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Stretchable conductors (interconnects and electrodes) play a 

key role in the development of stretchable electronics, sensors 
and energy harvesting/storage devices.[1] Carbon nanotubes 
(CNTs) have high aspect ratio, excellent electric conductivity, 
high thermal stability and mechanical robustness,[2] which 
make them promising candidates for stretchable conductors. 
Several methods have been demonstrated for fabrication of  
CNT-based stretchable conductors, including mixing single-
walled CNTs (SWNTs) and ionic liquid in a fluorinated 
copoly mer matrix,[1f ] depositing SWNT films on polymer 
films,[3] backfilling SWNT aerogels with polymers,[4] infiltrating 
multi-walled CNT (MWNT) forests with polymer binder,[5] dis-
persing MWNTs in polymers by ultrasonication or melt shear 
mixing,[6] and creating out-of-plane buckled MWNT ribbons on 
polymer films.[7] 

A successful route to stretchable conductors or device com-
ponents is to create buckling-induced wavy or coiled architec-
tures out of the otherwise flat building blocks (often inorganic 
materials). One approach for buckling is as follows: the building 
blocks are transferred to a prestretched elastomeric substrate; 
upon release of the prestretch, the building blocks buckle.[1c,8] A 
critical step is to prestretch the substrate, which might present 
a challenge for large-scale manufacturing process (e.g., roll-to-
roll process). In this paper, we present an alternative approach 
for buckling of the building blocks, which does not involve pre-
stretching the substrate but relies on the interface interaction 
between the building blocks and the substrate. More specifically, 
upon stretching the substrate the building blocks slide on the 
substrate, but upon releasing the substrate the building blocks 
buckle (instead of sliding back). This stretching/releasing step 
is after the device manufacturing. Following this new buckling 
approach, we demonstrated stretchable conductors based on 
well-aligned CNT ribbons.

The CNT ribbons used in this study were directly drawn from 
spinable, vertically-grown MWNT forests and then transferred 
onto PDMS substrates. Figure 1a shows a scanning electron 
microscopy (SEM) image of a CNT ribbon (top view) drawn 
from the CNT forest. It can be seen that the ribbons are uni-
formly aligned along the drawing direction. The diameters of the 
MWNTs in this study typically ranged from 30 to 50 nm. Figure 1b  
shows a fabricated stretchable conductor with a CNT ribbon 
lying on top of PDMS with good optical transmittance (∼40%).
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The resistance of a typical CNT/PDMS film (normalized by 
its initial resistance at zero strain) versus the applied strain 
is plotted in Figure 1c. It can be seen that the resistance first 
increased almost linearly with increase of the tensile strain 
up to ∼20%. Upon release of the strain, the resistance was 
unchanged (did not return to its initial value). When stretched 
back to 20%, the resistance still remained constant. Beyond 
20% strain, the resistance increased linearly again with the 
strain. Similar behaviors were observed for the releasing and 
stretching processes repeated at the strains of 40%, 60% and 
100%. After further stretching/releasing cycles, the resistance 
was unchanged in the strain range of 0–100%. This electric 
response as a function of the applied strain was close to the 
case of CNT embedded in PDMS.[9] Naturally the above elec-
tric response of the CNT ribbons under strain brought up two 
questions: 1) what causes the resistance increase during the 
first stretching and 2) why does the resistance remain nearly 
constant during the subsequent stretching/releasing?

Figure 2a and b show optical images of a CNT ribbon on 
PDMS before and after it was stretched to 80%, respectively. 
Figure 2c shows the CNT ribbon after released to 40% strain, 
where the CNTs started to buckle and form uniform, periodic 
wavy structures in the lateral direction. With larger strain 
release, the wavelength and amplitude of the buckled ribbon 
became smaller and larger, respectively. Figure 2d shows the 
CNT ribbon after the prestrain is completely removed (zero 
strain). For clarity, a schematic corresponding to each figure is 
inserted to show the deformation process of the CNT ribbon. 
Figure 2e shows an SEM image of the CNT ribbon (corre-
sponding to Figure 2d). Clearly the initially straight CNTs 
buckled into wavy structures in the lateral direction. It is inter-
esting to note that most CNTs buckled in bundles rather than 
individually. The lateral buckling of CNTs is likely related to 
the electric response shown in Figure 1c, but the underlying 
mechanisms remain elusive (i.e., how exactly are the buckles 
formed and how does the resistance of buckled CNTs change in 
response to mechanical strain?)

We designed a model experiment to investigate how the 
buckles are formed, with four neighboring CNTs on a PDMS 
substrate (Figure 3). The CNTs are artificially colored for clarity 
(see Supporting Information for the original images before 
colored). The applied strains in the five panels are 0, 9.2%, 
16.1%, 10.4% and 0, respectively. The substrate was stretched/
released by a mechanical testing stage under an optical micro-
scope. CNT_A is partly overlapped with CNT_B, while CNT_C 
has a gap with CNT_D. Upon stretching, there was no measur-
able elongation in CNT_C (the same as the other three CNTs) 
with the resolution of our optical images. The CNT elongation 
was measured in the optical images (each image possesses 
750 × 480 pixels and a CNT typically spans 200–250 pixels in 
bH & Co. KGaA, Weinheim 1073wileyonlinelibrary.com
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Figure 1. (a) Top view SEM image of a CNT ribbon. (b) Optical image of 
a CNT/PDMS film on top of a printed paper with “NCSU”, showing good 
optical transmittance. (c) Resistance change of a typical CNT/PDMS 
film as a function of applied strain. Each symbol represents one loading-
unloading cycle. The sheet resistance is measured to be 211 Ω/.
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length). Therefore, the strain resolution (1 pixel) is 0.4–0.5%. 
The substrate stretching was accommodated by the gap increase 
between CNT_C and CNT_D and overlap decrease between 
CNT_A and CNT_B (clearly shown from panel a to c). This 
observation indicates that the CNTs did not deform as much 
as the substrate, in other words, sliding occurred between 
the CNTs and the substrate. Normally upon stretching of the 
substrate, the CNTs should also be stretched due to the inter-
facial stress transfer between the substrate and CNTs. Such 
stress transfer depends on the static friction (interfacial shear 
074 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
strength) between CNTs and PDMS. Very little is known about 
the interfacial shear strength between individual nanostructures 
and PDMS substrates.[10] The interfacial shear strength between 
MWNTs and PDMS is not available in the literature. But the 
interfacial shear strengths between MWNTs and other polymers 
have been reported, ranging from tens of MPa to 500 MPa.[11] 
Assuming the interfacial shear strength of 200 MPa between 
MWNTs and PDMS, the average normal stress in the CNTs is on 
the order of 100–200 MPa according to the shear-lag analysis,[12] 
which corresponds to an axial strain of 0.05–0.3% in the CNTs 
depending on how the load is distributed in the shells inside 
a MWNT (see Supporting Information for more details). Such 
a small strain corroborates with the negligible CNT elongation 
under stretching as observed in our optical images. Since the 
strain in the CNTs was much smaller than the applied strain on 
the substrate under stretching, CNT/substrate sliding occurred. 
Upon releasing of the substrate, buckling of all four CNTs was 
observed (panels d and e). For MWNTs (>4 walls), the critical 
buckling (normal) stress and strain were estimated to be about 
0.44 GPa and 0.044%, respectively.[13] Therefore, the average 
normal stress in the MWNTs as a result of the stress transfer 
between MWNTs and PDMS should be sufficient to cause CNT 
buckling before the CNTs slide back to the initial state. Further-
more, the MWNTs might not be completely straight even after 
the stretching step, which likely leads to a lower buckling stress 
and strain. This buckle criterion is also in good agreement with 
our experimental observation. As a reference, the gaps in five 
panels between CNT_C and CNT_D are 9.8, 14.1, 18.2, 17.0 
and 14.3 μm, respectively.

Figure 4a shows an atomic force microscopy (AFM) image 
of a buckled CNT on a PDMS substrate. Clearly the CNT was 
laterally buckled, on top of the substrate without any notice-
able out-of-plane deformation (perpendicular to the PDMS sub-
strate). Note that MWNTs are used in this study. To the best 
of our knowledge, the present work is the first experimental 
observation of the lateral buckling of MWNTs (parallel to the 
PDMS substrate). This lateral buckling mode is different from 
the previously observed out-of-plane buckling for SWNTs;[14] 
the lateral buckling mode was observed for Si NWs.[1h,15] A two- 
terminal device was fabricated using a buckled CNT on a PDMS 
substrate to probe how its resistance changes in response to 
strain. Figure 4b shows a typical I–V response at a given strain, 
which clearly exhibited an ohmic contact between the CNT 
and two electrodes. A sequence of optical images at different 
strain levels are shown in Figure 4c. The buckled CNT are 
artificially colored for clarity (see Supporting Information for 
the original images before colored). The resistance remained 
nearly constant during a large range of tensile and compres-
sive strains (Figure 4d). Pronounced and modest piezoresistive 
responses (i.e., resistance change with strain) were reported for 
straight[16] and buckled (wavy)[14] SWNTs, respectively. Here for 
the first time, we found that MWNTs do not exhibit noticeable 
piezoresistivity when buckled. The maximum bending strain 
in the MWNT is 4.5% (Figure 4a), which is supposed to cause 
resistance change of more than two orders of magnitude.[16a] 
However, with the buckled (bending) configuration, the tensile 
strain on one side of the MWNT is balanced by the compres-
sive strain on the other side; the net strain in the MWNT is the 
critical buckling strain (∼0.044%) or even smaller if the MWNT 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1073–1077
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Figure 2. (a-d) Optical images of a CNT ribbon on PDMS (a) before stretching, (b) after stretched to 80%, (c) after released to 40% strain, and  
(d) after released to zero strain. (e) An SEM image of (d) showing the lateral buckling of CNTs.
was not completely straight before buckling. Such a small strain 
might be responsible for the negligible resistance change. Sim-
ilar negligible resistance changes were observed for buckled Si 
nanowires[1h] and ribbons.[17]

Now we can get back to the electric response of CNT/PDMS 
conductors under mechanical strain (Figure 1c). When a CNT 
ribbon is first stretched, intertube sliding (sliding between 
© 2012 WILEY-VCH Verlag Gm

Figure 3. Optical images showing the deformation of four CNTs (marke
D) under different strain levels (indicated on the right in percentage) duri
and (d, e) releasing process. Scale bar is 10 μm.

Adv. Mater. 2012, 24, 1073–1077
CNTs) occurs as a result of the sliding between the CNTs and 
the PDMS substrate (for example, CNT_A and CNT_B in 
Figure 3a-c). This causes reduction of the overall contact area 
between the CNTs, thus lead to an increased resistance. Upon 
the first release of the CNT ribbon, the CNTs buckle and do 
not slide back (Figure 3d-e). In other words, the contact area 
between the CNTs in the length direction is about the same as 
bH & Co. KGaA, Wein

d as A, B, C and  
ng (a-c) stretching 
that after stretching (smaller than the ini-
tial contact area). This is why the resistance 
remains nearly constant and does not return 
to the initial value. The second stretching of 
the CNT ribbon is essentially the stretching of 
the buckled CNTs. As shown in Figure 4, the 
resistance remains constant when a buckled 
MWNT is stretched, which explains why the 
CNT ribbon does not show resistance change 
after second stretching/releasing. Note that 
the above mechanism is not only applicable 
to individual CNTs (Figure 3), but also to 
CNT bundles (i.e., the CNTs might buckle in 
bundles as shown in Figure 2e).

Our conductors (with CNTs on top of PDMS) 
are similar to those reported previously (with 
CNTs embedded in PDMS).[9] Our conductors 
are feasible for meteorology measurements 
such as SEM and AFM, which directly showed 
that the interface interaction between the CNTs 
and the PDMS substrate dictates the buckling 
of CNTs. In contrast, such meteorology meas-
urements are not feasible for the previous 
ones. As a consequence, the CNT deformation 
remains elusive when embedded in PDMS. It 
is possible that the insights obtained from the 
present study might shed light on the case of 
embedded CNTs in PDMS.
1075wileyonlinelibrary.comheim
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Figure 4. (a) AFM image of a buckled CNT on PDMS substrate. (b) I–V curve of a two-terminal device based on a buckled CNT at 19.2% strain. 
(c) A sequence of optical images of the buckled CNT device at different strain levels (indicated on the left in percentage). The prestrain for the buckled CNT 
is 40%. The length of the CNT before buckling is 41.4 μm. (d) The resistance values of the buckled CNT at different compressive and tensile strains.
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In conclusion, we systematically investigated the interesting 
electric response of the aligned CNT ribbons under mechanical 
strain. We found that CNTs slide on a PDMS substrate under 
tension, but buckle under compression (releasing). Such an irre-
versible mechanical deformation is responsible for the observed 
irreversibility in the electric resistance upon the first stretching/
releasing. In addition, we found that the resistance of the buckled 
MWNTs remains constant under mechanical strain, which 
explains why the resistance of the CNT ribbon did not change 
for the second and subsequent stretching/releasing. The CNT 
ribbon based conductors exhibit superior stretchability (>100%), 
which may find broad applications in stretchable electronics, 
sensors, solar cells and touch screens, to name just a few.

Perhaps more significantly, the interface-mediated buckling 
approach reported here provides an alternative to the well-known 
prestrain-then-buckling approach[1a,b] for fabricating stretchable 
devices, especially out of aligned nanowires or nanotubes. When 
combined with tremendous recent progress in nanowire/nanotube 
alignment and contact printing,[1g,18] this new buckling approach 
could pave the way for large-scale manufacturing (e.g., roll-to-roll 
process) of nanowire/nanotube based stretchable electronics.

Experimental Section
Sample preparation: Vertically-grown MWNT forests were synthesized 

using a recently developed chloride mediated chemical vapor deposition 
(CVD) method.[19] With the assistance of a roller, the CNT ribbons 
were directly drawn from the MWNT forests and attached onto a 
Teflon substrate, which was wrapped around the roller (See supporting 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
information). Poly(dimethylsiloxane) (PDMS) substrates with a thickness 
of 1 mm were prepared using Sylgard 184 (Dow Corning) by mixing the 
“base” and the “curing agent” with a ratio of 10:1. The mixture was 
first placed in a vacuum oven to remove air bubbles and then thermally 
cured at 65 °C for 12 h. Rectangular slabs of suitable sizes were cut from 
the resultant cured piece. The Teflon substrate with the CNT ribbon 
was then brought into conformal contact with a PDMS. Because the 
PDMS has stronger adhesion to CNT than the Teflon substrate, the CNT 
ribbon was transferred onto the PDMS after the Teflon substrate was 
slowly peeled. High-purity alcohol was then dropped on the CNT ribbon. 
The rapid evaporation of the solvent absorbed in the ribbon causes the 
shrinkage of the film due to the surface tension effects. The adhesion 
between the CNTs and PDMS are strong enough to hold the buckled 
structures, which can be reversibly stretched and compressed.

Electrical characterization: To measure the resistance of the CNT/
PDMS films, silver pastes were applied to the two ends of the CNT 
ribbon to serve as stretchable electrodes. The CNT/PDMS films were 
repeatedly stretched and released by a tensile testing stage (Ernest F. 
Fullam), while the electric resistance was measured at the same time by a 
multimeter (Agilent, 34401A). It should be noted that the electrode area 
was left outside of the clamps during the stretching process. To fabricate 
a two-terminal device based on a buckled CNT on a PDMS substrate, a 
layer of Ni (400 nm thick) was evaporated through a shadow mask onto 
the buckled CNT to serve as electrodes. Tensile and compressive strains 
were applied to the PDMS in the CNT axial direction. The current-voltage 
(I–V) response of the CNT device was measured simultaneously using 
tungsten probe tips.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. Optical images showing the deformation of four CNTs (marked as A, B, C and D) 
under different strain levels (indicated on the right in percentage) during (a-c) stretching and 
(d, e) releasing process.  
 
Original images of Figure 4c before colored 

 

 

 

 

 

 

 

 

 

Figure S2. Optical images showing the deformation of four CNTs (marked as A, B, C and D) 
under different strain levels (indicated on the right in percentage) during (a-c) stretching and 
(d, e) releasing process.  
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Shear-lag analysis and CNT buckling 

It is important while challenging to analyze the stress transfer between the PDMS substrate 

and the CNTs. Below we provide a simple analysis, where the CNT/PDMS system is treated 

as a composite material with PDMS as the matrix and CNTs as the short (discontinuous) 

fibers. A number of analytical models have been proposed to derive the shear stress 

distribution and the resulting axial stress in the fiber. One classical approach is the elastic 

stress transfer model (so-called shear-lag model) developed by Cox in 1952 based on the 

following assumptions:[1] 1) the interface shear stress is proportional to the difference between 

the displacement of the fiber at a point and the displacement of the matrix at the same point if 

the fiber were absent; 2) fibers and matrix behave elastically; 3) a perfect bond exists between 

the fiber and the matrix; 4) no load is transmitted from the fiber ends; 5) stress concentration 

at the fiber ends is neglected. The  normal stress  in  the  fiber  and  the  interfacial shear stress  

are  given  by 
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Ef is the fiber modulus, εm is the matrix strain, Af is the cross-sectional area of the fiber, Gm is 

the shear modulus of the matrix (= 0.8 MPa), l is the fiber length (= 40 μm), x is the position 

along the fiber length, r is the radius of the fiber (= 20 nm), and R is the interfiber distance. 

For a single fiber in matrix, a stress transfer parameter R/r value typically ranges from 2 (a 

value typical for weak interfaces) to 9 (a value typical for a strong interface).[2]  Here R/r 

value of 5 is used in the analysis.  
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Figure S3. Cross-sectional view of a representative volume element considered in the shear-

lag model. A short cylindrical fiber (radius r) is embedded in a cylindrical matrix (radius R). 

 

The fiber in this work is the MWNT. It has been long debated how the mechanical load is 

distributed between all the shells inside a MWNT. Here we analyze two extreme cases: only 

the outermost shell takes the load (i.e., hollow fiber) or all the shells take the load equally (i.e., 

solid fiber). The first case might be pertinent to arc-discharge grown MWNTs with a Young’s 

modulus of 1000 GPa.[3] Since the shear-lag analysis is typically for solid fibers, the hollow 

fiber can be treated as a solid fiber with an equivalent Young’s modulus of 34 GPa (=E(2t)/R, 

where E = 1000 GPa, t = 0.34 nm, the interlayer spacing between each shell, and R = 20 nm, 

the average radius of MWNTs used in this work). As an example, when the applied stress on 

PDMS is 2.4 MPa, the normal stress and interfacial shear stress are plotted in Figure S4(a). It 

can be seen that the maximum normal stress (or approximately the average normal stress) is 

about equal to the maximum interfacial stress. 

 

The second case might be pertinent to CVD grown MWNTs that typically possess intershell 

cross-links, leading to considerable intershell load transfer. The reported Young’s modulus for 

CVD grown MWNTs is 200 GPa.[2] Again as an example, when the applied stress on PDMS 

is 2.4 MPa, the normal stress and interfacial shear stress are plotted in Figure S4(b). 
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Figure S4. The normal stress in a MWNT and the interfacial shear stress at the MWNT/ 
PDMS interface according to the shear-lag analysis. (a) The first case where the outermost 
shell takes the load (note that in this plot the normal stress is on the equivalent solid fiber). (b) 
The second case where all the shells take the stress equally.   
 

The interfacial shear strength between MWNTs and PDMS is not available in the literature. 

But the interfacial shear strengths between MWNTs and other polymers have been reported, 

ranging from tens of MPa to 500 MPa.[4] In both cases discussed above, suppose the 

interfacial shear strength is 200 MPa, the average normal stress in the MWNTs can be easily 

larger than 100 MPa. In the first case, 100 MPa normal stress in the equivalent solid fiber 

(a) 

(b) 
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corresponds to ~3 GPa stress in the outermost shell, which leads to 0.3% axial strain. In the 

second case, 100 MPa normal stress corresponds to 0.05% axial strain. Under tension, such 

small strains in both cases are beyond the strain resolution of our optical microscope. 

However, under compression, it is a totally different scenario. Xiao et al. predicted that the 

critical buckling strain for MWNTs under compression is 0.044% (for number of shells larger 

than 4).[5] Therefore, such small axial strains (in both cases) in the MWNTs are sufficient to 

cause their buckling. The above simple analysis agrees very well with our experimental 

observation under both tension and compression. It should be noted that since our MWNTs 

are CVD grown, the second case might be more relevant to this work.  

 

Also note that our system is a fiber on a substrate (should be partly embedded in the substrate). 

It has been assumed that the contact width is equal to the CNT diameter (i.e., half of the CNT 

is embedded in the substrate).[5]  Our analysis of a fiber totally embedded in a matrix might 

overestimate the normal stress in the fiber by a factor of two. To thoroughly understand the 

stress transfer between CNTs and the PDMS substrate, several further studies are warranted 

including: 1) measurement of the Young’s modulus of our MWNTs (which might be process 

dependent) and understanding of the exact stress distribution inside the MWNTs; 2) 

measurement of the interfacial shear strength between MWNTs and PDMS; 3) a more 

rigorous shear-lag analysis and likely finite element analysis of our system. 
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Experimental setup for drawing CNT ribbons 

Figure S5 is an optical image showing the experimental setup used in the drawing process. 

With the assistance of a roller, the CNT ribbons were drawn and attached onto a Teflon 

substrate, which was wrapped around the roller. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. Optical photograph of the assembly apparatus used in our experiments to draw the 
CNT ribbon and attach it onto the Teflon substrate. 
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