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Abstract−Stretchable electronics has evolved rapidly in the past decade because of its promising applications, as elec-
tronic devices undergo large mechanical deformation (e.g., bending, folding, twisting, and stretching). Stretchable con-
ductors are particularly crucial for the realization of stretchable electronic devices. Therefore, tremendous efforts have
been dedicated toward developing stretchable conductors, with a focus on conductive material/polymer composites.
This review summarizes the recent progress in stretchable conductors and related stretchable devices based on carbon
nanotubes (CNTs), which was enabled by their outstanding electrical and mechanical properties. Various strategies for
developing highly stretchable conductors that can deform into nonplanar shapes without significant degradation in
their electronic performance are described in terms of preparation processes. Finally, challenges and perspectives for
further advances in CNT-based stretchable conductors are discussed.
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INTRODUCTION

The field of electronics is rapidly evolving beyond conventional
rigid electronics based on Si materials toward a new paradigm of
stretchable electronics, where electronic devices can be deformed
in various ways. In the past decade, rapid developments in stretch-
able electronics have imparted mechanical flexibility and stretch-
ability to otherwise rigid and brittle electronic devices based on Si
wafers, introducing novel applications in wearable computers, arti-
ficial skins, health monitoring devices, smart clothes, etc. [1-6].
Various stretchable devices have been successfully developed, includ-
ing stretchable conductors, light-emitting diodes (LEDs), batteries,
displays, and sensors [7-12]. In these devices, stretchable conduc-
tors are basic and indispensable components of the stretchable elec-
tronic systems because they not only serve as electrodes but also
interconnect to other components.

A common strategy to obtain stretchable conductors is deposit-
ing nanomaterials on or embedding them inside elastomers to form
composites. The conductive materials can be a conducting poly-
mer such as poly(3,4-ethylenedioxythiophene) :poly(styrenesulfonate)
(PEDOT: PSS) [13,14], metal nanomaterials [15-17], graphene
[18,19], or carbon nanotubes (CNTs) [20-27]. These materials offer
good electrical conductivity, and the elastomers provide mechani-
cal deformability and protect the rigid conductive materials from
fracture under stretching. Among them, CNTs have great promise
for high-performance stretchable electronics owing to their out-
standing mechanical flexibility, electrical property of a high carrier
mobility, and chemical stability [28-30]. Although a few outstand-
ing review articles regarding stretchable electronics [31-34] including
metal nanowire-based stretchable conductors have been published

[35], a state-of-the-art review with a focus on the stretchable con-
ductor based on CNTs has never appeared.

In this review, we focus on CNT-based stretchable conductors,
along with their applications. In Section 2, we summarize the recent
advances in the fabrication methods of stretchable conductors using
CNTs. In Section 3, we summarize the representative applications
of these stretchable conductors. Finally, we discuss challenges and
future directions for CNT-based stretchable conductors and related
devices.

CNT-BASED STRETCHABLE CONDUCTORS

CNTs are composed of either one rolled graphite sheet (single-
walled CNT (SWCNT)) or multiple rolled graphite sheets (multi-
walled CNT (MWCNT)) in a cylindrical tube shape [36]. One-
dimensional (1D) CNTs with a high aspect ratio exhibit outstand-
ing properties, such as mechanical robustness, high thermal stabil-
ity, and good electrical conductivity [37,38]. For example, CNTs
have an extremely high aspect ratio exceeding 106, a Young’s mod-
ulus of ~1 TPa, a tensile strength of ~100 GPa, and a current-carry-
ing capacity of 109 A cm−2. These superior properties make CNTs
fascinating nanomaterials for stretchable conductors. CNT-based
conductors can be categorized into four types according to the
preparation process: i) CNT/polymer mixtures, ii) solution-pro-
cessed CNT film/polymer composites, iii) dry-processed CNT film/
polymer composites, and iv) CNT yarn/polymer composites.
1. CNT/Polymer Mixtures

At an early stage of development for the fabrication of CNT-based
stretchable conductors, CNT/polymer mixtures were widely studied.
These mixtures were obtained by the direct dispersion of CNTs
within the polymer matrix or the infiltration of CNTs in a soft poly-
mer such as polydimethylsiloxane (PDMS) or polyurethane (PU).
In such cases, CNTs easily form a network configuration in the
CNT/polymer composite, serving as a conductive passage and can
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accommodate tensile strain by sliding against each other when a
tensile strain is applied.

One approach for preparing CNT-enabled stretchable conduc-
tors is to disperse CNTs into elastomeric materials. For instance,
uniformly dispersed SWCNT composite films were developed by

blending millimeter-long SWCNTs, an ionic liquid, and a fluori-
nated copolymer matrix, as presented in Fig. 1(a) [27]. While the
SWCNT composite exhibited a high electrical conductivity of 57 S
cm−1, it was uniaxially stretched by only 38%. To improve the elas-
ticity of the SWCNT composite, it was perforated with a net-shape
structure using a mechanical punching system and then coated
with PDMS. The resultant conductor exhibited an enhanced uni-
axial stretchability of 134% with the same initial conductivity as
the composite. Although the conductivity decreased to 6 S cm−1

when the conductor was stretched to 134%, this value exceeded
the conductivity of the commercial conducting rubber (0.1 S cm−1).
Using this approach, Shang et al. [39] developed stretchable con-
ductors by the sonication of pretreated MWCNTs, ionic liquid, and
a PU solution. After the dispersion step, the fabricated composite was
stretched and released ten times at 100 oC to align the MWCNTs
within the polymer matrix. The MWCNT/PU composites exhib-
ited no significant degradation of conductivity after 100 stretching/
releasing cycles for a tensile strain up to 100%, indicating their ex-
cellent durability. This result suggested that repeated stretching/
releasing can yield a higher degree of alignment and a stabilized
structure without damaging the conductive network. The CNTs
slid against each other and were rearranged under the tensile strains,
and during the releasing process the conductive network was
restored to its original state.

Unlike previously developed stretchable conductors, which con-
tain a large amount of CNTs (>10 wt%), SWCNT/silicone rubber
composites were prepared by mixing ionic liquid and silicone rub-
ber with an SWCNT content of only 4 wt% [40]. Although the high
loading of CNTs into the polymer is necessary to achieve a high
conductivity, it generally results in increased stiffness and poor
stretchability of the composite [41-43]. To solve this dilemma, nitric-
acid doping was performed to achieve a high conductivity at a
moderately low CNT content without losing the elasticity of the
composites. CNTs are very sensitive to chemical doping [44], and
acid treatments have proven to be an effective doping method for
improving their electrical conductivity. This redox dopant intro-
duces hole doping into the CNT network and lowers the Fermi
level [45]. The composites exhibited a low sheet resistance of 50Ω
sq−1 (63S cm−1) after the nitric-acid treatment. Even after 20 stretch-
ing/releasing cycles for a tensile strain up to 200%, the conductiv-
ity remained at 18 S cm−1.

In the aforementioned approach, the uniform dispersion of CNTs
within the polymer is crucial for obtaining highly stretchable con-
ductive composites. Owing to the van der Waals attraction forces
between CNTs, CNTs tend to agglomerate during dispersion, yield-
ing a low electrical conductivity. Many techniques, such as ultra-
sonication [40,46], jet-milling [7], high-shear processing [47,48],
and exfoliation agents (e.g., ionic liquids) [7,39,40], have been intro-
duced to ensure the homogeneous dispersion of CNTs.

On the other hand, the infiltration method does not require the
dispersion of CNTs in the polymer. For example, Shin et al. [42]
fabricated rubber-like MWCNT forest/PU composites by using this
infiltration strategy. CNT forests are three-dimensional (3D) struc-
tures composed of vertically aligned arrays of CNTs that can be
grown by chemical vapor deposition (CVD). The grown MWCNT
forests were infiltrated with a PU solution, producing effective bond-

Fig. 1. (a) Fabrication process for SWCNT film, SWCNT elastic con-
ductor, and SWCNT paste. Reproduced from Ref. [41] with
permission (Copyright 2008, The American Association for
the Advancement of Science). (b) SEM image of the MWCNT
forest/PU composite sheet cross section. The inset shows a
high-magnification image of the black forest side. Reproduced
from Ref. [42] with permission (Copyright 2010, Wiley).
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ing between the PU and the nanotubes with highly porous foam,
as shown in Fig. 1(b). The resultant composites exhibited a superb
stretchability over 1,400%, negligible resistance change during 100
bending and twisting cycles, and highly reversible changes in resis-
tance within a moderate strain range (up to 20%). These features
indicate that the 3D structure of the conductive CNT network held
together with the elastic polymer binder retained its original shape
upon stretching. A similar but modified approach was also demon-
strated. Kim et al. [49] fabricated stretchable conductors by back-
filling SWCNT aerogels, which are highly porous 3D networks of
SWCNTs, with the elastomer PDMS. In this study, a transparent
SWCNT aerogel/PDMS composite film with a transmittance of
~93% was obtained. The initial conductivity of the transparent film
(0.83 S cm−1) was slightly lower than that of the non-transparent
one (1.08S cm−1). Both composite films exhibited a nearly constant
resistance after 20 stretching/releasing cycles for a maximum ten-
sile strain of 100%. Upon stretching, the 3D networks of SWCNTs
produced sliding between the nanotubes without losing contact,
supported by the PDMS.

Although CNT/polymer mixture composites can be obtained
by a relatively simple process, they are usually opaque owing to the
high loading of CNTs. To broaden the applications of stretchable
conductors, especially in the field of optoelectronics, imparting opti-
cal transparency to stretchable conductors is necessary. Therefore,
extensive efforts have recently been directed toward developing trans-
parent and stretchable conductors based on CNTs, i.e., forming
CNT film/polymer composites.

The overall performance of stretchable conductors based on
CNTs is summarized in Table 1.
2. Solution-processed CNT Film/Polymer Composites

In addition to CNT/polymer mixtures, CNT film/polymer com-
posites can be fabricated to achieve stretchability. CNTs can be
formed into thin films by solution-based coating methods (e.g.,
spray- [22,50,51], dip- [52-54], spin- [55], and bar-coating [24]),
which yield randomly distributed CNTs. The randomly oriented
CNT films may have an improved optical transparency compared
with CNT/polymer mixtures, which are generally filled with a rel-
atively large amount of CNTs.

As an example of solution-processed CNT film-based conduc-
tors, Yu et al. [24] prepared a SWCNT film/polymer composite by
bar-coating a SWCNT dispersion with a Meyer rod on a glass, con-
ducting polymerization, and peeling the film off of the glass. The
composite had a sheet resistance of 500Ω sq−1 and a high trans-
parency; the transmittance was ~87% at a wavelength of 550 nm.
The resistance of the composite was almost constant below a ten-
sile strain of 10% and then linearly increased by over 50% for a
tensile strain up to 50%.

On the other hand, Lipomi et al. [22] spray-coated a CNT solu-
tion directly onto a PDMS substrate to fabricate stretchable and
transparent CNT-based conductors. The transmittance of the spray-
coated CNT film was ~79%. By applying a tensile strain along both
horizontal and vertical axes, the CNT film was rendered revers-
ibly stretchable in any direction. As shown in Fig. 2(a), this biaxial
stretching and releasing process induced a buckling configuration
of all the CNT bundles. The resultant conductors endured tensile
strains as large as 150%, with a high conductivity of 2,200 S cm−1.

In the aforementioned stretchable conductors with the spray-coated
CNT film, the CNTs were deposited on top of elastomers. To pre-
vent the CNTs from delamination or peeling off and enhance the
mechanical stability of the spray-coated CNT film-based conduc-
tors, Wang et al. [51] coated a fluorinated substrate with a CNT
suspension and transferred the CNT film onto PDMS. The trans-
mittance was as high as 65% at a wavelength of 550 nm, and the
initial sheet resistance was as low as 564Ω sq−1. Compared with
the SWCNT film coated on the glass slide (Fig. 2(b)), most of the
SWCNTs were buried below the surface of PDMS; only a few
CNTs were on the surface (Fig. 2(c)). Thus, only a few nanotubes
were peeled off by the first tape test, and the conductor retained its
conductivity even after 10 tape tests. During 100 stretching/releas-
ing cycles for a strain of 50%, the resistance of the conductor retraced
itself and decreased under the strain after the first cycle, without
any cracks, de-bonding, or peeling between the nanotubes and
PDMS. These results indicate that the CNTs buried below the sur-
face of the elastomers provided the conductors with excellent
mechanical stability.

Fig. 2. (a) Schematic (left) and corresponding AFM phase image
(right) of CNT/PDMS film being stretched and released
along two axes. The dashed and solid white boxes show the
CNT bundles buckled along the horizontal and vertical axes,
respectively. Scale bar: 600 nm. Reproduced from Ref. [22]
with permission (Copyright 2011, Nature Publishing Group).
(b), (c) SEM images of the SWCNT/PDMS film on the glass
slide (b) and after being buried to just below the PDMS sur-
face (c). The inset shows a cross-sectional SEM image. (b), (c)
Reproduced from Ref. [51] with permission (Copyright 2013,
Royal Society of Chemistry). (d) Schematic showing the
stretching of SWCNT nanomesh films on PDMS in the par-
allel and diagonal directions. Reproduced from Ref. [56] with
permission (Copyright 2015, Royal Society of Chemistry).
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To obtain highly conductive and transparent CNT conductors,
it is important to form well-connected conducting paths with rela-
tively low CNT concentrations. For this purpose, electrospun poly-
mer nanofibers have been introduced as template to assist in the
deposition of CNTs at desired locations for producing a continu-
ously connected conducting network of CNTs without agglomera-
tion [52-54]. Kim et al. [54] employed electrospun PU nanofibers
with a web structure (nanoweb) as a stretchable scaffold for CNT
deposition because of the attractive interactions of PU with CNTs
and the inherently elastic characteristics of PU. A stretchable and
transparent CNT conductor, which had a sheet resistance of 424
Ω sq−1 at 63% transmittance, was developed by dipping the PU
nanoweb into an acid-treated SWCNT solution and washing in
distilled water nine times, followed by chemical doping. When the
dipping and doping processes were performed using a prestrained
elastomer, a noodle-like and buckled morphology was obtained.
The prestrained conductors accommodated a tensile strain of 100%
with an increase in resistance of only ~1.3, which was far less than
that of the pristine conductor (4.4). After only six stretching/releas-
ing cycles for a tensile strain up to 100%, the resistance was nearly
stable. This negligible change in resistance was attributed to the
straightening of the buckled PU fibers under tensile strains.

Although the aforementioned solution-based coating methods
mostly produced random networks of CNTs, CNT films with a
non-random mesh structure were obtained via the template-guided
self-assembly of CNTs [56]. This process started with attaching a
square-shaped PDMS frame to the glass. Then, the SWCNT solu-
tion was coated onto the glass substrate and covered with the
nano-patterned PDMS mold. After a vacuum was applied, the
SWCNT solution was confined between a nano-patterned mold
and a substrate. During the evaporation of the solution, the con-

finement of the SWCNTs produced aligned CNTs arrays, which
were parallel to the lines on the PDMS mold. Lastly, SWCNT nano-
mesh films were fabricated by repeating the aforementioned pro-
cedures in the transverse direction to the previous aligned CNTs
patterns. The resultant SWCNT nanomesh films exhibited a sheet
resistance of 264Ω sq−1 with a transmittance of 78%. The relative
resistance change ΔR(=R−R0)/R0—where R and R0 are the electri-
cal resistances in the strain and relaxed states, respectively, of the
SWCNT nanomesh films—was 0.35 at a tensile strain of 30% under
diagonal stretching, which was 7.7 times lower than that of the
random network (2.69). The nanomesh films exhibited ~42 times
less resistance increase after 500 stretching/releasing cycles at a
strain of 30%. This enhanced stretchability and mechanical dura-
bility were attributed to the deformation of the mesh structure
during the diagonal stretching; the square shape was deformed
into a rhombus without the breakage of nanotubes, as displayed in
Fig. 2(d). On the other hand, the random network may fracture
under large tensile strains because of the stress concentration at
the weakly bonded nanotubes.

In addition to coating methods, the inkjet printing method is a
viable process for producing stretchable CNT conductors. It is
promising owing to its low fabrication costs and large-area scal-
ability, which enable direct patterning without an expensive and
sophisticated lithography process [57]. By inkjet-printing an aque-
ous SWCNT ink on a PDMS substrate, Kim et al. [58] success-
fully fabricated high-performance stretchable conductors wherein
the sheet resistances of 1- and 5-layer printed SWCNT films were
169.76 and 19.08Ω sq−1, respectively. A durability test on 5-layer
printed samples exhibited an increase of less than 20% in the resis-
tance after 1,000 stretching/releasing cycles under a tensile strain
of 100%. An alternative approach based on a solution method

Fig. 3. (a) SEM image of the as-grown SWCNT film with a hierarchical reticulate structure. Scale bar: 500 nm. The insets compare the reticu-
late structure of the SWCNT film (left) and the leaf veins (right). Reproduced from Ref. [62] with permission (Copyright 2012, Wiley).
(b)-(d) Super-aligned CNT film: (b) a transparent CNT film drawn out of a super-aligned CNT forest on an 8-inch silicon wafer. (c),
(d) SEM images of the super-aligned forest on the silicon wafer from a side view (c) and the super-aligned CNT film from a top view
(d). (b)-(d) Reproduced from Ref. [68] with permission (Copyright 2010, Wiley).
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involves vacuum filtering a CNT solution over a porous filtration
membrane and then peeling the collected CNT film off of the
membrane. This method can yield a uniform film and easily con-
trol the thickness of the filtrated CNT films according to the con-
centration and volume of the CNT solutions [59]. Relying on
vacuum filtration of CNT dispersion and the transfer of the resul-
tant CNT films onto the silicone, Cohen et al. [60] obtained elas-
tic CNT film composites that could be stretched by a tensile strain
of 100%.
3. Dry-processed CNT Film/Polymer Composites

Another approach for producing CNT films is called dry-pro-
cessing because it does not require a CNT solution. It involves direct
floating-catalyst CVD growth and then drawing out from super-
aligned and vertically grown CNT forests. In the former method,
methane and ferrocene/sulfur powder are used as carbon and cat-
alyst sources, respectively. At a high reaction temperature (1,050-
1,100 oC), the bundles in the films densely connect with each other
when they are growing to form a continuous two-dimensional net-
work. Consequently, the directly synthesized CNT film exhibits a
unique hierarchical reticulate structure, which is similar to the
veins of leaves, as shown in Fig. 3(a). Because of the 1-μm-long
interconnected bundles in the resultant film, the film has excellent
electrical and mechanical properties compared with CNT films
obtained via solution-based filtration: the electrical conductivity
and mechanical strength are 2,000 S cm−1 and 360 MPa, respec-
tively [61]. By embedding the directly grown CNT films with the
reticulate structure into PDMS, Cai et al. [62] reported highly trans-
parent and conductive stretchable conductors, which had a trans-
mittance ranging from 62 to 16% at a wavelength of 550 nm and a
sheet resistance ranging from 53 to 7Ω sq−1. Under cyclic strain
tests with 40% strain for 500 cycles, the resistance remained un-
changed, except for a rapid increase in the initial cycles. However,
the conductors became fractured at a strain of 60% with a resis-
tance increase of 125%.

Unlike the direct CVD growth strategy, the latter method involves
a conversion from a super-aligned CNT forest to a thin film, as
previously mentioned. The super-aligned CNT forests are distin-
guished from ordinary vertically aligned CNT forests by their high
degree of alignment, which is caused by the high nucleation den-
sity and narrow diameter distribution as well as their very clean
surfaces. The clean surfaces of CNTs lead to strong van der Waals
interactions between the CNTs, enabling them to be connected
end-to-end and drawn into continuous films [63-65]. By using
tweezers to pull out or a blade to scratch off CNT bundles from
the forests, a continuous super-aligned CNT film can easily be
obtained. The drawing process is presented in Fig. 3(b), and the
super-aligned CNT forest and super-aligned CNT film drawn out
of the forest are shown in Figs. 3(c) and (d), respectively. The as-
drawn CNT films are ultrathin, lightweight, and transparent, and
they exhibit excellent mechanical strength along their drawing
direction because the alignment of the CNTs is nearly parallel to
the drawing direction [65-68]. The other feature of the drawing
approach is the total conversion of CNT forest into the films with-
out wasting CNTs. This differs from the solution-based process,
which typically causes a serious loss of CNTs. In the solution ap-
proach, commercial CNT powder is dispersed in the solvents

before coating onto the substrate. Abundant conglomerations may
be observed in the dispersion step owing to their entanglement
during industrial CVD growth; accordingly, only a small amount
of CNTs is utilized to fabricate films [68]. The aforementioned ad-
vantages of the drawn CNT films motivated tremendous research
efforts regarding the development of stretchable conductors based
on drawn CNT films. For example, Zhang et al. [21] fabricated a
stretchable conductor by embedding a drawn CNT film within
the PDMS. The resulting conductor exhibited a transparency of
~60% in the wavelength range of 400 to 800nm. In the first stretch-
ing process, the CNTs slid against each other along the tensile
direction, and the connection became weak, increasing in resis-
tance. When the conductor was released, the connections between
the CNTs were improved, and uniform buckled structures were
formed. Upon the second stretching, the buckled structures accom-
modated the tensile strain by straightening, without an obvious
resistance change. The following stretching/releasing cycles improved
the CNT arrangement, and a stable resistance (35.5±0.3 kΩ, stan-
dard deviation: 0.8%) was achieved after six cycles of 100% stretch-
ing, indicating great reversibility. This electrical performance under
cyclic tests with a tensile strain demonstrated that the buckled
shape rendered the conductor more stretchable without a loss of
electrical conductivity during the stretching. The same trend of
buckled CNTs is observed in another report [69]. To understand
how the buckles formed, the morphology changes of four neigh-
boring CNTs on a PDMS substrate were investigated using an
optical microscope as the substrate was stretched and released.
The deformation of CNTs under different strain levels is depicted
in Fig. 4(a). Under tensile strains (i-iii), the CNTs slid against each
other, reducing the overall contact area between the CNTs. This is
why the resistance of the CNT-film conductors increased under
the first stretching. During the release (iv, v), the CNTs buckled
and did not slide back. The electric response of a buckled CNT on
PDMS was also observed at different compressive and tensile
strains. As shown in Fig. 4(b), the resistance remained almost con-
stant under compressive and tensile strains. This result is related to
the reason why the CNT film-based conductor exhibited a stable
resistance after the second stretching/releasing.

Similarly to the formation of the buckled configuration by repet-
itive stretching/releasing cycles, CNT films can be transferred onto
a prestrained elastomeric substrate to generate a periodic buckled
geometry after releasing the prestrained substrate. This prestrain
approach is simple and straightforward. Because the wavelength
and amplitude of curved CNTs increase and decrease, respectively,
according to the level of stretching, buckled CNT conductors out-
perform stretchable conductors comprising straight CNTs and
exhibit a nearly negligible resistance change with a tensile strain up
to the prestrain level. Using the prestrain strategy, Xu et al. [70]
fabricated stretchable conductors based on buckled CNT films.
Releasing the prestrained PDMS substrate produced a periodic
out-of-plane buckling of the CNT films, as shown in Fig. 4(c). The
buckled CNT films were coated with a thin PDMS layer to pro-
tect them from contamination. The initial resistance of the con-
ductor was 610Ω. In the out-of-plane buckled morphology, CNT
sliding occurred only in the flat region, which was in contact with
the substrate. Thus, the resistance increased by only ~4.1%, to the
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prestrain value (100%). However, when the applied strain exceeded
the prestrain, all of the straightened CNTs slid against each other,
causing a rapid resistance increase. To improve the conductivity,
the aligned CNT films were coated with a thin film of an Au/Pd
alloy. Similarly, using the prestrain method, buckled stretchable
conductors based on PDMS-infiltrated CNT films were fabricated
[71]. Prior to transferring the PDMS-infiltrated CNT film, thin
liquid PDMS was spin-coated onto the prestrained PDMS to im-
prove the interaction between the films and substrate and enhance

the mechanical robustness. Fig. 4(d) suggests that the PDMS-infil-
trated CNT film was well-established on top of the PDMS, with
periodic buckled patterns. The resultant conductor exhibited small
resistance changes less than 6% for a tensile strain up to 100% (pre-
strain level) and a stable resistance change under 30 stretching/
releasing cycles with a maximum strain of 100%. This cyclic test
revealed that the crack-free structure of the PDMS-infiltrated CNT
film and its excellent adhesion to the substrates played an import-
ant role in the stability of the conductors under mechanical defor-

Fig. 4. (a) Optical images of four CNTs (labeled A, B, C, and D) under different strain levels (indicated on the right in percentage) during
stretching (i-iii) and releasing (iv, v) process. Scale bar: 10µm. (b) The resistance of the buckled CNT on PDMS at different compres-
sive and tensile strains. (a), (b) Reproduced from Ref. [69] with permission (Copyright 2012, Wiley). (c) SEM image of a buckled CNT
film after the release of the prestrained PDMS. The image was taken by tilting the sample at an angle of 20o. Reproduced from Ref.
[70] with permission (Copyright 2012, Wiley). (d) Cross-sectional SEM image of a wavy PDMS-embedded vertically aligned CNT
film on a PDMS substrate. The inset shows a magnified SEM image of the film. Reprinted from Ref. [71] with permission (Copyright
2014, American Chemical Society). (e) In situ SEM images of wavy cross-stacked super-aligned CNT films on PDMS and the mor-
phology evolution at applied strains of 40% and 80%. Reproduced from Ref. [72] with permission (Copyright 2015, Royal Society of
Chemistry).
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mations.
However, super-aligned CNT films have an anisotropic electri-

cal property (e.g., the ratio of the sheet resistances in the perpen-
dicular direction to those in the parallel direction was ~100 : 1
[23]) because of the unidirectional drawing process. This anisotro-
pic characteristic can be an obstacle in applications as biaxial stretch-
able conductors. To obtain isotropic electrical conductivity, Liu et
al. [23] produced CNT films by cross-stacking an even number of
super-aligned CNT layers in sequence on a frame and then dip-
ping them in ethanol to enhance the interactions between the
CNTs. Because of their cross structures, the cross-stacked CNT
films exhibited the same sheet resistance, approximately 405Ω sq−1

for 4-layer cross-stacked films, along the directions, forming angles
of 0, 30, and 45o with the x-axis. While the breakdown process
occurred under a strain less than 4% when the films stretched
along the parallel direction, the films sustained a strain of ~36%
under diagonal stretching, similarly to the CNT nanomesh dis-
cussed previously. The stretchable conductor was obtained by
embedding the cross-stacked CNT films in PDMS. Although the
resistance of the conductor increased by 35% under a tensile strain
of 30%, it increased by 15% at a strain of 28% in the second stretch-
ing process. Then, after several stretch processes, it exhibited the
same trend, indicating good reversibility. A durability test con-
firmed the reversible electrical response. After 200 stretching/releas-
ing cycles for a strain up to 15%, the conductor exhibited a nearly
constant resistance.

Furthermore, combining this buckled configuration and cross-
stacked structure can produce high-performance super-aligned
CNT film-based stretchable conductors. Yu et al. [72] prepared
buckled cross-stacked CNT film/PDMS conductors by cross-stack-
ing six layers of CNT films on the 40% prestrained PDMS. The
electrical performance of the resultant conductor was observed
and compared with that of the buckled parallel conductor, which
comprised the same number of parallel super-aligned CNT films.
Although the initial resistance of the buckled cross-stacked con-
ductor (497Ω) was slightly larger than that of the buckled parallel
conductor (430Ω), the buckled cross-stacked one exhibited a more
constant normalized resistance change. The ΔR/R0 of the cross-
stacked and the parallel conductors with a buckled shape was
1.7% and 4%, respectively, under an applied strain of 40% (pre-
strain level). As the conductors were stretched, the super-aligned
CNT arrays in the buckled cross-stacked composite were straight-
ened until the prestrain level was reached (Fig. 4(e)). Although the
CNT arrays aligned parallel to the tensile direction were fractured
at a strain of 80%, which is larger than the prestrain value, the CNT
arrays perpendicular to the tensile direction remained connected,
as shown in Fig. 4(e). Because the CNTs were aligned along two
perpendicular directions in the cross-stacked films, the buckled
cross-stacked CNT film-based conductor maintained a conduc-
tive path and exhibited a far smaller resistance variation than the
buckled parallel conductor.
4. CNT Yarn/Polymer Composites

If the super-aligned CNT films produced by the drawing ap-
proach pass through volatile solutions (e.g., alcohol or acetone) or
are twisted, they can be converted into continuous yarns [65,73,
74]. Besides drawing from a vertically aligned CNT forest, CNT

yarns can be obtained by direct spinning in the gas phase during
CVD [75-77] and by the wet-spinning of CNT solutions [78-80].
The fabricated CNT yarns comprise densely aligned CNT bun-
dles with interconnections between the individual CNTs. Their
dense and compacted 1D structure contributes to their high elec-
trical conductivity (~300 S cm−1) and mechanical strength (>100
MPa) [81]. Therefore, CNT yarns show great promise for a vari-
ety of applications, such as conducting wires [82,83], tough com-
posite fibers [79,84], and strain sensors [85,86]. However, it is dif-
ficult to apply the original CNT yarns in the straight form to stretch-
able electronics. CNT yarns cannot endure tensile strains greater
than 10% because of the sliding among the CNTs during stretch-
ing [85,86]. Slippage and separation among the CNT bundles
occur easily because of the weak van der Waals force between the
bundles [87,88], resulting in a rapid resistance increase.

To resolve the limited stretchability of the CNT yarns, two main
structural strategies have been introduced: creating buckled con-
figurations and a spring-like shape. Zu et al. [89] formed a buck-
led structure using the prestrain method, suggesting stretchable
conductors based on buckled CNT yarns. Unlike CNT films, CNT
yarns cannot be bonded strongly with an elastic PDMS substrate,
owing to their far smaller interfacial contact area, which may inter-
rupt the formation of the buckling. Accordingly, to improve the
interfacial bonding between the yarns and the substrate, five CNT
yarns were dip-coated with a thin layer of liquid PDMS prior to
being transferred onto the prestrained PDMS substrate. The release
of the prestrain created a lateral kinking pattern of the CNT yarns,
as depicted in Fig. 5(a). The appearance of this pattern differs sig-
nificantly from the sinusoidal shape observed in buckled CNT
films. This is attributed to the sliding and separation among the
CNT bundles held together by the weak van der Waals force.
Buckled CNT yarns can accommodate tensile strains through alter-
nating processes of straightening and kinking without any appar-
ent permanent fracture during multiple stretching/releasing cycles.
Therefore, the buckled CNT yarn-based conductors exhibited a
negligible resistance increase (~1%) under 20 stretching/releasing
cycles up to the prestrain level (40%). The same research group re-
ported a study on the long-term durability of buckled CNT yarns
and stretchable conductors based on them [88]. A buckled CNT
yarn was obtained by depositing CNT yarn on prestrained PDMS
and then releasing it. Unlike the process for buckled pristine CNT
yarn, to fabricate stretchable conductors, the five buckled CNT
yarns on the PDMS were embedded within the PDMS. The resis-
tances of the buckled pristine yarn and the stretchable conductor
increased by only 1.3% and 0.2%, respectively, after 10,000 stretch-
ing/releasing cycles with a tensile strain up to 40% (prestrain level).
During long-term cyclic deformation, cracks and bundle separa-
tion were observed in the kinked region of the buckled CNT yarn,
as shown in Fig. 5(b), (c). On the other hand, for the stretchable
conductors, the PDMS protected the CNT yarns from damage in
the kinked region and interfacial debonding, yielding smaller resis-
tance changes compared with the pristine yarn.

An alternative method for introducing elasticity into CNT yarns
involves forming a spring-like shape. Fig. 5(d) shows the fabrica-
tion process for spring-like CNT yarns. The process is a modified
spinning technique, which was previously reported to obtain CNT
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yarns. It starts with fixing a CNT film on a rotational motor and a
block. As the motor is rotated, the CNT film is converted into a
yarn and then takes a spring shape with uniform and neat helical
loops. Using this over-twisting approach, Shang et al. [90] reported
a 4.4-mm-long spring-like CNT rope, as shown in Fig. 5(e). The
resulting rope sustained tensile strains up to 285% by the opening

and straightening of the loops during stretching, which is 20 times
higher than the stretchability of conventional straight yarns. Owing
to the spring structure, the CNT rope exhibited stable spring con-
stants and electrical conductivity under strains up to 20% for 1,000
strain cycles. To improve the structural elasticity and electrome-
chanical properties, a simple structural modification of a spring-

Fig. 5. (a) SEM image of one kinked CNT fiber induced by the release of the prestrained PDMS substrate. Reproduced from Ref. [89] with
permission (Copyright 2012, Wiley). (b), (c) SEM images of a buckled dry-spun CNT fiber after 10,000 stretching/releasing cycles at low
(b) and high (c) magnifications. Reproduced from Ref. [88] with permission (Copyright 2015, Elsevier). (d), (e) Fabrication and charac-
terization of spring-like CNT ropes. (d) Illustration of the fabrication process: 1) a CNT film (initial length=l) was suspended with one
end fixed on a movable block and the other end connected to a rotational motor; 2) the motor was rotated to twist-spin the CNT film
into a yarn and then form helical loops by slight over-twisting, while the end block moved toward the motor because of the shortening
of the yarn; 3) a CNT rope completely made of loops was produced at the final stage, with length L. The resulting spring-like structure
had a yarn diameter of d, an outer-loop diameter of D, and an inter-loop distance (pitch) of δ . (e) SEM image of a 4.4-mm-long section
of CNT rope consisting of highly uniform loops. Reproduced from Ref. [90] with permission (Copyright 2012, Wiley). (f) SEM images
of a partial-spring CNT yarn containing 28 tightly twisted uniform loops at low and high magnifications. The inset illustrates straight-
spring-straight yarn structure. Reproduced from Ref. [81] with permission (Copyright 2013, Royal Society of Chemistry).
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like CNT rope was conducted by the same research group [81].
Unlike their previous work on CNT ropes, a straight-helical-straight
(partial-spring) CNT yarn was introduced. Fig. 5(f) shows the
partial-spring CNT yarn, which consisted of a finite number of
loop segments connected to the straight portions at the two sides.
The partial spring-like morphology provided more uniform loops
and less structural defects compared with a long yarn, with helical
loops along the entire length. Consequently, the fabricated CNT
yarn exhibited more stable mechanical properties under strains up
to 25%, even after 1,000 stretching/releasing cycles without perma-
nent deformation. Notably, the spring-like CNT yarns were highly
stretchable without the aid of an elastic substrate, unlike the previ-
ously discussed stretchable CNT conductors. These substrate-free
stretchable CNT yarns have various potential applications, such as
strain sensors.

APPLICATIONS

The ultimate goal of stretchable conductors is to integrate them
with other materials and structures to form stretchable devices in
next-generation wearable electronics. We summarize and review
here the recent progress in stretchable electronic devices based on
CNTs, including strain sensors and supercapacitors.
1. Stretchable Capacitive/Resistive Strain Sensors 

Stretchable strain sensors have gained increasing interest for
numerous applications, including electronic skins, robotics, and
biomedical procedures [91-93]. Strain sensors convert mechanical
deformations into output electrical characteristics, such as capaci-
tance or resistance. Accordingly, they can be categorized into two
types: capacitive and resistive.

A capacitive strain sensor can be treated as a parallel-plate capac-
itor comprising two parallel conductors that act as electrodes, with
a dielectric layer between the two electrodes. In the commonly
used parallel-plate capacitor having an initial overlap length l0,
width w0, and separation d0 between the electrodes (i.e., thickness
of the dielectric layer), the initial capacitance (C0) is given as

(1)

where ε0 and εr represent the permittivity of vacuum and the rela-
tive permittivity of the dielectric layer, respectively. When a uniax-
ial tensile strain (ε) is applied to the parallel-plate capacitor, the
size of the capacitor changes: the length of the electrode increases
to (1+ε)l0, and the width of the electrode and the distance between
the electrodes decrease to (1−velectrodeε)w0 and (1−vdielectricε)d0, respec-
tively, where velectrode and vdielectric are the Poisson ratios of the elec-
trodes and the dielectric layer, respectively. Assuming that the
Poisson ratios are both 0.5 because the electrodes and the dielec-
tric layer are mainly composed of polymers, the capacitance (C) is
changed as follows:

(2)

Theoretically, the parallel-plate model exhibits a linear capaci-
tive response to the applied tensile strain. The capacitive gauge fac-
tor is defined as the relative change in capacitance (ΔC=C−C0)

divided by the mechanical strain (ε). It represents the sensitivity of
the sensors, and its theoretical value is given by (ΔC/C0)/ε=1.
However, the reported gauge factors are typically less than the the-
oretical value of 1. For instance, the skin-like strain sensor based
on spray-coated CNT films had a gauge factor of 0.4 throughout
the 50% strain range [22]. It was fabricated by laminating two sub-
strates of spray-coated CNT films/PDMS together, face-to-face, with
Ecoflex as the dielectric layer. Another strain sensor, which con-
sisted of conductive elastomeric ink (CNT-doped PDMS, CPDMS)
and insulating elastomeric (plates and dielectric) architectures, had
a gauge factor of 0.55 under an applied tensile strain as large as 50%
[94]. CPDMS ink was prepared by dispersing CNTs in a PDMS
matrix. The first step to fabricating the sensors was the formation
of PDMS stamps, which were employed as the parallel plates of
the capacitor by photolithography. The CPDMS ink was coated on
a silicon substrate and then transferred onto the protruding parts
of the PDMS stamp. After the CPDMS ink was patterned, Ecof-
lex—which served as insulating layer—was spin-coated onto the
CPDMS-printed side of the PDMS stamp. Finally, a second CPDMS-
printed stamp was laid perpendicular to the first plate.

Compared with the aforementioned sensors, highly elastic capaci-
tive sensors capable of measuring large tensile strains above 100%
with a high gauge factor of ~1 have been demonstrated. For exam-
ple, Cohen et al. [60] presented a capacitive sensor with a uniform
gauge factor of 0.99 throughout the entire 100% strain range. For
electrodes, CNTs collected on a filtration membrane via vacuum
filtration were transferred to hydrophobic regions of the silicone
substrate. A higher stretchability of 150% with a gauge factor of ~1
was successfully achieved by using the two elastomer-infiltrated
vertically aligned CNT-based conductors as electrodes and an inter-
mediate elastic insulating layer [95]. Using the PDMS stamp, the
vertically aligned CNT forests were patterned on the Ecoflex sub-
strate and then infiltrated with Ecoflex to form the conductor. The
capacitance increased linearly as the applied tensile strain increased.
Under stepwise tensile strains up to 100% (increased by 10% for
each step with a holding duration of 1 min), the gauge factors ob-
tained from each step were almost 1 and remained stable without
any irreversible degradation capacitive response. These results indi-
cate the superior linearity and stability of the sensors. Furthermore,
a strain sensor that detected extremely large strain up to 300% based
on CNT films was grown by floating-catalyst CVD [96]. The CNT
films were composed of random networks of CNT bundles and
had a transmittance of 90% at a wavelength of 550 nm. To fabri-
cate a parallel-plate capacitor, two layers of CNT films were laid on
the two sides of a silicon elastomer. For silicone rubber, Dragon
Skin was selected for its elongation, which is as large as 364%. The
sensors exhibited a relatively high sensitivity with a gauge factor of
0.97.

For a resistive strain sensor, the gauge factor is defined as (ΔR/
R0)/ε. Unlike capacitive strain sensors, resistive sensors offer a wide
range of gauge factors: from <1 to ~70. The reported resistive gauge
factors are 1 to 7 with various weights of SWCNTs in SWCNT/
polymethyl methacrylate mixtures [2], 22.4 for CNT/epoxy mix-
tures [97], 29 for CNT-doped PDMS embedded in PDMS [98], 62
for the sandwich-like structure of spin-coated CNT films and PU-
PEDOT: PSS [99], 4.5 (with pristine MWCNTs) and 178 (with

C0 = ε0εr
l0wo

d0
---------,

C = ε0εr
1+ ε( )l0 1− velectrodeε( )w0

1− vdielectricε( )d0
------------------------------------------------------- ε0≅ εr

1+ ε( )l0w0

d0
------------------------ = 1+ ε( )C0.
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Fig. 6. (a), (b) Time-dependent relative changes in the capacitance of an elastomer-infiltrated vertically aligned CNT forest-based strain sen-
sor under simple bending and straightening motions of the finger (a) and knee (b). (a), (b) Reproduced from Ref. [95] with permis-
sion (Copyright 2014, Elsevier). (c), (d) Wearable, extremely elastic CNT yarn-based strain sensor (substrate prestrained by 100%). (c)
Time-dependent relative change in the resistance (and estimated strain) during jumping for strain sensors placed over the knee joint
and hamstring muscles. (d) Time-dependent relative changes in resistance for a biaxial strain sensor placed on the elbow, with the x-
axis parallel to the arm (black) and the y-axis parallel to the axis of rotation of the joint (blue). (c), (d) Reprinted from Ref. [86] with
permission (Copyright 2015, American Chemical Society). (e)-(h) Time-dependent relative changes in the resistance of the sensor
attached to the forehead and the skin near the mouth when the subject was laughing ((e) and (f), respectively) and crying ((g) and (h),
respectively). (e)-(h) Reprinted from Ref. [99] with permission (Copyright 2015, American Chemical Society).
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oxidized MWCNTs) for vacuum-filtered MWCNT dispersion on
a PU membrane [100], 0.82 (0 to 40% strain range) and 0.06 (60
to 200% strain range) for CVD-grown CNT films on top of PDMS
[101], 0.38 for CNT yarns embedded inside resin [85], and 0.54 (0
to 400% strain range) and 64 (400 to 960% strain range) for CNT
yarns on prestrained Ecoflex [86]. Most of these sensors exhibited
a high tolerance to tensile strains greater than 100%. Among them,
an outstanding stretchability of 960% was achieved by dry-spun
CNT yarns on prestrained (100%) Ecoflex [86]. Interestingly, for
strains of 0 to 400% and 400 to 960%, the gauge factors were 0.54
and 64, respectively. At low strains, the resistance was increased by
the sliding among the CNTs, and for strains greater than 400%,
sliding and local disconnection between the CNTs occurred,

increasing the gauge factor.
The fabricated strain sensors have been mounted on fingers,

knees, and elbow joints to detect various human motions, such as
grasping, bending, jumping, and running. These motions involve
the extension and flexion of the joints, which cause the sensors on
the joints to stretch/release and their capacitance or resistance to
increase/decrease (Fig. 6(a)-(d)). Thus, the motions can be deter-
mined according to the changes in capacitance or resistance. Roh
et al. [99] attached PU-PEDOT: PSS/SWCNT/PU-PEDOT: PSS-
based strain sensors to facial skin to detect small strains induced
by emotional expressions. The ΔR/R0 responses of a sensor attached
to the forehead and skin near the mouth when a subject laughed
and cried are shown in Fig. 6(e)-(h). When the person laughed

Fig. 7. (a) Fabrication steps for a buckled SWCNT film, comprising surface treatment, transfer, and the release of the prestrained PDMS sub-
strate. Reproduced from Ref. [20] with permission (Copyright 2009, Wiley). (b) Fabrication of a highly stretchable, fiber-shaped
supercapacitor with a coaxial structure. Reproduced from Ref. [112] with permission (Copyright 2013, Wiley). (c) SEM images of a
spring-like CNT yarn at different strains: 0% (top), 50% (middle), and 100% (bottom). Reproduced from Ref. [115] with permission
(Copyright 2014, Wiley). (d) Process whereby a helical CNT yarn (with or without polypyrrole (PPy) on the surface) was coated by a
gel electrolyte and two such yarns were twisted into a fiber-shaped supercapacitor with a double-helix structure. Reproduced from Ref.
[116] with permission (Copyright 2015, Elsevier).
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(Fig. 6(e), (f)), the sensor on the skin near the mouth exhibited
higher peak ΔR/R0 values (40%) than the sensor on the forehead
(0.6%), owing to the larger movements of the muscles around the
mouth. On the other hand, emotions of sadness yielded larger
movements of the muscles around the forehead. Accordingly, the
peak ΔR/R0 value of the sensor on the forehead was almost 200%,
whereas that of the sensor on the skin near the mouth was slightly
over 0% (Figs. 6(g), (h)). The differences in the response enable strain
sensors to distinguish between the emotions of joy and sadness.
2. Stretchable Supercapacitors

To power stretchable electronic devices, energy-conversion and
storage devices should accommodate large strains while maintain-
ing the performance. To date, considerable effort has been directed
toward the development of stretchable power-source devices such
as solar cells [13], photovoltaics [102], batteries [103], and superca-
pacitors [104]. Among these, supercapacitors have many advan-
tages, such as a high power and energy density, fast charge/dis-
charge capability, long cycle life, and relatively simple design [105-
107]. The maximum power of a supercapacitor is given by P=Vi

2/
4R, where Vi is the initial voltage, and R is the equivalent series
resistance [20]. Keeping the equivalent series resistance unchanged
under mechanical deformation is critical for maintaining the con-
stant power of stretchable supercapacitors.

Recently, CNT-based stretchable conductors have been employed
to fabricate stretchable supercapacitors for use as electrodes. For
instance, CNT/PDMS mixtures [108], CNT films on the surface
of elastic substrates such as PDMS [20,107,109-111], elastic fibers
[112,113] and cotton textiles [114], CNT yarns on elastomers [88],
and substrate-free CNT yarns [115,116] have been reported.

Buckled CNT films were used to develop stretchable superca-
pacitors [20,109,110,117]. By transferring CVD-grown SWCNT
films (randomly oriented SWCNTs) onto prestrained PDMS and
releasing the substrate (Fig. 7(a)), buckled CNT films were formed
[20]. To develop a supercapacitor, the two films were pressed to-
gether and soaked in an electrolyte. Under an applied tensile strain
of 30%, the specific capacitance, energy, and power density of the
stretchable supercapacitors remained nearly stable. A more stretch-
able supercapacitor was successfully fabricated using buckled SWCNT
films with a continuous reticulate architecture, which is explained
in Section 2.3 [110]. The buckled SWCNT film on PDMS, acting
as an electrode, was immersed in an electrolyte solution for ~1 min.
After removal and drying, two electrodes were pressed together.
The resultant supercapacitors stretched under 120% strain with-
out a significant change in performance.

By drawing the CNT film out of the vertically aligned CNT for-
est onto the PDMS substrate as a current collector and an active
electrode, Chen et al. developed the first transparent and stretch-
able supercapacitors [111]. The supercapacitor, which was prepared
with a cross assembly of two transparent electrodes, exhibited a
specific capacitance of 7.3 F g−1 and a good stability when biaxially
stretched with a strain up to 30%, with a transmittance of ~75% at
a wavelength of 550 nm. Besides transferring onto an elastomer,
drawn CNT films have been wrapped on elastic fibers to fabricate
stretchable fiber-shaped supercapacitors. Yang et al. [112] produced
a fiber-shaped supercapacitor with a coaxial structure by repeti-
tively coating a thin electrolyte layer and winding a CNT film on

an elastic fiber, as illustrated in Fig. 7(b). The resultant supercapac-
itor maintained a specific capacitance of ~18 F g−1 after stretching
for 100 cycles at a strain of 75%. By using the prestrain approach,
an extremely stretchable fiber-shaped supercapacitor that can be
stretched to 350% without a significant change in the capacitive
performance was demonstrated [113].

Spring-like CNT yarns have also been employed for fiber-shaped
supercapacitors. Whereas buckled CNT yarns on a PDMS sub-
strate exhibited a limited stretchability of 40% [88], CNT yarn-
based fiber-shaped supercapacitors were stretched by tensile strains
over 100% without a substrate. Zhang et al. [115] fabricated a
stretchable supercapacitor by coating two spring-like yarns, which
were prepared by over-twisting ten CNT yarns together with an
electrolyte and then placing them in parallel. The supercapacitor
was stretched by 100%, resulting from the elongation of the uni-
form coiled loops in the spring-like yarns during stretching, as
shown in Fig. 7(c). Recently, a fiber-shaped supercapacitor with a
double-helix structure was developed [116]. Fig. 7(d) illustrates the
fabrication process. Two individual CNT yarns consisting of heli-
cal loops were coated by a thin layer of gel electrolyte and twisted
together. Stretchable supercapacitors with a double-helix shape can
function stably under a tensile strain up to 150%.

CONCLUDING REMARKS

We have reviewed the progress in CNT-based stretchable con-
ductors. Early studies mainly focused on simply mixing CNTs and
a polymer matrix. Then, investigations of CNT-based stretchable
conductors began to use CNT films, which can be obtained by
coating a CNT dispersion on an elastic substrate, performing CVD,
or drawing CNTs out of a CNT forest, and CNT yarns. Stretch-
able structures, e.g., buckled and spring-like, were introduced to
accommodate further deformations.

Despite the outstanding performance of CNT-based stretchable
conductors, their absolute resistance is high compared with metal-
based stretchable conductors. Therefore, CNT conductors are ac-
ceptable for voltage-driven devices but not current-driven devices.
To improve the conductivity, further improvement is required
regarding the materials. The large-scale and low-cost synthesis of
high-quality CNTs will be beneficial for uniform performance.
Furthermore, longer CNTs can reduce the number of tube-to-tube
junctions. The effective metal deposition and chemical doping of
CNTs can also be refined for enhanced conductivity. In addition
to the conductivity, CNT-based stretchable conductors have diffi-
culty achieving both a high stretchability and transparency. Most
of the reported CNT-based stretchable conductors did not have a
high transmittance above 80%. While conductors with a low
transparency are used as electrodes, making them transparent can
extend the applications of stretchable conductors to stretchable
optoelectronics, such as displays, touch screens, solar cells, and light-
emitting devices. Because of the scarcity and brittleness of indium
tin oxide (ITO), which is the dominant electrode material for optical
devices, several researchers have attempted to replace ITO. There-
fore, to broaden the applications of stretchable CNT conductors,
studies should be conducted to improve the optical transparency.

Over the past decade, tremendous research efforts have been
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devoted to CNT-based stretchable conductors. With the demand
for monitoring the long-term health conditions of patients, wear-
able sensors that continuously and simultaneously collect health
information have recently received attention. Accordingly, the poten-
tial applications of stretchable conductors with regard to health-
care—including wearable sensors for health monitoring, biomedical
procedures, and artificial skins for prosthetics—are expected to be
an emerging field in the near future.
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