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Do carbon nanotubes behave like polymers? The answer appears to be—some do and some do not, depend-
ing on the number of walls. Analyzing the behavior of carbon nanotube networks, as found in sheets of “bucky
paper,” provides an intriguing insight into the characteristics of nanotubes, noninvasively deducing the funda-
mental response of individual tubes from the average characteristics of the collective. We report stress relax-
ation experiments on single- and multiwalled carbon nanotube networks and also present their reversible
photomechanical actuation response. Experimental similarities between multiwalled nanotube networks and a
“sticky” granular system are observed, while single-walled tubes display entropic behavior akin to a polymer
network. In both cases, photostimulated actuation is orders of magnitude larger than thermal expansion pre-
dictions. The analogy between single-walled tubes and entropically driven polymer chains, and between mul-
tiwalled tubes and granular networks, suggests a paradigm for theoretical and experimental analysis.
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I. INTRODUCTION

The way in which links of an entangled network interact
with each other is not a fully understood problem in the
natural sciences. While much success has been gained from
studying polymeric systems and treating them as thermally
diffuse statistical objects, understanding of granular media is
still in its infancy.1 Whether carbon nanotubes should be
treated as thermal statistical objects exploring their confor-
mational space or as completely nonthermal overconstrained
systems analogous to granular matter has, until now, re-
mained unclear. Carbon �in graphite, graphene, and nanotube
form� is unique because of the stability of the delocalized �
system coupled with the �-bonded honeycomb lattice. The
thermal- and photoactuation response of such systems is still
poorly understood but improved mastery could reap great
technological benefit in areas as diverse as biotechnology2

and optical telecommunications.3,4

Large photomechanical actuation of polymer–multiwalled
nanotube �MWNT� composites has been recently demon-
strated.6–8 Evidence suggests that the degree of tube align-
ment within the polymer matrix directly influences the mag-
nitude and the direction of actuation of nanocomposites and
that the mechanism of actuation is due to the contraction of
locally aligned polymer chains around the tubes, causing
them to buckle.9 The focus of our present work is on pure
nanotubes, how they interact with each other, and how this
interaction changes with temperature or under light. Zhang
and Iijima first demonstrated that single-walled nanotube
�SWNT� fibers can bend under light.5 Only a few studies
have been reported regarding the thermal expansion of
nanotubes.10–13 There are a number of theoretical ideas on
possible nanotube-light interaction mechanisms14–17 and nan-
otube thermal expansion,18–21 some of which contain con-
flicting predictions regarding whether nanotubes expand or
contract in their long �z� axis when heated.

Tube networks such as nanotube films, commonly known
as “bucky paper,”22 offer a platform on which to test nano-

tube behavior under stress, heat, and light, Fig. 1. The fun-
damental question we are asking is whether the tubes per-
form as elastic �or plastic� rods, or are they able to explore
their conformational space like thermally fluctuating poly-
mer chains. The secondary question is about the nature of
linkages in nanotube networks. A few important studies have
appeared in the literature but have not yet answered these
primary questions.23,24 One should not confuse this issue
with the volume of successful literature describing the me-
chanical response of nanotubes, such as their static Young’s
modulus.25–27 There remains very little literature exploring
the dynamic-mechanical properties of nanotube networks ei-
ther under stress or when heat or light stimulus is applied. To
this end, we present extensive experimental data on the me-
chanical relaxation of SWNT and MWNT films when a rela-
tively large stress is applied. We find that all nanotube net-
works show very strong stress relaxation, which may raise
questions about ever reaching the equilibrium in overcon-
strained systems and also the values of elastic moduli re-
ported in the literature. There is, however, a fundamental
difference between MWNT and SWNT networks: the me-
chanical response of the former is totally independent of
temperature, suggesting a granularlike viscoelasticity. Con-

FIG. 1. Networks of carbon nanotubes. �a� SEM image of
MWNT mat. �b� SWNT mat, under similar magnification, high-
lighting the tube bundles. �c� Scheme of the experiment, which
controls the temperature �T1 ,T2� and strain via a micrometer �M�
and measures the exerted force via a dynamometer �D�, in ambient
relaxation or on irradiation.

PHYSICAL REVIEW B 76, 165437 �2007�

1098-0121/2007/76�16�/165437�6� ©2007 The American Physical Society165437-1

http://dx.doi.org/10.1103/PhysRevB.76.165437


versely, SWNT networks reveal an effective rubber modulus
that is linearly dependent on temperature, indicating the
dominant role of entropic elasticity. Additionally, photome-
chanical experiments were carried out on MWNT/SWNT
films. The actuation response is orders of magnitude larger
than predicted by leading theories describing the local prop-
erties of the lattice. Again, we find a dramatic contrast:
stretched SWNT mats contract, when heated or irradiated by
light, further cementing the notion that networks of SWNTs
could, in fact, be treated as cross-linked polymers. In con-
trast, the stretched MWNT networks further expand under
the same conditions of irradiation. The actuation mechanism
in both warrants much further investigation. The results have
potentially widespread consequences for many researching
carbon nanotubes, granular systems, and polymer physics.

II. METHODS

A. Preparation

Both SWNT and MWNTs were purchased from Nanolab,
Inc. SWNT diameter is 1–1.5 nm, length �10 �m, and pu-
rity �90%. MWNT diameter is 15–45 nm, length is
5–20 �m, and purity �95%. The fabrication of both SWNT
and MWNT films follows the same procedures.

Tubes were first dispersed in isopropyl alcohol to form a
uniform �0.1 mg/ml suspension after 30 h ultrasonication
at approximately 30 W power. At such a low power, we ex-
pect no significant tube breakdown to occur and, indeed,
extensive scanning electron microscopy �SEM� imaging
found no change in tube length after sonication. The nano-
tube suspensions were then vacuum filtered through a mixed
cellulose ester filter to produce carbon nanotube films. The
thickness of the films was controlled by the amount of solu-
tion used in filtration. The resulting sheets were rinsed with
isopropyl alcohol and de-ionized water and then dried at
75 °C for 2 h to remove the remaining solvents, after which
the sheets were peeled directly off the filter to leave free-
standing carbon nanotube films, Figs. 1�a� and 1�b�.

Although the main results below are reported for the films
sonicated for 30 h, we also made samples with only 2 h and
over 2 week sonication. There was a visible decrease in the
average SWNT bundle size with the length mixing, but the
photoactuation response showed no difference at all.

B. Testing procedure

Experiments were conducted with the dynamometer �Pi-
oden Controls Ltd.� housed in a custom made thermal-
control box. Distance between the clamps was controlled us-
ing a micrometer with ±0.001 mm accuracy. The rig was
calibrated with weights to give a direct measure of stress and
�fixed� strain. When required, the cold light source �Schott
KL1500 LCD� was positioned �20 mm from the sample.
The peak power density, at 675 nm and this distance to the
sample surface, was determined as 1.5 mW/cm2, cf. Fig.
1�c�.

To standardize the results across all samples, preliminary
checks were undertaken to accurately find the zero-strain
natural length L0 of each sample, for every experimental run.

The imposed fixed extensional strain was then calculated as
�= �L−L0� /L0, with L provided by the micrometer reading.
After such a fixed prestrain was applied to each sample,
readings of stress were recorded to verify that the material
was equilibrated in its prestrained state, and then the stimu-
lus �additional strain, heat, or light, depending on the type of
experiment undertaken� was applied. Data were continuously
logged via a personal computer acquisition card with high
temporal resolution.

III. STRESS RELAXATION

First of all, let us examine stress relaxation of nanotube
mats, after a fixed step strain is applied, cf. Fig. 1�c�; this is
a classical isostrain experiment in viscoelastic medium. Fig-
ure 2 shows the details of very long �375 h� relaxation of
stress in the MWNT film, after a step of 0.2% extensional
strain is applied at t=0. A series of identical experiments for
a range of temperatures is also presented in Fig. 2. The inset
magnifies the evolution for the first 5 h. The curves are re-
markably identical for the range of temperatures tested, im-
plying that the magnitude and mechanism of stress relaxation
are indistinguishable. Importantly, we observe that if the re-
laxation is stopped at any time and a fresh step strain is
imposed, the response modulus reproduces the original high
value, so we are not looking at the slow degradation or dis-
entanglement of the tube network. The relaxing stress does
not reach an expected equilibrium plateau but instead ap-
pears to relax indefinitely. This is akin to natural rubber
which often demonstrates indefinite relaxation, for instance,
due to the sliding cross-links.28 This also suggests that in
many experiments on carbon nanotubes, the mechanical
equilibrium might be a deceptive target; this may be a simple
explanation of a vast variation of values for the Young modu-
lus reported in the literature. The values of �relaxing�
Young’s modulus are shown in Fig. 3 and it is clear that
depending on the rate of applied deformations, one could
obtain a very different response. Our results suggest that re-
searchers have not yet fully recognized the time dependent
�viscoelastic� characteristic of the stress relaxation.

FIG. 2. �Color online� Stress relaxation of a MWNT mat kept at
fixed length, after a step strain of 0.2%. Different curves obtained in
the same experiment at 28, 41, 60, and 90 °C are color coded. The
inset shows the relaxation during the first 5 h.
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The detailed data analysis in Fig. 3 suggests a very slow
but remarkably large amplitude of stress relaxation. The inset
illustrates the same data plotted on the logarithmic time axis,
which highlights how the best power-law fit deviates from
the data more significantly, while the logarithmic relaxation
given by ���MPa��1.3–0.2 ln t fits the experimental re-
sults almost perfectly after the first �1 h of relaxation. Such
slow dynamics is very rare in physics and resembles the
finding in overconstrained randomly quenched systems. It is
found, for instance, in the relaxation of the angle of repose in
a sandpile29 or in polydomain nematic elastomers.30 In each
case, it is the network of quenched mechanical constraints
that leads to the exponential increase in the activation barrier
as the equilibrium approaches and a logarithmic relaxation as
a result.

The MWNT mat has many tubes in contact with each
other at multiple junctions along their contour length. In the
junction regions, pristine nanotubes attract via short-range
intertube van der Waals potentials, enhanced over the typical
granular or colloid levels due to the high polarizability of
graphene. The primary van der Waals minimum occurs at
short distances ��2 nm� with a depth of �40kBT for
SWNTs31 and up to an order of magnitude higher in
MWNTs. This attraction quickly tends to zero at a distance
	2.5 nm.31,32 This confirms the basic mechanism of network
binding in nanotube mats, as well as the fact that the tube
strands between junctions are relatively interaction-free. The
large nonthermal stress relaxation suggests that junctions are
sliding under stress. It is possible to estimate the activation
energy of this sliding, if the final equilibrium stress level
could be unambiguously determined �which we could not do
even after 375 h�. This nonthermal nature of isolated MWNT
segments between junctions makes it conceptually difficult
to talk about, for instance, the tube persistence length �p, cf.
Fig. 1�a�, which is a very common notion in literature. Per-
sistence length has a clear statistical meaning in fluctuating
polymer chains or filaments;33,34 however, one would not use
this parameter to describe, for instance, a crumbled ball of
copper wire or a force network in a granular pile. Indeed, in

its dynamic-mechanical response, the MWNT mat is close to
a network of elastic rods or the sticky granular system, still
poorly understood35 but a good candidate for experimental
studies of the glass and jamming transitions. These ideas are
consistent with the notion of rotating bonds between nato-
tubes suggested by Hough et al.36 Whitten et al.37 also raise
the idea of intertube junctions, in their case able to slip in
solution.

We now discuss the response of SWNT mat in an identi-
cal step-strain experiment at different temperatures. Figure 4
provides the results of such an experiment. These results are
in marked contrast with the MWNT response. At any stage
of relaxation, the stress in a stretched SWNT network in-
creases as the temperature is increased. In Fig. 5, the Young
modulus is plotted as a function of temperature �in all cases,
isostrain conditions are maintained�. Each line in the graph
represents the linear fit to a set of stress measurement taken
at a particular time of relaxation. The classical feature of
rubber elasticity is clearly reproduced here, with the effective
Young modulus Y 
kBT. This result implies the entropic na-
ture of SWNT network: for SWNTs, unlike MWNTs, ther-
mal fluctuations are, in fact, significant. We now can talk

FIG. 3. �Color online� The analysis of the long relaxation in a
MWNT mat carried out at 41 °C. The data are fitted by the power
law ���MPa�=0.5+0.9t−0.2 and a logarithmic decay ��=1.3
−0.2 ln�t�. The inset plots the same data on a ln t axis, indicating
that logarithmic relaxation �labeled by �� is a much closer fit than
the power law �labeled by ��.

FIG. 4. �Color online� Stress relaxation of a SWNT mat kept at
fixed length, after a step strain of 0.2%. The jump in stress is dif-
ferent at each temperature. However, the inset displays the normal-
ized data �� /��max, indicating the universal relaxation mecha-
nism, not altered with temperature.

FIG. 5. The variation of Young’s modulus in a SWNT mat with
temperature measured at three separate times of relaxation.
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about the statistics of conformations and, in particular, the
persistence length of SWNT, �p. This length can still be very
high �in the range 20–70 �m �Ref. 38��, if one considers an
ideal nanotube, but in reality, defects contribute to decreasing
�p. One may be tempted to conclude that SWNTs can be
treated as thermally diffuse statistical objects, much like
polymer chains.

However, this conclusion has to be taken together with the
well-established bundled nature of SWNT assemblies, very
different from the coiled polymer chains, cf. Fig. 1�b�, and
the separated nature of clearly nonthermal MWNTs. As
single-walled tubes are flexible enough to be thermally ex-
cited, they assemble in highly aligned bundles held by van
der Waals forces. However, these bundles must be dynamic
in the sense that their range of conformations is explored
under thermal motion of continuously bonding and debond-
ing flexible tubes: the corresponding entropy would then ac-
count for the temperature-dependent modulus �analogous to
polymer networks where the coiled chains between junctions
explore their conformational freedom�. The MWNT strands
are much more rigid and not able to bend under thermal
excitation so that the structure of their mats, Fig. 1�a�, is
entirely dependent on preparation history. The large ampli-
tude of stress relaxation and the continuing decrease of the
modulus even after a very long time once again demand a
careful evaluation of the Young modulus data reported in the
literature.

Another key finding points to the difference between en-
tropic polymer and entropic SWNT bundles. The inset in Fig.
4 shows the normalized stress relaxation, rescaled by
�� /��max, helping to clarify the long-time relaxation
mechanism of SWNT films. The normalized curves collapse
onto each other, suggesting that the mechanism of long stress
relaxation in SWNT films is the same regardless of tempera-
ture, just like in MWNT films. This is not the case for a
cross-linked polymer network where relaxation is a
diffusion-controlled process and hence its rate varies with T
leading to the famous time-temperature superposition. Non-
thermal relaxation in nanotube networks suggests that the
main mechanism is different. We believe that it is related to
the sliding of junctions between nanotubes, the motion of
which is dominated by friction as discussed. The rate of
long-time normalized relaxation of stress is much faster in
SWNT networks; this is in line with the idea of sliding junc-
tion as the binding energy is certainly proportional to the
nanotube dimensions.

IV. PHOTOACTUATION

The response of nanotubes to near-IR light is now dis-
cussed. The use of a cold light source is an effective means
by which to remotely transfer energy to the system quickly.
The photoactuation experiments were conducted using an
identical method to that outlined in Ref. 39, cf. Fig. 1�c�,
with the results presented in Figs. 6 and 7.

The first of the two graphs shows the MWNT film re-
sponse. The significant drop in stress indicates that the
sample uniaxially expands its underlying natural length on
irradiation. The expansion is fully reversible, as the sample

returns to its original stressed state on removing the source
of external energy. This is a very important observation,
eliminating many possible mechanisms based on, e.g., deg-
radation, induced defects, or enhanced junction sliding,
which would all be irreversible. Characteristically, the kinet-
ics of this photomechanical response is very slow, although
at least 1–2 orders of magnitude faster than the ambient
stress relaxation, Fig. 2. There is a small but significant and
reproducible contraction in the initial seconds after the light
source is switched on, highlighted in the inset of Fig. 6.
Similarly, when the light is switched off, the same magnitude
peak �in opposite direction� is observed, which further sug-
gests that this phenomenon is no artifact of experimentation
but rather a significant, albeit relatively small, and short-
lived event. This feature is recalled when we examine and
contrast the response of SWNT film to irradiation, Fig. 7.
Clearly, SWNTs contract under IR radiation, leading to the
increasing stress on the constrained sample. The effect is also
fully reversible and its relatively fast kinetics are illustrated
in the inset to Fig. 7.

Separate studies on heating the film using the ambient
temperature change on the samples reveal that the actuation

FIG. 6. �Color online� Photomechanical actuation of a MWNT
mat recorded at fixed, prestrained, and equilibrated sample length.
The inset shows the initial contractive stress response of the film
during the first few seconds when the light source is switched on,
illustrating the initial peak.

FIG. 7. �Color online� Photomechanical actuation of a SWNT
mat, in the same conditions. In contrast to MWNT network, this
sample is contracting on illumination. The detailed onset kinetics,
highlighted in the inset, matches well the compressed exponential
result reported in Ref. 9.
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stress is around half that of the stress achieved using light.
The comparable responses suggest that the mechanism re-
sponsible for nanotube actuation might be thermally based,
but the heating efficiency is much higher on infrared photon
absorption than through the exchange with atmosphere.
However, since the rate of the light-off relaxation is evi-
dently the same as the light-on rate, for both materials, it
cannot be purely due to ambient cooling of the samples:
clearly, photon absorption has a direct effect on the mechani-
cal state of nanotubes.

One could explain SWNT contraction using a variety of
models. Literature is divided as to whether SWNTs expand
or contract in their z axis. Depending on the model used,
such effects can have some orientational dependence; how-
ever, in all cases, the strains induced are extremely small.
The first idea that we must consider in view of our earlier
findings is the effect of rubber band contraction on heating,
which is due to the increasing weight of conformational en-
tropy. As this is a significant factor in the description of
single-walled tubes and their bundles, one expects as in clas-
sical thermodynamics that ��f /�T�x= ��S /�x�T, with x the
stretching and f the corresponding force. This basic conse-
quence of entropic elasticity is almost completely indepen-
dent of what actual graphene lattice does microscopically.

Anharmonicity of interatomic potentials causes thermal
expansion or contraction in most lattice systems.40 It is de-
pendent on the balance between phonon modes and respec-
tive Grüneisen parameters.19 Axial thermal contraction of an
individual �10,10� nanotube at room temperature has been
shown in simulations.20 The x-ray scattering experiments by
Maniwa et al.12 register an average lattice constant expan-
sion of �0.75�10−5 K−1. For our bulk system, using these
values, we cannot explain our actuation strains of �0.1% by
solely lattice potential effects, unless the extremely high lo-
cal heating is assumed on photon absorption �the mean tem-
perature change across the sample was only 20°�. The mag-
nitude of contraction seen in Fig. 7 is more than an order of
magnitude greater than predicted by thermal expansion
ideas. A definitive measurement of individual nanotube pho-
toresponse would involve irradiating a tube in a setup similar
to single-chain AFM studies.41 The difference between the
atomic scale theory �where only short segments of nanotubes
are considered� against macroscopic assemblies of nanotubes
is highlighted through these results.

V. SUMMARY

Networks of carbon nanotubes may be the first system
that exhibits metallic, semiconducting, and polymerlike
properties within one material and apparently demonstrate a
reversible light-induced actuation. The stress relaxation of
both MWNT and SWNT films have been studied over short

and long time scales and at different temperatures. Both
nanotube networks continually relax their stress �creep�,
which we assign to slippage �but not breakage� between
nanotube junctions within the entangled network. The
MWNT network has an effective modulus that is temperature
invariant but has a strong �viscoelastic� time dependence.
This nonthermal system is most similar to a transient net-
work of elastic rods or a “sticky” granular network. It might
well prove useful as a generic structure to experimentally
probe granular matter. Conversely, and surprisingly, the
SWNT networks demonstrate a significant entropic response,
with the �relaxing� modulus depending linearly with tem-
perature, just like in cross-linked polymer chains. We asso-
ciate this effect with the dynamic nature of SWNT bundles,
where continuous thermal rearranging of tubes provides the
conformational entropy.

Nanotube modulus variation with temperature has been
theoretically studied but with mixed results in the literature:
some papers show a decrease in modulus with increasing
temperature,42 while others demonstrate no change. Related
to our work is the experimental result by Arinstein et al.43 on
the temperature dependence of modulus obtained from single
polymer nanofibers that show the following: �1� the tempera-
ture dependence is strongly influenced by fiber diameter and
�2� larger diameter fibers display an entropic-dominated re-
sponse. Our experiments demonstrate that the same results
cannot be transferred from polymer nanofibers to CNTs—
larger diameter nanotubes do not demonstrate entropic be-
havior.

Exposure of the MWNT network to near-IR light causes a
fully reversible photomechanical expansion, almost four de-
cades larger than what would be expected through simple
lattice thermal expansion-contraction arguments. On-off hys-
teresis is also negligible. Better aligned MWNT systems
such as those found in fibers unambiguously demonstrate
nanotube contraction in the long �z� axis. In contrast, SWNT
networks, upon exposure to IR light, contract in the direction
of prestrain. This work reported an indication of entropic-
type contraction in such a system. Single-walled carbon
nanotube films do behave like cross-linked polymer chains.
Should it be possible to cross-link the individual SWNTs
chemically, one could very well create a pure SWNT elas-
tomer with some intriguing, fully reversible, properties.
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