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Surface Energy-Controlled
Self-Collapse of Carbon
Nanotube Bundles With Large
and Reversible Volumetric
Deformation
Molecular dynamics simulations are performed to investigate the effect of surface energy
on equilibrium configurations and self-collapse of carbon nanotube bundles. It is shown
that large and reversible volumetric deformation of such bundles can be achieved by tun-
ing the surface energy of the system through an applied electric field. The dependence of
the bundle volume on surface energy, bundle radius, and nanotube radius is discussed
via a dimensional analysis and determined quantitatively using the simulation results.
The study demonstrates potential of carbon nanotubes for applications in nanodevices
where large, reversible, and controllable volumetric deformations are desired.
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1 Introduction

A key promise of nanotechnology is to establish an unprece-
dented capability to tailor design materials with superior proper-
ties via controlled assembly of nanostructures, such as graphene
sheets [1–4] and carbon nanotubes (CNTs) [5–11]. During such
assembly, an interesting feature of single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs) is that
they can self-collapse due to intra- or intertube van der Waals
interactions. For example, Xiao et al. [12] investigated the col-
lapse of SWCNTs and MWCNTs using the so-called atomic-finite
element method and showed that the collapse behaviors of a
MWCNT depends on the number of walls and the radius of the
innermost wall. There exists a critical diameter for self-collapse
of such tubes into a partially collapsed “dog-bone” configuration.
Elliott et al. [13] performed molecular dynamics (MD) simula-
tions of the size-dependent collapse of SWCNT bundles under
pressure and identified a critical collapse diameter between
4.16 nm and 6.94 nm under the atmospheric pressure. The related
theory indicates that the self-collapse can increase the strength of
a SWCNT bundle [14].

It has been recently reported that the effective surface energy of
carbon nanoscrolls can be tuned through an applied DC/AC elec-
tric field and used to control the radius of their hollow inner cores
[15], leading to possible applications as controllable water chan-
nels and nano-oscillators [15,16]. In a previous work from our
group, the effect of an applied electric field on carbon nanoscrolls
was represented by an effective surface energy, ceff [16]. When an

external electric field is applied along the axial direction of the
carbon nanoscrolls, the effective surface energy, ceff , can be calcu-
lated as ceff ¼ c�dW þ cdipole. Here, c�dW is the surface energy due
to the van der Waals interaction between carbon atoms and cdipole

is the dipole-dipole interaction-induced surface energy. The polar-
ization of carbon atoms could significantly alter the effective sur-
face energy of carbon nanoscrolls [16].

Earlier studies have also shown that electric fields on carbon
nanotubes can induce polarization of carbon atoms in sp2 struc-
tures [17] and deformation of the CNTs [18]. Therefore, we can
regard the effective surface energy as composed of contributions
from both the van der Waals and dipole-dipole interactions. The
effective surface energy of carbon nanotubes can be controlled via
an applied electric field.

In the present paper, we investigate this issue via MD simula-
tions of SWCNT bundles under different prescribed values of sur-
face energy. We will investigate the self-collapse and subsequent
recovery of SWCNT bundles as the surface energy is raised above
the critical value and dropped down again. Such surface energy-
controlled deformation mechanism with large and reversible volu-
metric changes suggests possible applications of CNT bundles in
nanoactuators and artificial muscles.

2 Methods

Figure 1 shows the simulation system of a bundle of seven
(42,42) SWCNTs, hereafter referred to as bundle I, in which each
tube has diameter of 5.70 nm and length of 2.50 nm. The chosen
diameter falls within the range from 4.16 nm to 6.94 nm required
for self-collapse under atmospheric pressure. All simulations are
carried out using MD simulation package Large-scale Atomic/
Molecular Massively Parallel Simulator [19]. The simulations are
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performed at 10 K after 2000 steps of energy minimization based
on the conjugate gradient method. A time step of 0.001 ps is used
with a microcanonical NVE ensemble. Periodic boundary condi-
tions are imposed along the axial direction of the CNTs. The

adaptive intermolecular reactive bond order (AIREBO) potential
[20], which is widely used in the investigations of thermal and
mechanical properties of carbon nanomaterials, such as CNTs and
graphene [21–23], is adopted to describe breaking and creation of
covalent bonds with associated changes in hybridization of atomic
orbitals within a classical potential. Nonbonded interactions
among carbon atoms on the CNTs are described by the Lennard–
Jones (L–J) potential U ¼ 4e0cc r=rij

� �12� r=rij

� �6
h i

. In the L–J
potential, e0cc is the depth of the potential well and r ¼ 0:34nm is
the distance at which the L–J potential vanishes. Tuning surface
energy will change the strength of interlayer interaction rather
than the interlayer distance. Therefore, the energy well-depth e0cc

is a suitable tuning parameter of surface energy in MD. The simu-
lations are based on a microcanonical NVE ensemble with time
step of 0.001 ps. The cut-off distances for nonbonded interactions
follow the default values in AIREBO potential, ranging from
1.7 nm to 2.0 nm [20].

The L–J well depth e0cc is initially set at the default value of
ecc ¼ 0:2740 kJ=mol in the AIREBO potential and then increased
in a step-wise manner in the simulations to mimic the effect of an
increasing electric field [16]. At each step, a particular parameter
e0cc is adopted and the simulation run for 500 ps until the system
reaches equilibrium.

3 Dimensional Analysis

In order to organize the simulation results, we note the follow-
ing system parameters of interest: the volume V of the SWCNT
bundle per unit length, the van der Waals length parameter r, the
radius R of each tube, the radius D of the circumscribed circle of
the bundle, the surface energy c, and the bending modulus j of
graphene. The bending energy and surface energy per unit area of
graphene can be expressed as UB ¼ j=2R2 and Us ¼ c / e0cc=r

2,
respectively. Therefore, the ratio between the bending and surface
energies could be expressed as k ¼ e0ccR2=jr2 [14].

Fig. 1 Initial configuration of a bundle of seven single-walled
carbon nanotubes (bundle I)

Fig. 2 Snapshot configurations of carbon nanotube bundle I at 500 ps under increasing values
of surface energy determined by the van der Waals potential well depth: (a) e0cc 5 ecc , (b)
e0cc 5 4ecc , or (c) e0cc 5 6ecc
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Among the above system parameters, we can identify the
following dimensionless parameters: ~V ¼ V=D2, ~e0 ¼ e0cc=j,
~e ¼ ecc=j, ~R ¼ R=r, and ~D ¼ D=R. Therefore, the bundle volume
(per unit axial length) could be expressed as ~V ¼ f ~e0; ~e; ~R; ~D

� �
.

For the present problem, since ecc and j are fixed, it will be most
convenient to express ~V in terms of a relative change of surface
energy D~e ¼ e0cc � ecc

� �
=ecc (i.e., ~V ¼ f D~e; ~R; ~D

� �
).

4 Results

4.1 Self-Collapse and Recovery of CNT Bundle I. Figure 2
shows representative snapshots depicting the self-collapse of bun-
dle I as D~e ¼ e0cc � ecc

� �
=ecc is increased in a stepwise manner

from its default value of zero. For each current value of D~e, the
mean value of the equilibrium bundle volume per unit axial length
is recorded, and the equilibrium structure is then used as the initial
configuration for the next value of D~e. The bundle is seen to
undergo partial (Figs. 2(a) and 2(b)) or complete (Fig. 2(c)) col-
lapse as D~e is increased from 0 to 5. Note that the SWCNTs in the
bundle do not collapse simultaneously; this behavior is caused by
different loading conditions each tube is subject to. For example,
the SWCNT in the center is compressed by adjacent tubes from
different directions in a relatively symmetric way. In comparison,
the SWCNTs in the outer layer are loaded asymmetrically by lat-
eral and inner tubes. Therefore, the SWCNTs in the bundle do not
collapse simultaneously. Upon reduction in D~e, the self-collapse
of the CNT bundle can be reversed and the initial volume recov-
ered. Figure 3 shows representative snapshots of the equilibrium
bundle configuration as D~e is reduced from that of a fully col-
lapsed state to D~e ¼ 1, �0:6, and �0:8. At D~e ¼ 1, the collapsed
CNTs start to open into “dog-bone” configurations [12]. As ~e is
further reduced to �0:6, the bundle expands to a partially col-
lapsed configuration with substantial gain in volume. At
D~e ¼ �0:8, more than 95% of the initial volume of the CNT bun-
dle shown in Fig. 1 is recovered. In this way, a large and reversi-
ble volumetric deformation of the CNT bundle has been achieved
through the surface energy controlled self-collapse and re-
expansion.

4.2 Bundle Volume ~V Versus Surface Energy Parameter
D~e. With the bending modulus of graphene estimated at j ¼ 0.17
nNnm [19], the normalized bundle volume ~V could be plotted as a
function of the surface energy parameter D~e for different values of
~R and ~D, as shown in Fig. 4. It is shown that, for bundle I, with
increasing surface energy, the volume of the bundle decreases
until full collapse occurs at a critical value of D~e; if the surface
energy is reduced subsequently, the bundle volume can recover
from that of the fully collapsed state to a value close to the initial
state, resulting in a hysteretic behavior due to variations in the van
der Waals interaction between opposing walls of the collapsed
CNTs.

Fig. 3 Snapshot configurations of bundle I at 500 ps under decreasing values of surface
energy determined by the van der Waals potential well depth: (a) e0cc 5 2ecc , (b) e0cc 5 0:4ecc , or (c)
e0cc 5 0:2ecc

Fig. 4 Normalized bundle volume ~V as a function of normal-
ized surface energy change D~e
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To investigate the effect of the normalized bundle size ~D, we
repeat the simulations for a larger CNT bundle, referred to as bun-
dle II. This bundle is constructed by adding an additional layer of
SWCNTs around bundle I, leading to a total of 19 same-sized
SWCNTs, as shown in Fig. 5. The CNT bundle is again observed
to collapse under increasing D~e and recover upon decreasing D~e,
similar to the behavior of bundle I. The fully collapsed configura-
tion of bundle II is shown in Fig. 6.

To investigate the effect of the normalized tube size ~R, we
repeat the simulations for another CNT bundle, referred to as bun-
dle III, which has the same configuration as bundle I but with

smaller SWCNTs of type (30,30) with radius roughly 1=
ffiffiffi
2
p

of
those in bundle I.

As shown in Fig. 4, the three bundles under investigation ex-
hibit similar ~V ¼ f D~e; ~R; ~D

� �
curves in response to variations in

D~e. Bundle III shows a more pronounced hysteresis behavior than
the other two bundles, while the hysteresis behaviors of bundle I
and II almost overlap when D~e < 0. Compared with bundle I and
bundle II, bundle III has a smaller tube radius, indicating that the
collapse-recovery behavior is affected more by the tube size than
the bundle size. Similar observation was reported in an earlier
work that self-collapse of CNT bundle is determined by the radius
of SWCNTs [13], which is also in agreement with an analysis
given in Ref. [14].

The dimensionless analysis suggests that, at small SWCNT
radii, the energy barrier for tube collapse is higher, and a stronger
surface energy is required to collapse the tube, subsequently caus-
ing more pronounced hysteresis.

5 Conclusion

In summary, we have investigated via MD simulations the self-
collapse and recovery of CNT bundles with large and reversible
volumetric deformation. Our simulations indicate that the volume
of the bundle can be controlled by tuning the effective surface
energy of the system, which in practice can be accomplished by
an applied electric field.
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