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Carbon Nanotube Fiber Based Stretchable Conductor
R

 Carbon nanotube (CNT) based continuous fi ber, a CNT assembly that could 
potentially retain the superb properties of individual CNTs on a macroscopic 
scale, belongs to a fascinating new class of electronic materials with potential 
applications in electronics, sensing, and conducting wires. Here, the fabrica-
tion of CNT fi ber based stretchable conductors by a simple prestraining-then-
buckling approach is reported. To enhance the interfacial bonding between 
the fi bers and the poly(dimethylsiloxane) (PDMS) substrate and thus facilitate 
the buckling formation, CNT fi bers are fi rst coated with a thin layer of liquid 
PDMS before being transferred to the prestrained substrate. The CNT fi bers 
are deformed into massive buckles, resulting from the compressive force 
generated upon releasing the fi ber/substrate assembly from prestrain. This 
buckling shape is quite different from the sinusoidal shape observed previ-
ously in otherwise analogous systems. Similar experiments performed on 
carbon fi ber/PDMS composite fi lm, on the other hand, result in extensive 
fi ber fracture due to the higher fi ber fl exural modulus. Furthermore, the CNT 
fi ber/PDMS composite fi lm shows very little variation in resistance ( ≈ 1%) 
under multiple stretching-and-releasing cycles up to a prestrain level of 
40%, indicating the outstanding stability and repeatability in performance as 
stretchable conductors. 
  1. Introduction 

 Flexible electronics which are stretchable, bendable, twistable 
and foldable provide users with multifunctions and open up 
many new applications, ranging from stretchable displays [  1  ]  and 
photovoltaic devices [  2  ]  to skin sensors [  3  ]  and electronic eyeball 
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cameras. [  4  ]  In recent years, a popular 
strategy to fabricate stretchable conduc-
tors is to form wavy or buckled structures 
by releasing a prestrained elastomeric 
substrate with an upper layer of conduc-
tive materials, [  5  ,  6  ]  such as silicon fi lms, [  7  ]  
silicon nanowires [  8  ]  and carbon nano-
tubes (CNTs). [  9  ]  The basic principle of this 
method is remarkably straightforward 
and the fabricated wavy or buckled struc-
tures can accommodate applied strains 
by simply increasing the buckling wave-
length and decreasing the buckling ampli-
tude, without inducing signifi cant strains 
in the fl exible structures. 

 CNTs, which possess high mechanical 
performance and excellent electrical con-
ductivity, have emerged as a potential 
material for stretchable conductors. [  10  ]  So 
far, CNT assemblies at various hierarchical 
structural levels have been utilized to fab-
ricate CNT-based fl exible conductors. At 
the 3D level, single-walled CNTs (SWNTs) 
and ionic liquid were dispersed in a 
fl uorinated copolymer matrix to prepare 
rubber-like conductive composites which 
demonstrated high conductivity and excellent stretchability. [  11  ]  
However, this rubber-like composite showed deteriorated con-
ductivity when stretched and its fabrication process was com-
plicated. At the 2D level, CNT fi lms consisting of randomly 
oriented CNTs and well aligned CNT ribbons drawn from ver-
tically grown CNT arrays were placed on top of or embedded 
in poly(dimethylsiloxane) (PDMS) to fabricate stretchable con-
ductors. [  12–16  ]  However, stable electrical resistances of these 
stretchable conductors were accomplished only after several 
stretching-and-releasing cycles. 

 CNT-based continuous fi ber, a CNT assembly that could poten-
tially retain the superb properties of individual CNTs on a mac-
roscopic scale at the 1D level, has attracted considerable research 
interest. [  17–19  ]  CNT fi bers can be fabricated by spinning continu-
ously from CNT solutions, [  20  ]  CNT aerogels, [  21  ]  and CNT arrays. [  22  ]  
Owing to their highly compacted 1D structures, CNT fi bers are a 
fascinating new class of electronic materials with potential appli-
cations in electronics, sensing, and conducting wires. [  23  ]  In this 
paper, we report the fabrication of stretchable conductors based 
on buckled CNT fi bers by a simple prestraining-then-buckling 
approach. Before being transferred to the prestrained substrate, 
CNT fi bers were coated with a thin layer of liquid PDMS by a dip-
coating method to enhance interfacial bonding between the fi bers 
and the PDMS substrate and thus, facilitate the buckling forma-
tion. Upon curing and releasing of the prestrain, the CNT fi bers 
789wileyonlinelibrary.com
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     Figure  1 .     a) Surface mophorpogy of a CNT fi ber under SEM. b) An enlarged view of the marked area in (a). c) Typical tensile stress-strain curves of a 
CNT fi ber and a carbon fi ber.  
were kinked laterally. By contrast, the T300 carbon fi bers adhered 
to the prestrained substrate were fractured into segments instead 
after release of the prestrain due to their high fl exural modulus. 
A stretchable conductor was constructed by further coating the 
buckled CNT fi bers with a thin layer of PDMS. The electrical 
resistance of the CNT fi ber/PDMS composite fi lm varied little 
( ≈ 1%) under multiple cyclic tests up to a prestrain level of 40%.   

 2. Results and Discussion 

 The CNT fi bers used in this study were spun by drawing and 
twisting CNT strips out of a vertically aligned array of CNTs, 
which were mainly double- and triple-walled with diameters 
of  ≈ 6 nm. [  24  ]   Figure    1  a shows the surface morphology of a CNT 
fi ber observed by scanning electron microscopy (SEM, JSM-
7400F). It can be seen that the fi ber had a uniform diameter 
of around 13  μ m. As shown in an enlarged view (Figure  1 b), 
CNT bundles were tightly compacted due to ethanol infi ltra-
tion during the spinning process. A typical CNT fi ber tensile 
stress-strain curve is shown in Figure  1 c. For comparison, 
T-300 carbon fi ber specimens with diameters of 7  μ m were also 
tested; the carbon fi ber was much stronger and stiffer than the 
CNT fi ber, whereas the latter had much higher strain to failure. 
Single CNT fi ber tensile tests performed on 10 specimens gave 
a tensile strength of 0.82  ±  0.06 GPa, Young’s modulus of 21.0  ±  
1.8 GPa and strain to failure of 4.65  ±  0.20%.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
 Unlike well aligned CNT ribbons and randomly oriented 
CNT fi lms, continuous fi bers composed of pure CNTs do not 
form strong interfacial bonding with the PDMS substrate 
because of the much smaller total interfacial contact area. Thus, 
it is diffi cult for CNT fi bers to spontaneously buckle in a peri-
odic, wavy pattern as achieved in analogous systems of silicon 
nanoribbons and nanowires, [  7  ,  8  ]  CNT ribbons and fi lms. [  12–15  ]  
Therefore, in order to facilitate fi ber buckling, it is necessary to 
use an adhesive to enhance the bonding between the fi bers and 
the substrate. In this study, liquid PDMS in an uncured state (a 
mixture of base and curing agent at a weight ratio of 10:1) was 
selected based on two considerations. First, the viscosity of the 
liquid PDMS at room temperature is high enough to adhere the 
fi bers fi rmly to the substrate surface. Second, since the adhe-
sive will be integrated into the PDMS substrate after curing, no 
“alien” substance is introduced to the whole device.   

 Figure 2   shows schematically the fabrication process of a 
fl exible composite with buckled CNT fi bers. For simplicity 
of the model system fi ve CNT fi bers, each 60 mm in length, 
were fi rst laid parallel to one another with their ends fi xed to 
two tape strips. The space between two adjacent fi bers was kept 
at roughly 1.5 mm. Then, the aligned fi bers were dipped into 
a degassed PDMS bath. It is worth noting that the liquid did 
not coat the fi ber ends, which were used for electrode prepa-
ration. After dipping for 30 s at room temperature, the fi bers 
coated with a thin layer of liquid PDMS were transferred to a 
prestretched PDMS substrate with a length of  L  +  Δ  L . The whole 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 789–793
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     Figure  2 .     Illustration of the fabrication process of buckled CNT fi bers sandwiched in between 
PDMS.  
specimen was then cured in an oven at 100  ° C for 1 h. After 
releasing the prestrain in the PDMS substrate, the fi bers under-
went compression and formed kinked patterns. Thin copper 
strips serving as electrodes were adhered to the two ends of 
kinked fi bers by silver paint. Finally, a thin layer of uncured 
PDMS was cast on the top to enclose the device and the whole 
specimen was cured again in the oven at 100  ° C for 1 h to in 
order to cure the top PDMS layer, resulting in CNT fi bers sand-
wiched in between PDMS.  

 SEM images of one of the buckled CNT fi bers under different 
magnifi cations are shown in  Figure    3  . Figure  3 a shows massive 
buckles formed in the fi ber, resulting from the compressive 
force generated upon releasing the fi ber/substrate assembly 
from prestrain. This deformation in the form of kinking is 
a typical compressive failure mode of CNT fi bers, which has 
been observed in our previous studies. [  25  ,  26  ]  The excess PDMS 
present on the substrate above the buckled fi ber appears as a 
result of the fi ber dip-coating. During the transferring and 
aligning process, the fi ber moved from the position where the 
excess PDMS is located to its present location, leaving a small 
amount of PDMS liquid at the initial contact position with the 
substrate. As can be seen from Figure  3 b, the buckling shape 
of the CNT fi ber is quite different from the sinusoidal shape 
observed in otherwise similar systems. [  7–9  ,  12–15  ]  This is attrib-
uted to the discrepancy in their deformation mechanisms. 
Unlike the dense and continuous structure of other conductive 
materials (such as silicone nanowires and silicone ribbons) that 
can be elastically deformed upon stretching and releasing, the 
microstructure of the CNT fi ber consists of a network of CNT 
bundles which are held by the weak van der Waals force. There-
fore, slippage among these bundles could easily occur and this 
sliding is often believed as plastic deformation. When the fi ber/
substrate assembly was stretched back up to the prestrain level, 
the buckled fi ber was straightened again, although the kink 
bands were still observed along the fi ber. It should be noted 
that since there exist signifi cant gap and void space between 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 789–793
bundles of CNTs within the fi ber, the liquid 
PDMS coating on the fi ber could easily infi l-
trate into the inter-bundle void region. There-
fore, the slippage among CNT bundles within 
the fi ber and the extent of liquid infi ltration 
needs to be fully examined in our future 
work for establishing a theoretical model to 
characterize the buckling mechanism of CNT 
fi bers.  

 The lateral kinking pattern of the CNT 
fi ber is further validated by a color 3D image 
of the kinked CNT fi ber (Figure  3 c) taken by 
a 3D laser scanning microscope (VK-X200, 
Keyence). It can be seen that the height of the 
kinked fi ber was in the range of  ≈ 20–30  μ m, 
much higher than that of the fi ber diameter 
which was around 13  μ m. This increase in 
the height of the CNT fi ber is probably due 
to the thickness of the PDMS layer coating 
on the fi ber. As shown in the enlargement 
of two buckles in the fi ber (Figure  3 d), the 
CNT bundles on the compressive side of the 
fi ber buckled without apparent damage to 
the fi bers, resulting in the outward movement of the neutral 
plane, which effectively reduced the stress on the tensile side 
of the fi ber, as also observed in aerogel-spun CNT fi bers subject 
to bending. [  27  ]  Moreover, the buckled CNT fi ber can be alter-
natively straightened and kinked without apparent permanent 
fracture under stretching-and-releasing cycles. This excellent 
stability and repeatability of the kinking of the CNT fi bers are 
of critical importance in retaining the fi ber electrical conduc-
tivity during cyclic loading, and therefore performance of CNT 
fi ber based stretchable conductors. 

 Since the electrical conductivity of a single carbon fi ber (6.34  ×  
10 4  S m  − 1 ) is comparable to that of the current CNT fi ber (4.75  ×  
10 4  S m  − 1 ), a carbon fi ber composite was also fabricated using 
the same procedure as that for the CNT fi ber/PDMS fi lm 
depicted in Figure  2 . The prestrain level was also set at 40%. 
However, it was diffi cult to adhere the carbon fi ber to the 
PDMS substrate by the dip-coating method. Upon releasing the 
prestrain of the substrate, the carbon fi ber slid easily because 
of the poor interfacial bonding between the fi ber and the sub-
strate. Therefore, in order to enhance the interfacial bonding 
between the carbon fi ber and the substrate, PDMS droplets 
were applied to the carbon fi ber which had been already laid 
on the substrate. Figure  3 e is an optical microscopy image of 
a carbon fi ber after the release of prestrain. It can be seen that 
instead of deforming into a continuously buckled pattern, the 
carbon fi ber was fractured into segments. Furthermore, a com-
parison of Figure  3 b,e shows that the “wavelength” and “ampli-
tude” of the kinked CNT fi ber were much smaller than those of 
the carbon fi ber. The SEM image of Figure  3 f further demon-
strates the brittle nature of carbon fi ber fracture. 

 The divergence in the response to external compressive stress 
of the two kinds of fi bers is attributed to the fact that the CNT 
fi ber has a much lower fl exural modulus than the carbon fi ber. 
Because the microstructure of the CNT fi ber consisted of a net-
work of CNT bundles, it was feasible for it to bend in ways that 
the carbon fi ber with a more dense structure cannot. This high 
791wileyonlinelibrary.comheim
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     Figure  3 .     a,b) Low-magnifi cation SEM images of one kinked CNT fi ber. c) A color 3D image 
of the kinked CNT fi ber taken by a laser microscope. d) An enlarged SEM view of two kinks in 
the CNT fi ber. e) Optical microscopy image of one carbon fi ber after releasing the prestrain of 
PDMS substrate. f) An enlarged SEM view of the fractured carbon fi ber.  
fl exibility of CNT fi bers was also reported by Vilatela et al .  [  27  ]  
In the present study, when the prestrain of the substrate was 
elevated to 100% and the interfacial bonding was enhanced by a 
thick layer of liquid PDMS instead of dip-coating, the resulting 
CNT fi ber composite was still fl exible enough to buckle into 
small “wavelength” and “amplitude” without fracture. 

 The high fl exibility that CNT fi bers demonstrated is an 
essential prerequisite of the fabrication of kinked CNT 
fi ber-based stretchable conductors. A stretchable conductor 
with fi ve kinked CNT fi bers sandwiched in between PDMS 
is shown in  Figure    4  a. It can be seen that the kinked fi bers 
remain aligned and look fairly “straight” to the naked eye. 
The performance of the CNT fi ber/PDMS composite fi lm as 
a stretchable conductor was tested on a microstraining frame 
under cyclic tensile loading, while its electrical resistance was 
measured in real time. It should be noted that the total resist-
ance of the CNT fi ber/PDMS composite fi lm was determined 
by the amount of fi bers laid on the substrate. The electrical 
resistance of single CNT fi ber with a length of 60 mm was 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
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round 1.2  ×  10 4   Ω . It was expected that the 
otal electrical resistance of the composite 
 lm with fi ve fi bers arranged in a parallel 
onfi guration decreased to one fi fth of 
he single fi ber value, around 2.6  ×  10 3   Ω . 
igure  4 b plots the measured resistance 
f the CNT fi ber/PDMS fi lm during cyclic 
tretching to the prestrain level of 40%. It 
an be seen that the resistance of the com-
osite fi lm increased slightly with increasing 
ensile strain by only about 30  Ω  (1%) up to 
he prestrain level. Upon release, the resist-
nce showed a corresponding decrease, 
ventually returning to its initial state. This 
rend of resistance variation was main-
ained in multiple stretching-and-releasing 
ycles up to the prestrain level (Figure  4 b). 
his observation is due to the fact that the 
onductivity of the CNT fi bers is dictated by 
he conductivity of the individual CNTs as 
ell as the degree of electrical contact estab-

ished between individual CNTs. [  18  ]  Even 
hough sliding did occur among CNT bun-
les upon stretching and releasing, there 
as no slippage occurring between the 

 bers and the substrate due to the strong 
nterfacial bonding that was enhanced by 
he liquid PDMS after cure. Therefore, the 
otal intertube contact area within the fi ber 
as kept nearly constant and hence, a stable 
lectrical resistance of the composite fi lm 
ould be expected. It should be noted that 
he fi ber tensile failure strain is around 5%, 
hich is much less than that of the CNT 
eb (or fi lm). [  28  ]  Therefore, the kinked CNT 

 bers are stretchable before straightening 
nd their stretchability depends largely on 
he applied prestrain.    
 3. Conclusions 

 We have fabricated CNT fi ber based stretchable conductors by 
a simple prestraining-then-buckling approach. To enhance the 
interfacial bonding between the fi bers and the PDMS substrate 
and thus facilitate the buckling formation, CNT fi bers were fi rst 
coated with a thin layer of liquid PDMS before being transferred 
to the prestrained substrate. Upon release of the prestrain, the 
CNT fi bers were readily kinked in-plane because of their high 
fl exibility. Similar experiments performed on a carbon fi ber/
PDMS composite fi lm, on the other hand, resulted in extensive 
fi ber fracture due to the higher fi ber fl exural modulus. Further-
more, the CNT fi ber/PDMS composite fi lm showed very little 
variation in resistance ( ≈ 1%) under multiple stretching-and-
releasing cycles up to a prestrain level of 40%, indicating the 
outstanding stability and repeatability in performance as stretch-
able conductors. Together with their continuously improving 
mechanical performance, CNT fi bers possessing the unique 
stretchability demonstrated in the present study are expected to 
eim Adv. Funct. Mater. 2013, 23, 789–793
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     Figure  4 .     a) Photograph of a stretchable conductor with fi ve kinked CNT fi bers sandwiched in between PDMS fi lms. b) Electrical resistance of a 
CNT fi ber/PDMS composite fi lm during cyclic stretching to the prestrain level of 40%. Only the data of the 1st, 10th, and 20th cycles are shown for 
comparison.  
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further improve their applicability as reinforcements for multi-
functional composites.   

 4. Experimental Section  
 Preparation of PDMS Substrate : The PDMS substrate was prepared by 

mixing a silicone-elastomer base and curing agent (Sylgard 184, Dow 
Corning) at a ratio of 10:1 by weight. The mixture was fi rst degassed 
under vacuum then poured onto a glass substrate, followed by curing 
at 100  ° C for 1 h. The thickness of the resulting fi lm was in the range of 
 ≈ 0.4–0.5 mm. A rectangular slab of 13 mm  ×  80 mm was cut from the 
polymerized piece.  

 Electrical Characterization : The CNT fi ber/PDMS composite fi lms were 
repeatedly stretched and released by a microstraining frame, while their 
electrical resistance was measured in real time by a four-point method 
utilizing a Keithley 2182A Nanovoltmeter in conjunction with a Keithley 
6430 Sub Femtoamp Remote Sourcemeter.  
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