based stretchable superca-
pacitors with and without 120% strain. c,d) Reproduced with permission. [ 101 ]  Copyright 2012, John Wiley and Sons. Stretchable Ag–Zn batteries with 
AgNW–PDMS electrodes: e) Schematic illustration of the stretchable battery. f) Charge/discharge curves for the battery without strain and with 80% 
strain. e,f) Reproduced with permission. [ 105 ]  Copyright 2013, John Wiley and Sons.
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and tunability was demonstrated in dipole antennas based on 
Ag/SBS composite fi ber mats (Figure  18 c and d). A reliable and 
linear decrease of the resonance frequency was observed for 
tensile strains up to 80%, as shown in Figure  18 d. [ 112 ]  These 
pieces of work indicated a route in terms of materials and fabri-
cation techniques to achieve other types of stretchable antennas 
with more-complex patterns and multilayer structures. 

  In another application, stretchable photodetectors comprising 
AgNW percolating networks as electrodes and ZnO NWs [ 267 ]  
( Figure    19  a) or Zn 2 SnO 4  NWs [ 120 ]  (Figure  19 b) as the channel were 
developed. The whole structures were fully embedded into PDMS 
to improve the stretchability. For the ZnO-NW-based photo detector, 
the device functioned well under a large strain of 100% and showed 
great stability against adhesive testing and cyclic stretching under 
80% strain. For the Zn 2 SnO 4 -NW-based one, a transparent and 
stretchable photo detector was realized with response time of ca. 
0.8 s and reset time of ca. 3 s. The functionalities were maintained 
for stretching with up to 50% strain. Stretchable electrochromic 
devices with AgNW–PDMS elastic conductors and a WO 3  active 
layer are shown in Figure  19 c and d. [ 268 ]  A coloration time of 
4 s and a bleaching time of 25 s for the relaxed state and a colora-
tion time of 9 s and a bleaching time of 43 s for the stretched state 
(50% strain) were observed. These stretchable electrochromic 
devices were further implanted onto a cotton textile substrate and 
showed good mechanical robustness and proper functions under 
deformation. 

  The feasibility of applying stretchable conductors in tran-
sistors has also been demonstrated. [ 36,125,115 ]  With a higher 
electrical breakdown voltage, as compared with AgNW or 

graphene electrodes, graphene–AgNW hybrid structures were 
applied as source/drain electrodes in In–Ga–Zn–O (IGZO) 
thin-fi lm transistors (Figure  19 e), which exhibited high trans-
parency and fl exibility. [ 125 ]  A mobility of 8.2 cm 2  V −1  s −1  and 
an on/off ratio of ca. 10 6  were achieved. As shown in Figure 
 19 f, with Au nanosheets [ 269 ]  as the source/drain and gate elec-
trodes, a polyelectrolyte gel as the gate dielectric, electrospun 
poly(3-hexylthiophene) (P3HT) nanofi bers as the channel mate-
rial, and an electrospun SBS nanofi ber mat as the stretchable 
substrate, a highly stretchable transistor was fabricated by 
Jeong and co-workers [ 115 ]  Au nanosheets on stretchable SBS 
nanofi bers showed enhanced electrostability. A constant resist-
ance was achieved for strains up to 90%. A stable mobility of 
ca. 18 cm 2  V −1  s −1  and an on/off ratio of ca. 10 5  were observed 
for 1500 cycles of stretching under a tensile strain of 70%. 

 The advantages of stretchable conductors over fl at and rigid 
ones have also been demonstrated for bioelectronic sensing. 
CNTs and AgNWs have been used in dry bioelectrodes for 
electrophysiology measurements, such as electrocardiograms 
(ECGs), electroencephalograms (EEGs), and electromyograms 
(EMGs) [ 270–272 ]  to overcome the limitations of the widely used 
pre-gelled silver/silver chloride (Ag/AgCl) wet electrodes. The 
gel can cause skin irritation and dries over time. Also, the con-
ductivity of the gel is sensitive to sweat, which usually results 
in signal degradation. [ 270,272,273 ]  The dry electrodes, in contrast, 
can avoid any skin irritation. [ 270,274 ]  CNT-based dry electrodes, 
as an example, have been shown to be robust against sweat. [ 272 ]  
One challenge for dry electrodes, as well as wet electrodes is 
to mitigate motion artifacts. Stretchable and compliant dry 

 Figure 18.    Stretchable microstrip patch antenna composed of AgNW–PDMS stretchable conductors: a) Frequency response of refl ection coeffi cient 
for tensile strains ranging from 0% to 15%. The inset shows the photograph of the fabricated stretchable microstrip patch antenna. b) Simulation and 
measured resonant frequency during stretching and releasing under tensile strain from 0% to 15%. a,b) Reproduced with permission. [ 265 ]  Copyright 
2014, American Chemical Society. Half-wave dipole antenna based on electrospun Ag/SBS composite fi ber mats fabricated by nozzle-printing: c) Pho-
tograph of the half-wave dipole antenna. The inset shows the schematic illustration of the structure. d) Resonance frequency of the dipole antenna as 
a function of tensile strain. c,d) Reproduced with permission. [ 112 ]  Copyright 2012, Nature Publishing Group.
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electrodes, made of CNTs dispersed in PDMS, were found to 
achieve better contact during motion, and thus reduced motion 
artifacts. [ 272 ]  AgNW-based dry electrodes have been recently dem-
onstrated to achieve excellent signal quality (comparable with 
that of Ag/AgCl wet electrodes) and fewer motion artifacts than 
with the wet electrodes. [ 275 ]  The high signal fi delity under static, 
motion, and sweating conditions in conjunction with their non-
irritating and biocompatible nature makes CNT-based stretch-
able dry electrodes suitable for long-term health monitoring. 

 In view of the exciting progress and the ongoing efforts on 
individual stretchable components (e.g., interconnects, sensors, 
actuators, supercapacitors, antennas, and transistors), it is reason-
able to foresee the emergence of whole stretchable and wearable 
systems that combine these stretchable-conductor-based devices 
and other necessary circuit components in the next few years.   

  8.     Concluding Remarks and Perspective 

 Connectors and electrodes that can sustain large strain are indis-
pensable components of stretchable electronics. By harnessing 
the electric conductivity of nanomaterials and the stretchability 
of elastomers via plentiful types of stretchable structures, 

nanomaterial-enabled stretchable conductors that possess 
high electric conductivity and possibly high optical transpar-
ency have been realized. For example, conductivity higher than 
5000 S cm −1  (opaque conductors), [ 41,60 ]  transmittance larger than 
90% with resistance less than 100 Ω sq −1 , [ 62,69,73,125 ]  and stretch-
ability of ca. 500% [ 62,79,111 ]  have been demonstrated. While most 
conductors are stretchable in one direction, some have already 
been demonstrated to be biaxially stretchable. [ 39,119,121 ]  

 Notwithstanding the outstanding performances of nano-
material-enabled stretchable conductors, further development is 
needed in several directions, including nanomaterial synthesis, 
processing (manufacturing), and heterogeneous integration. 
Complementary to the technological advances, the underlying 
science encompasses many research topics of fundamental 
interest, from micro-/nanomechanics, to charge transport and 
its coupling to strain, to adhesion and interface science. As the 
building blocks of stretchable conductors, the advancements 
in large-scale, low-cost synthesis of high-quality nanomaterials 
will greatly facilitate the development of stretchable conductors. 
To further improve the conductivity, continuing efforts should 
be devoted to the effective doping of CNTs and graphene, and to 
the reduction of junction resistance in metallic NW networks. 
Percolation theory predicts that longer NWs lead to conductors 

 Figure 19.    Stretchable photodetectors using AgNW network as electrodes: a) Photograph of the stretchable photodetectors using ZnO NW as the 
channel. Three photodetectors are connected in series. Reproduced with permission. [ 267 ]  Copyright 2013, John Wiley and Sons. b) Schematic illustration 
(left) and photograph (right) of transparent and stretchable photodetectors with Zn 2 SnO 4  NW as the channel. Reproduced with permission. [ 120 ]  Copyright 
2014, Royal Society of Chemistry. Stretchable and wearable electrochromatic devices using stretchable AgNW–PDMS conductors: c) Schematic of the 
electrochromatic device. d) Relaxed (left) and stretched (with 50% strain) (right) conditions for the electrochromatic device in bleached (top) and colored 
(bottom) states. c,d) Reproduced with permission. [ 268 ]  Copyright 2014, American Chemical Society. e) Schematic of oxide semiconductor transistors with 
graphene/AgNW hybrid electrodes. Reproduced with permission. [ 125 ]  Copyright 2013, American Chemical Society. f) Schematic of the stretchable transis-
tors with Au nanosheets as S/D electrodes and gate electrode. Reproduced with permission. [ 115 ]  Copyright 2014, John Wiley and Sons.
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with a better balance of conductivity and transmittance. Haze 
is a problem for NWs with large dia meters. [ 127,176 ]  However, the 
synthesis of long and thin NWs with uniform diameter and 
good quality is still challenging. [ 76,87 ]  

 Scalable, high-rate nanomanufacture of stretchable conduc-
tors based on nanomaterials is critically needed. The top-down 
approach has seen remarkable success for stretchable electronics 
due to its compatibility with batch fabrication. [ 19 ]  While it is chal-
lenging for bottom-up assembly/patterning of nanomaterials [ 276 ]  to 
achieve the same level of precision, uniformity, and scalability, it is 
becoming feasible when combined with existing printing methods. 
Recent progress in screen-printing, [ 277,278 ]  spray-coating, [ 39,175,176,279 ]  
ink-jet printing, [ 280–284 ]  aerosol jet printing, [ 285–287 ]  and gravure 
printing [ 288,289 ]  of a variety of nanomaterials has been promising. 
Moreover, such printing methods typically offer a much lower cost 
than top-down micro/nano-fabrication. 

 Heterogeneous integration of nanomaterial-enabled stretch-
able conductors into stretchable systems represents another 
critical need. Key issues include interface bonding between the 
nanomaterials and substrates under large deformation, as well 
as the large contact resistance between the nanomaterial-based 
electrodes and other device components. [ 128 ]  Mechanics has 
been playing an essential role in the development of thin-fi lm-
based stretchable electronics; [ 57,157,290 ]  it is equally so for nano-
material-based stretchable electronics. It is known that, indi-
vidually, nanomaterials exhibit superior mechanical properties 
compared with their thin-fi lm counterparts. Hence mechanics 
at the interface of nanomaterials and polymer substrates is of 
particular importance, e.g., considering the magnitude differ-
ence of about fi ve orders in their Young’s moduli. Study into 
the interface mechanics between nanomaterials and polymer 
substrates in the context of stretchable electronics is emer
ging. [ 33,34,58,291,292 ]  

 Nanoscale science and engineering has been one of the most 
active research fi elds for more than two decades. Our under-
standing of nanoscale phenomena, materials, and devices has 
progressed to the point where we can make substantial strides 
in nanomaterial-enabled applications. As highlighted in this 
review, impressive advancements have been made to nanoma-
terial-enabled stretchable conductors over the past fi ve years or 
so. The related stretchable devices will signifi cantly expand to 
many areas where electronics are used. Some of the most com-
pelling areas, in our view, are in the healthcare sector. Wearable 
healthcare, a paradigm shift in health informatics that moni-
tors individual health conditions, is rapidly emerging. Novel 
nanomaterials with superior properties, innovative assembly/
patterning methods, and new concepts for structural design, 
as well as inspiration from stretchable electronics using top-
down fabricated structures [ 9 ]  will accelerate the advance of this 
emerging fi eld with broad applications in wearable sensors for 
health and activity monitoring, novel artifi cial skins for robots 
and prosthetics, conformal and intelligent interfaces, such as 
used in aircraft and smart homes, to name just a few.  
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