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T
he effects of mechanical deforma-
tion on the electron transport be-
havior of carbon nanotubes (CNTs)

are of primary interest due to the enormous

potential of nanotubes in making elec-

tronic devices and nanoelectromechanical

systems (NEMS). Moreover, the ability of ac-

curately predicting the effects of mechani-

cal deformation on electron transport in

CNTs could lead to quantitative evaluation

of defects of actually synthesized CNTs

since the role of imperfections, like missing

atoms, could be fully understood and used

in evaluating the CNTs that have been pro-

duced. Significant changes in CNT con-

ductivity are linked to structural fea-

tures, including diameter, chirality, and

distortions,1,2 giving behavior ranging from

narrow-gap or moderate-gap semiconduct-

ing to metallic. Conduction in defect-free

CNTs has been observed to be ballistic in

nature, implying the absence of inelastic

scattering and involving little energy dissi-

pation.3 Progress in theoretical understand-

ing as well as experimental study and de-

vice realization in this field has been

rapid;3�19 already several prototypical de-

vices have been constructed and demon-

strated.20 Most discussions of the electronic

structure of CNTs assume perfect cylindri-

cal symmetry, but this is somewhat of an

oversimplification. High-resolution images

of CNTs often disclose structural deforma-

tions such as bent, twisted, or collapsed

tubes. Numerical simulations of the electro-

mechanical behavior of CNTs mostly focus

on SWNTs rather than on the more abun-

dant MWNTs, and the few studies available

in the literature deal with small segments of

only two- or three-walled CNTs.16�19 This

is mainly due to the high computational

burden involved in atomistic (i.e., ab initio,

tight-binding, molecular dynamics) simula-

tion of MWNTs of realistic dimensions. An

alternative approach can be based on ana-

lytical techniques as in the works of Pugno

et al.,21�23 where an analytical model based

on the energy method in both small defor-

mation and finite kinematics regimes is

used to interpret electromechanical mea-

surements on MWNTs. However, analytical

models usually require simplifying assump-

tions in the geometry or other aspects of

the problem limiting their range of use. This

holds true also for the work of Pugno

et al.,21�23 where a cylindrical shape for

the MWNTs is assumed; this simplification

exposes the analytical model to possible re-

duction in its accuracy if the walls of the

MWNTs are affected by buckling. In order

to enable and optimize CNTs as a basic

building block of a new nanoelectronic

technology, a sufficient understanding of

both the electrical and mechanical proper-
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ABSTRACT The enormous potential of carbon nanotubes (CNTs) as primary components in electronic devices

and NEMS necessitates the understanding and predicting of the effects of mechanical deformation on electron

transport in CNTs. In principle, detailed atomic/electronic calculations can provide both the deformed configuration

and the resulting electrical transport behavior of the CNT. However, the computational expense of these

simulations limits the size of the CNTs that can be studied with this technique, and a direct analysis of CNTs of

the dimension used in nanoelectronic devices seems prohibitive at the present. Here a computationally effective

mixed finite element (FE)/tight-binding (TB) approach able to simulate the electromechanical behavior of CNT

devices is presented. The TB code is carefully designed to realize orders-of-magnitude reduction in computational

time in calculating deformation-induced changes in electrical transport properties of the nanotubes. The FE-TB

computational approach is validated in a simulation of laboratory experiments on a multiwall CNT and then used

to demonstrate the role of the multiwall structure in providing robustness to conductivity in the event of imposed

mechanical deformations.

KEYWORDS: carbon nanotubes · mechanical deformation · electron transport · finite
element · tight-binding
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ties, as well as their dependence on mechanical defor-
mations, must be achieved.

Here we present a mixed finite-element tight-
binding approach able to simulate the electromechani-
cal behavior of SWNTs and MWNTs of the dimensions
used in nanoelectronic devices. To realize the extreme
computational savings necessary to work with realisti-
cally sized CNTs, first a continuum-level representation
of nanotubes has been developed. Individual tubes are
modeled using shell finite elements, where a specific
pairing of elastic properties and mechanical thickness
of the tube wall enables successful modeling with elas-
tic shell theory. Using quadrilateral shell elements, it is
possible to create a FE mesh of a CNT wall in which the
FE nodal coordinates correspond to the atomic posi-
tions. Successive 60° rotations of shell element pairs bi-
secting a hexagonal cell in three superimposed FE
meshes cancel the artificial mechanical anisotropy
caused by any single-orientation quadrilateral meshing
of the cell. The effects of nonbonded forces generated
from the attractive and repulsive forces, due, respec-
tively, to van der Waals and to Pauli’s exclusion prin-
ciples, are simulated with special interaction elements
that are of critical importance in tube/tube or tube/sub-
strate interactions, as well as in maintaining the inter-
wall separation in deformed MWNTs. This new nonlin-
ear structural mechanics-based approach for modeling
CNTs has been verified by comparisons with MD simu-
lations and high-resolution micrographs available in the
literature; for details on the current mechanical imple-
mentation, the reader is referred to our previous
works.24�27

Within the FE program simulating the mechanical
deformation of the nanotube structure, the evolving
atomic [nodal] coordinates are further processed using
a tight-binding (TB) code which calculates deformation-
induced changes in electrical transport
properties of the nanotube. There the co-
ordinates are used in TB calculations to
compute electronic properties of the sys-
tem. Our main objective is to predict ef-
fects of deformation on the electrical
properties of MWNTs; hence, adopting a
conventional TB code would negate the

computational savings obtained by using

the structural mechanics approach to

compute the deformed atomic coordi-

nates. Instead, an innovative TB algorithm
was developed that results in substantial
computational savings. Beginning with a
recently developed approach, the coher-
ent transport properties of infinitely long
or finite conductors spanning the distance
between two leads can be computed us-
ing two different full sp3, four-orbital, or-

thogonal TB models28a,b or a

nonorthogonal TB model.28c For details on the quan-

tum conductance calculations, the reader is referred

to our previous work.13 Here, the full sp3, four-

orbital, orthogonal TB model model28c has been

used. Then starting from the methodology for com-

puting the conductance of a system with a large

number of atoms presented in our previous work,29

a novel approach has been developed where each

CNT is divided along its length into a given number

of shorter CNT segments connected to one another

at interfaces. The system is equivalent to the original

CNT, but the memory requirements and the compu-

tational expenses are reduced by orders of magni-

tudes. The realized computational efficiencies in-

crease with increasing dimensions of the nanotube;

for example, the analysis of a (70,70) tube had a

memory requirement almost 5 orders of magnitude

smaller than a conventional coding implementation

of the TB algorithm. The portion of the (70,70) tube

that is allowed to deform was divided along its

length in 207 pieces since the matrices on which

the program operates are square with dimensions

Figure 1. Final deformed configuration of the FE model reproducing
the experiment, shown both in (a) a side view of the entire MWNT
and (b) a diametral sectional view.

Figure 2. Conductance calculated using the mixed FE-TB approach for the model repro-
ducing the MWNT used in the experiment, both in the undeformed and deformed configu-
rations. The thermal energy at room temperature is also indicated.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 10 ▪ 3266–3272 ▪ 2009 3267



equal to (number of atoms) � (number of orbitals
per atom),2 the reduction in the memory require-
ment is equal to 207 � 207 � 42 849.

RESULTS AND DISCUSSION
Here we utilize our electro-mechanical modeling

technique to reproduce the MWNT laboratory experi-
ments of Kuzumaki and Mitsuda,30 who evaluated
deformation-induced changes in electrical conductivity
of a multiwall carbon nanotube. They measured electri-
cal conductance during the deformation of MWNTs in a
transmission electron microscope (TEM). Using a nano-
probe manipulation unit consisting of a fixed stage and
a piezo-driven stage fitted into a TEM holder, they ap-
plied a compressive axial load on a MWNT, along with
a bias voltage between the two stages. A combination

of axial compression and bending deformation observ-
able in the TEM was induced in the CNT. For more de-
tails about the experimental setup and the testing
methodology, the reader is referred to Kuzumaki
et al.30 The applied bias voltage between tips was fixed
at 1 V, while the current through the MWNT was mea-
sured during deformation, starting from the unde-
formed configuration. In the undeformed configura-
tion, the current measured through the nanotube
exceeded 115 �A under an applied bias voltage of 1 V;
the resistance of the MWNT obtained is R � V/I � 8696
�. This value is not far from the resistance of an ideal
metallic nanotube, 6450 �, indicating that the contact
resistance is limited and not predominant as in other
experiments available in literature. Since the unde-
formed conductance is near the theoretical one, we
take the outermost CNT to be an armchair metallic
(70,70) nanotube in the FE-TB model. Kuzumaki and
Mitsuda30 recorded a 10�12% reduction in the con-
ductance when the MWNT was deformed to the
level shown in their image.30 As the authors noted,
the MWNT was not damaged (e.g., no Stone�Wales
transition) at the imposed deformation level: the lo-
cal radius of curvature at the deepest kink of the two
buckling units formed was not small enough to
cause a complete and irreversible sp2 to sp3

transition.31,32 This was confirmed by measurements
after loading was removed: the nanotube recovered
its original undeformed shape, and the current re-
turned to its initial level.

As previously motivated, the outermost wall is as-
sumed to be an armchair CNT, thus showing metallic
behavior. The model is 60 nm long, and the diameter
of the outermost tube is 9.492 nm. It is compressed and

bent by fixing the atoms of each wall near the two

ends, and then displacing these 4 nm long rigid por-

tions; thus, the deform-
able part of the model is
52 nm long. Figure 1
shows the FE model in its
deformed configuration,
both a side view of the
outer surface and a diame-
tral sectional view, with
an inset illustrating the
hexagonal meshing of the
tube. The model reproduc-
ing the MWNT used in the
experiment was gradually
deformed by imposing a
combination of axial com-
pression and bending
loading until the same
configuration as in the
TEM image30 was reached.

Atomic coordinates, in
both the undeformed and

Figure 3. Sectional views of the final deformed configurations of the
FE models producing the same bending angle of 60° in (a) the (30,30),
(b) the (50,50), and (c) the (70,70) MWNTs.

Figure 4. Conductance calculated using the mixed FE-TB approach for three armchair MWNT models
of different outer diameters, both in the undeformed and deformed configurations.

A
RT

IC
LE

VOL. 3 ▪ NO. 10 ▪ PANTANO AND BUONGIORNO NARDELLI www.acsnano.org3268



deformed configurations, were passed to the TB code

for computing the transport properties of the MWNT.

For a bias voltage of 1 V, the overall conductance of the

undeformed tube obtained from the mixed FE-TB ap-

proach was the theoretical one, G � 2G0. At room tem-

perature, the thermal energy kT is about 0.025 eV. Once

the deformation level reached that shown in Figure 1,

the TB code predicted about a 12% reduction in room-

temperature conductance. These results are shown in

Figure 2 as a plot of conductance versus energy, where

the Fermi energy is taken as a reference and shifted to

zero. On the basis of a computed conductance change

similar to that reported in the experiments, the accuracy

of the current predictions is considered to be rather

good. A quick calculation can show that the tempera-

ture in the room where the experiment has been per-

formed could have varied by a lot without effect on the

12% reduction in conductance measured in the experi-

ment for the MWNT in the deformed configuration. The

thermal energy kT was taken to be 0.025 eV because

the Boltzmann constant k � 8.617 � 10�5 eV/K, and the

temperature was assumed to be T � 293 K; in this case,

kT � (8.617 � 10�5) � 293 � 0.025 eV. According to

the numerical results in Figure 2, if we increase or re-

duce the temperature by 20 K, the value of the conduc-

tance would remain the same: kT(at 273 K) � (8.617 �

10�5) � 273 � 0.0235 eV and kT(at 313 K) � (8.617 �

10�5) � 293 � 0.0269 eV. The temperature could grow

up to 500 K before the conductance of the MWNT in the

deformed configuration undergoes a further reduc-

tion: kT(at 500 K) � (8.617 � 10�5) � 500 � 0.043 eV.

With this validation of the computational approach,

we now investigate the effect of MWNT outer diam-

eter on the mechanical deformation dependence of

conductance. In addition to the (70,70) MWNT de-

scribed above, models of (50,50) and (30,30) armchair

MWNTs were created and subjected to bending load-

ing conditions. The new undeformed models resemble

the (70,70) tube shown in Figure 1; the only differences

consisted of removing the outer two walls of the (70,70)

to produce the 6.78 nm outer-diameter (50,50) mesh,

and the outer four walls for the 4.08 nm outer-diameter

(30,30) mesh. The three nanotubes were bent by fixing

the atoms of each wall near the two ends, as done in the

previous simulation of the (70,70) MWNT, and then

gradually rotating these rigid portions of the tube. A

bending angle of � � 1.0472 radians (60°) is gradually

applied, imposing global curvature � � �/L; the final �

is 0.0214 (1/nm) since the deformable part of the model

is 52 nm long. The deformed configurations are shown

in Figure 3a�c.

For a bias voltage of 1 V, the computed overall con-

ductance of all three undeformed tubes was the theo-

retical value, G � 2G0. Once the deformation levels

reached those shown in Figure 3, the TB code pre-

dicted a reduction in conductance that varied over the

considered energy range of �0.3 to 0.3 eV. Figure 4

plots conductance versus energy for all three MWNTs,

and the Fermi energy is again taken as a reference and

shifted to zero. At the same curvature, the conductance

of MWNTs depends on the outer diameter. At room

temperature, the smaller the outer diameter the greater

TABLE 1. Comparison of the Undistorted Circumferential
Lengths of the Three MWNTs Both in Value and as
Percentage with Respect to the Total Circumference of
Each Tube

MWNT
circumference
of each tube

length of the
circumference
unaffected by
the wrinkling

percentage of circumference
unaffected by the

wrinkling with respect to
the total circumference

(30,30) MWNT 12.82 nm 9.35 nm 73%
(50,50) MWNT 21.3 nm 15.33 nm 72%
(70,70) MWNT 29.82 nm 20.95 nm 70%

Figure 5. Views of the final 3D deformed configurations of the FE
models in (a) the (30,30), (b) the (50,50), and (c) the (70,70) MWNTs.
The figure shows only half of the carbon nanotube models.
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the average drop in the conductance: the (30,30),

(50,50), and (70,70) shows, respectively, a 13, 5.5, and

0% reduction in the conductance. It also can be noticed

that the range of energy values where the conduc-

tance is reduced from the initial undeformed value, G

� 2G0, is larger for the smaller diameter MWNTs.

On the basis of the outcomes of these simulations,

we identified the length of the circumference unaf-

fected by the wrinkling as one of the possible geometri-

cal features of the deformed configuration able to de-

termine the dependence of conductivity on the MWNT

diameter. In Table 1, the undistorted circumferential

lengths of the three MWNTs are compared both in

value and as percentage with respect to the total cir-

cumference of each tube. Even if the percentages are

about the same, there is a big difference in the value of

the lengths of the circumference unaffected by the

wrinkling. In the (70,70) MWNT, the undistorted circum-

ferential length is 2.24 times longer than that in the

(30,30) and 1.366 longer than that in the (50,50).

In MWNTs, the nested van der Waals interactions of

the increased number of inner walls radially stiffen the

tube, thus limiting the circumferential extent of the

kink. The number of relatively undistorted atoms out-

side the kinked portion of the circum-
ference grows with the outer diam-
eter. In the areas of the nanotube
walls where a kink is present, due to
the distortion caused by the bending,
centers of scattering are created that
reduce the conductivity. At any kink,
the local bonding structure is de-
formed and the electrons will lose
some of the � character of their corre-
sponding orbitals. As stated in ref 32,
the curvature in the nanotube walls

due to the kink leads to a loss of spatial overlap of the
atomic p orbitals that contribute to conjugation and a
shift in hybridization of the atoms from the sp2 of
graphite to something intermediate between sp2 and
sp3. The net result of these orbital effects is an increase
in energy locally and an introduction of partial radical
character in the �-bonding electrons. Smaller nano-
tubes have a smaller undistorted circumferential length
(smaller number of atoms in position to provide an ef-
fective transport pathway) than the larger diameter
MWNTs, thus giving the corresponding larger influ-
ence on the loss in conductivity.

Here we investigate one of the possible effects of

MWNT outer diameter on the dependence of conduc-
tance on mechanical deformation. Models of (70,70),
(50,50), and (30,30) armchair MWNTs were created and
subjected to traction loading conditions. All of the mod-
els are 60 nm long, while the diameter of the outer-
most tube of the (70,70), (50,50), and (30,30) armchair
MWNTs are, respectively, 9.492, 6.78, and 4.08 nm. The
three nanotubes were stretched out by fixing the atoms
of each wall near the two ends, then displacing these
4 nm long rigid portions of the tubes. An extension of
2.55 nm was gradually applied, imposing global axial

deformation of 0.0472,
since the deformable part
of the model is 52 nm long.
The deformed configura-
tions are shown in Figures
5 and 6. Clearly, these are
not pure tension boundary
conditions, but an attempt
to reproduce a possible real
working condition for
MWNT-based electronic de-
vices where the ends of
the nanotubes are fixed in-
side metallic leads and can-
not deform. Near the fixed
ends, there is a quick varia-
tion in the diameters of the
deformed MWNTs clearly
visible in Figures 5 and 6.
In the areas of the nano-
tube walls where a curva-

Figure 6. Sectional views of the final deformed configurations of the FE models in (a) the
(30,30), (b) the (50,50), and (c) the (70,70) MWNTs.

Figure 7. Conductance calculated using the mixed FE-TB approach for three armchair MWNT models of
different outer diameters, both in the undeformed and deformed configurations.
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ture is present, centers of scattering are created, as in
the case of bending, causing a reduction in
conductivity.

For a bias voltage of 1 V, the computed overall con-
ductance of all three undeformed tubes was the theo-
retical value, G � 2G0. Once the deformation levels
reached those shown in Figures 5 and 6, the TB code
predicted a reduction in conductance that varied over
the considered energy range of �0.1 to 0.3 eV (see Fig-
ure 7). The Fermi energy is again taken as a reference
and shifted to zero. At the same extension, the conduc-
tance of MWNTs is found to be unchanged in the en-
ergy range where for all three undeformed tubes it was
the theoretical value, G � 2G0. When these energy lev-
els are exceeded, there is a significant reduction in the
conductance of the deformed tubes. Since the energy
level at which conductance has the theoretical value of
2G0 is lower for bigger armchair MWNTs, we can con-
clude that for this particular load case that armchair car-
bon nanotubes with smaller outer diameter maintain
their conductance unchanged up to higher energy
levels.

CONCLUSION
In summary, a computationally effective mixed

finite-element tight-binding approach has been devel-
oped which can simulate the electromechanical behav-
ior of SWNTs and MWNTs of the dimensions used in
nanoelectronic devices. The TB code is carefully de-
signed to realize orders-of-magnitude reduction in
computational time in calculating deformation-induced
changes in electrical transport properties of the nano-
tubes. The effect of the MWNT diameter on the conduc-
tance after mechanical deformation was investigated,
revealing the conductance at room temperature of
MWNTs to depend strongly on the diameter, thus big-
ger MWNTs are more robust to changes in electrical
conductivity with deformation.
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