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Comparative studies on field-induced stretching behavior of single-walled and multiwalled carbon
nanotube clusters
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We demonstrate distinct entanglement of single-walled carbon nanotube (SWCNT) and multiwalled carbon
nanotube (MWCNT) clusters in nematic liquid crystal medium using scanning electron microscopy technique
and the entanglement influence on electric field-induced stretching phenomena of the said clusters in the same
medium under optical microscopy investigation. The observed stretching threshold field for MWCNT clusters is
found to be higher than the SWCNT counterpart caused by the interplay between attractive field-induced dipolar
interaction of intercarbon nanotube (CNT) bundles and the distinct degree of entanglement of neighboring CNT
bundles. Subsequently observed different tensile elasticity modulus results for different CNT kinds also confirm
different CNT bundle entanglement and attractive dipolar interaction between adjacent CNT bundles in CNT
clusters are responsible for distinct stretching threshold field behavior.
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I. INTRODUCTION

The highly anisotropic structure and excellent elastic
properties have stimulated research on carbon nanotubes
(CNTs) [1–5], which cover an impressively diverse range
of applications including optical polarizers; field emitters;
field-effect transistors; actuators; ultrasensitive mechanical,
physical, and chemical sensors and biosensors; alignment lay-
ers; and transparent conducting film for liquid crystal display
[6–14]. Nevertheless, the cluster forming tendency of individ-
ual CNTs due to strong van der Waals interaction between them
has greatly nullified their unidirectional anisotropic properties,
which further limits their large-scale applications. In order to
obtain uniform CNT alignment, studies using groove surface
and orientational ordering of liquid crystals are performed
[15,16] but the volume concentration of aligned CNTs in the
host material is limited.

Fortunately, electric field-induced stretching behavior of
CNT clusters [17–20] has shown promising potential for
macroscopic alignment of CNT clusters along a predetermined
direction. In the presence of electric field, the randomly aligned
CNTs in clusters are aligned along the field direction to mini-
mize the dipolar energy. With further increasing field, the CNT
clusters could be stretched along the field direction above the
threshold field against van der Waals force between individual
CNTs. More importantly, the electric field-induced stretched
CNT clusters within the elastic limit show excellent reliability
in reversible electric field-induced stretching behavior as an
elastic body, and possess anisotropic absorption of visible
light [18,19]. Such selective absorption properties have been
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utilized for realizing an electrically tunable carbon nanotube
polarizer [19], which will play a vital role in fabrication of
various electro-optic and photonic devices.

Single-walled carbon nanotubes (SWCNTs) are cylinders
of single-layer graphene sheet composed of hexagonal packing
of carbon atoms, whose diameters are typically less than
2 nm. Individual SWCNTs are floppy and can be easily bundled
together. On the other hand, multiwalled carbon nanotubes
(MWCNTs) are concentric cylinders of multishell graphene
sheets. The outer MWCNT diameter expands typically from
3 to 100 nm [21]. These are more rigid than SWCNTs,
although smaller-diameter MWCNTs have a similar tendency
of bundling. This structural difference strongly affects the CNT
dispersion and mechanical properties [22–24]. Although we
have demonstrated the CNT cluster size-dependent stretching
threshold [17,18] in our previous investigation, it does not point
out the significant difference of stretching threshold behavior
of self-assembled CNT clusters due to difference in respective
structures from SWCNT to MWCNT cases. Therefore, in
this study we perform an investigation on in-plane electric
field-induced elastic stretching of SWCNT and MWCNT
clusters. Comparison of the stretching threshold field and
tensile elasticity modulus between MWCNT and SWCNT
clusters is extensively discussed.

II. EXPERIMENTS

The SWCNT and thin MWCNT powders are purchased
from Unidym (USA) and Hanhwa nanotechnology (Korea).
The MWCNTs have an outer diameter of 3–6 nm and lengths
of a few tens of micrometers. The SWCNTs have a diameter
of 0.8–1.2 nm with lengths from one to tens of micrometers.
These CNTs are cut by the following procedure [19]. The
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FIG. 1. (Color online) SEM image of dispersed SWCNTs in
NLC medium.

respective SWCNT and thin MWCNT powders of 100 mg are
stirred in 1M sucrose solution for 1 h. The sucrose-mediated
SWCNTs and thin MWCNTs are ground in a mortar for
30 min and 1 h, respectively. The ground SWCNTs and
thin MWCNTs of 5 mg are dispersed in 30 ml ethanol of
by sonication for 15 min. The ground MWCNTs have a
length distribution of 150–550 nm with an average value of
�290 nm [19] while the ground SWCNTs have a length
distribution of 80–200 nm with an average value of �100 nm
(Fig. 1). The length difference between SWCNT and MWCNT
after grinding is attributed to the stronger mechanical strength
of MWCNTs. The dispersions with a CNT concentration of
0.167 g/ml are mixed with a negative dielectric anisotropic
nematic liquid crystal (NLC), MJ98468, fabricated by Merck-
Japan. The NLC material used for the present investigation
possesses dielectric anisotropy �ε = −4, rotational viscosity
γ = 153 mPa s, and clearing temperature of 75 °C. Special care
is taken to remove ethanol solvent using a solvent evaporator
kept at 70 °C. The homogeneous CNT-NLC mixtures for
either kind with a CNT concentration of 10−3 wt % are thus
finally achieved following identical experimental methods as
described in our previous work [25].

The length of ground SWCNTs and the cluster structures
of MWCNT and SWCNT are examined by field-emission–
scanning electron microscopy (FESEM), (JSM 700F, JEOL,
Japan). For the preparation of SEM samples, the above-
mentioned CNT-NLC mixtures for each kind after sonicating
10 min have been dropped onto the transmission electron
microscopy (TEM) grids (100 nm), which have settled on the
filtration stage with filter paper. The samples collected over
TEM grid have been examined by FESEM.

In order to observe field-dependent behavior of the CNT
clusters, an interdigitated electrode with opaque aluminum
metal is fabricated on a glass plate and used as the bottom
substrate. The top substrate, however, is made of a bare glass
plate. Illustration of the test cell driven by an in-plane field is
shown in Fig. 2. For providing planar alignment to the negative
NLC molecules perpendicular to the applied field direction, the
homogeneous alignment layer (SE-6514, Nissan Chemicals)
is spin coated on both substrates followed by baking at 200 °C
for 1 h and rubbing. It should be noted here that the NLC
directors in both NLC-CNT mixtures do not reorient under
electric field. The main reason we use nematic LC as the

FIG. 2. (Color online) Illustration of test cell driven by in-plane
field.

liquid is that it has a high resistivity with 1013 � cm, so that a
relatively high electric field can be tested in the cells without an
electrical short. The interdigitated electrodes are 10 μm wide
maintaining a 20-μm intraelectrode gap and the final cells
having a thickness of 60 μm are constructed. The test cells
are filled with the CNT-NLC mixture using a capillary action
technique at room temperature. All the textures of the test
cells for field-induced cluster stretching behavior are observed
by an optical microscope (Nikon DXM1200) while applying a
sinusoidal ac field at 60 Hz. All the experimental results shown
in the present paper have been performed at room temperature
(300 K). The diameter of CNT bundles is determined from 80
samplings in the area of 1 × 1 μm2.

III. RESULTS AND DISCUSSION

Considering the differences in either kind of CNT structure,
the self-assembled MWCNT and SWCNT clusters in NLC
medium at initial state have been investigated through SEM,
as shown in Fig. 3. Typical SEM images of CNT clusters
for comparable size in NLC medium are shown in low (×
10 000) and high (× 50 000) magnification. The lower and
higher magnification SEM images of MWCNT clusters are
shown in Figs. 3(a) and 3(b) and those of SWCNT clusters are
shown in Figs. 3(d) and 3(e). From a comparative macroscopic
view it appears that the MWCNT cluster shows larger bend and
more compact conformation than the SWCNT cluster. Either
kind of cluster appears to comprise nanometric cylindrical
CNT bundles. We have investigated diameter distribution of
cylindrical CNT bundles for MWCNTs and SWCNTs, as
shown in Figs. 3(c) and 3(f). The nanometric cylindrical
constituents of MWCNT bundles show a distribution of
diameters between 20 and 36 nm and those of SWCNT bundles
are between 22 and 40 nm. Considering average outer diameter
of individual MWCNTs �5 nm, the number of CNTs ranges
from 62 to 200, whereas considering the average diameter of
individual SWCNTs �1.5 nm, the number of CNTs ranges
from 253 to 837 in each bundle. However, the bundle-bundle
interaction in SWCNT cluster seems to be small, evidenced
by the sparse location of SWCNT bundles.

To illustrate the influence of distinct CNT bundle en-
tanglement onto field-induced stretching of their clusters in
detail; Fig. 4 shows the representative case studies of SWCNT
and MWCNT clusters stretching for comparable lengths in
the mentioned cell geometry. The longitudinal length of the
SWCNT clusters is 1.8, 2.5, and 4.2 μm. The stretching
behavior of SWCNT clusters has been compared with the

012508-2



COMPARATIVE STUDIES ON FIELD-INDUCED . . . PHYSICAL REVIEW E 90, 012508 (2014)

FIG. 3. (Color online) SEM images of initial state of MWCNT (a), (b) and SWCNT (d), (e) cluster in NLC medium. (a), (d) and (b), (e) are
SEM images with low magnification (×10 000) and high magnification (×50 000). (c) and (f) are MWCNT and SWCNT diameter distribution
according to (b) and (e).

mentioned representative MWCNT cluster lengths of 1.6, 2.3,
and 3.8 μm in the zero field state. We define a threshold
field (Eth) as the field needed to elongate the CNT cluster
up to a resolution limit of optical microscopy, i.e., 0.2 μm.
The stretching behavior of in-plane electric field-induced CNT
clusters is found to initiate at a certain electric field, i.e., Eth.
This is found to be size dependent and shows an increasing
trend as the cluster size increases for the same CNT type.
In addition, the optical micrographs show significantly lower
threshold field for SWCNT clusters than for MWCNT with
similar cluster sizes.

The representative cases of the MWCNT and SWCNT
cluster stretching phenomenon shown in Fig. 4 have been

quantitatively depicted in Fig. 5. The relative variation in
cluster length (�l) has been plotted as a function of applied
in-plane field strength. Here,

�l = lE − l, (1)

where lE and l represent the length of the cluster for applied
field strength E state and “zero field” state. It has already been
mentioned earlier that the minimum magnitude of �l is limited
by the resolution limit of the optical microscope, i.e., 0.2 μm,
and an elongation of the same magnitude has been considered
as Eth for all CNT clusters in the following discussion. The
SWCNT clusters with zero field lengths of 1.8, 2.5, and
4.2 μm are found to start stretching at field strengths of 0.60,

FIG. 4. (Color online) Optical micrographs of representative CNT cluster cases in NLC medium with initial lengths of 1.8 (a), 2.5 (b), and
4.2 μm (c) for SWCNT and 1.6 (a), 2.3 (b), and 3.8 μm (c) for MWCNT depending on electric field.
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FIG. 5. Length variation of SWCNT and MWCNT clusters as a
function of electric field.

0.80, and 1.0 Vrms/μm. However, the MWCNT clusters of zero
field lengths of 1.6, 2.3, and 3.8 μm require field strengths of
1.4, 1.5, and 2.0 Vrms/μm to start stretching. After switching
off the applied ac field, the stretched clusters restore to their
original state, revealing perfectly elastic behavior. Note that the
stretching and restoring process of CNT clusters is perfectly
reproducible over hundreds of experimental trials, perfectly
agreeing with previously reported CNT cluster stretching
results, and also the process is still observed in the isotropic
phase of the liquid crystal [17,18].

It is clearly visible from optical micrographs of both
SWCNT and MWCNT clusters that for similar experimental
conditions and comparable cluster sizes, the Eth of stretching
is higher in MWCNTs than in SWCNTs. A similar trend
has been observed by successive experiments in identical
experimental conditions. Such electric field-induced stretching
properties of CNT clusters have been reported in previous
works [17–20]. The observed stretching phenomenon can be
explained by considering applied electric field-induced CNT
dipolar reordering [26–28] from random to linear form. After
alignment in the field direction, the CNTs in the host medium
experience the force �Felec,

�Felec = −q �E + �p·∇ �E (2)

where �p represents the induced dipole moment and q repre-
sents the charge induced on the CNT clusters in the presence
of electric field �E. The first term q �E describes Coulombic
interaction between charges of the particles and external field.
The additional force term ( �p · ∇) �E arises from interaction
between the induced dipole of the particle and a spatially
inhomogeneous field.

As we know, in the absence of electric field, the CNTs
are entangled in the form of bundles due to strong van der
Waals interaction. Applied oscillatory electric field induces
fast reversing equal and opposite charges in the terminal of
tubes. With increasing field, the individual CNTs in bundles
are aligned along the field direction to minimize the dipolar
energy. Hence, above a certain field, Columbic interaction q �E
overcomes van der Waals forces and CNT clusters start to
elongate along the field direction. With further increase of
field, individual CNTs will be forced to stretch out from the

bundle and CNTs are chained by inter-CNT (dipole-dipole)
interactions along the field direction when the Columbic force
q �E further overcomes van der Waals force between CNTs
[17,20,27,29].

The above-observed difference in stretching threshold
field between SWCNT and MWCNT clusters is influenced
by the bending conformation of CNT bundles; inter-CNT
bundle interaction will be discussed in detail afterwards. The
electric field-induced dipolar character of individual CNTs
and suspended clusters formed in NLC medium have been
well documented in the literature [17–20]. Consequently, the
CNT clusters reorient along the direction of applied electric
field as the applied field strength approaches its threshold
value, and initiate stretching at the threshold field. The
resemblance of prior reports of the bending elastic constant
of MWCNTs can be considered as indirect evidence of
bending conformation of the present MWCNT cluster, while
suspended in NLC matrix [18]. As the stretching behavior of
the CNT cluster starts from individual CNT alignment along
the field direction, so the stretching threshold field is related to
unfolding by straightening the deformed MWCNTs in clusters.
The distinct bending CNT deflection in entanglement for each
kind obviously affects the threshold stretching. Additionally,
it is important to discuss the difference in dipolar character in
SWCNT and MWCNT types due to their significant relation
with the attractive dipolar interaction of individual CNTs
under electric field. The electric field due to a pure dipole
at sufficiently large distance |x–x0| is represented in Eq. (3):

�Edip = 1

4πε

1

|x − x0|3 [3( �p · n̂)n̂ − �p], (3)

where �p is the dipole moment and ε is the permittivity of the
medium. However, at limiting small intradipole separation, an
additional term needs to be included in order to describe the
field strength [29–31],

�Edip = 1

4πε

1

|x − x0|3 [3( �p · n̂)n̂ − �p] − 1

3ε
�pδ3(x − x0).

(4)

Here, it is necessary to assume the nanotube bundles as a
system similar to a cluster of electric dipoles. The assumption
has already been examined [18] and applied in this system. The
added delta function does not contribute to the field away from
the site of the dipole. Its purpose is to yield the required volume
integral with the convention that the spherically symmetric
(around x0) volume integral of the first term is zero (from
angular integration), the singularity at x = x0 causing an
otherwise ambiguous result. Thus the treatment of the above
equation can be employed as if we are dealing with idealized
point dipoles; the delta function terms carry the essential
information about the actually finite distribution of charge.

The average outer MWCNT diameter is �5 nm and an
average length is �290 nm, which results in an average volume
of �5.7 × 10−24 m3 for an individual MWCNT. Considering
the cylindrical conformation of MWCNT clusters as a first
approximation, the clusters of our present investigation have
lengths lying between 1 and 4 μm and diameters ranging
from 2 to 3 μm. Hence, the number (�105–106) of individual
MWCNTs is anticipated in each cluster. In contrast, the
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average SWCNTs possess an outer diameter of �1.5 nm and an
average length of �100 nm, which result in an average volume
of �1.8 × 10−25 m3 for an individual SWCNT. Considering
the cylindrical conformation of SWCNT clusters as a first
approximation, the clusters of our present investigation have
lengths lying between 1 and 4.5 μm and diameters ranging
from 1 to 3.5 μm. Hence, the number of individual SWCNTs
in each cluster (�107–108) is even greater compared with the
MWCNT counterpart. As shown in the diameter distribution
obtained from SEM investigation [Figs. 3(c) and 3(f)], each
cylindrical ropelike SWCNT bundle consists of a significantly
larger number of individual CNTs ranging from 253 to 837
compared to apparently similar cylindrical ropelike constituent
of MWCNT counterpart ranging from 62 to 200, which
reestablishes the above-mentioned statement. In the clustered
state either CNT kind occurs in bundle form, where the higher
CNT number density in the SWCNT cluster in comparison
with the MWCNT counterpart ensures smaller separation
between individual SWCNTs. Therefore, the additional delta
function introduced as the last term of Eq. (4) becomes
more important and relevant while the inter-CNT separation
reaches limiting values. Hence, from prior discussion, Eq. (4)
establishes its relevance in the case of a SWCNT cluster
compared with the MWCNT counterpart, as the SWCNT
number density is much higher than MWCNT’s in comparable
sizes of clusters. The delta function term effectively weakens
the individual dipolar field and consequently intradipolar field
strength, which causes weaker attractive dipolar interaction be-
tween SWCNTs. Thus, sparse separation of SWCNT bundles
(Fig. 3) evidences weaker interbundle interaction in contrast
with MWCNT bundles. As a result the threshold stretching
field appears to be smaller for SWCNT clusters in comparison
with the MWCNT counterpart.

To further verify the effect of CNT bundle entanglement and
attractive dipolar interaction between adjacent CNT bundles
in SWCNT and MWCNT clusters on stretching behavior,
electrically induced elastic strains have been examined. We
have defined the tensile elasticity modulus of CNT clusters
using an analogous parameter of Coulombic Youngs modulus
Y . The Y is defined in our case as the ratio of field tensile stress
to tensile strain. It can be expressed in the following equation:

Y = E
�l
l

, (5)

where Y represents the tensile elasticity modulus of CNT
clusters, and E represents applied electric field strength on
the clusters. Since �l represents the relative variation of the
CNT cluster’s length and l represents the length of the CNT
cluster in the zero field state, �l/l defines the tensile strain over
CNT clusters. The highly elastic behavior of the CNT cluster
has already been demonstrated by our group in several previous
reports [17,18]. Hence it is reasonable to further define the
parameter Y for comparison of the elastic behavior of clusters
for each kind. The linear relationship between field tensile
stress and tensile strain has been exhibited in Fig. 6. The
linear curves are showing that extension (strain) is linearly
proportional to its tensile stress E and the slope has been
defined as tensile elasticity modulus Y , analogous to Young’s
modulus. The linear nature of the curves self-evidences the

FIG. 6. Electric field stress as a function of strain of stretched
CNT clusters. The slope of the fitting curves represents the Coulomb
elasticity modulus of each CNT cluster case.

highly elastic behavior of the clusters under investigation.
Additionally, Y has been quantitatively determined by ana-
lyzing elongation of a number of experimentally observed
clusters and obtained by the stress-strain curves of SWCNTs
and MWCNTs with a given formula. The average value of
Y for SWCNT clusters is found to be �0.12 Vrms/μm,
which is approximately four times smaller than that of
MWCNT clusters (the average value �0.51 Vrms/μm). The
difference in parameter Y self-evidences the difference in
electrically induced dipolar interaction between SWCNT and
MWCNT types in clustered conformation. The larger Y of
MWCNT clusters obviously supports comparatively tighter
MWCNT bending conformation compared to the SWCNT
counterpart, in which the dipolar interaction between MWC-
NTs is larger than that in SWCNTs. In order to determine the
attractive interaction at the threshold field, we further calculate
the threshold tensile elasticity modulus with similar sizes for
two types, as shown in Fig. 7. The data analyzed at threshold
show Y values for SWCNT cluster with zero field lengths
of 1.8, 2.5, and 4.2 μm are 5.2, 9.4, and 21.0 Vrms/μm.
However, Y values for MWCNT clusters with 1.6, 2.3, and
3.8 μm are 10.8, 17.3, and 37.1 Vrms/μm. The Y values
determined from respective case studies exhibit a higher
magnitude for MWCNTs in comparison with the SWCNT

FIG. 7. Comparison of threshold elasticity modulus between
SWCNT and MWCNT clusters with comparable lengths.
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counterpart at the threshold field, where individual cluster
lengths are comparable to one another. The difference in Y

value indicates the difference in stiffness in either kind of
CNT cluster.

IV. CONCLUSIONS

The structure conformation of SWCNT and MWCNT
clusters with similar sizes in NLC medium have been examined
by SEM, which shows more entangled bundle conformation
of MWCNT than that of SWCNT in clusters. The MWCNT
bundles consist of a smaller number of individual CNTs than
SWCNT bundles, although the diameters of the bundles are
similar to each other. The investigated field-induced stretching
threshold field of clusters for each kind is found to be closely
connected with distinct entanglement of CNT bundles and is

found to be noticeably smaller for SWCNT clusters than for
MWCNT clusters for comparable cluster sizes. The behavior
has also been explained by different field-induced attractive
dipolar interaction between MW and SWCNT clusters. Since
the inter-CNT elastic strain at threshold field directly reflects
inter-CNT bundle interaction, the obtained smaller magnitude
of tensile elasticity modulus for SWCNT clusters evidences
smaller attractive interaction between SWCNTs than between
MWCNTs.
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