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ABSTRACT
Nanotubes form clusters and are found in curved bundles in nano-
tube films and nanocomposites. Separation phenomenon is sus-
pected to occur in these curved bundles. In this study, the 
deformation of a single-wall carbon nanotube (SWCNT) interacting 
with curved bundle nanotubes is analyzed. It is assumed that the 
bundle is rigid and only van der Waals force acts between the 
nanotube and the bundle of nanotubes. A new method of model-
ing geometric nonlinear behavior of the nanotube due to finite 
rotation and the corresponding van der Waals force is developed 
using co-rotational finite element method (CFEM) formulation, 
combined with small deformation beam theory, with the inclusion 
of axial force. Current developed CFEM method overcomes the 
limitation of linear Finite Element Method (FEM) formulation 
regarding large rotations and deformations of carbon nanotubes. 
This study provides a numerical tool to identify the critical curvature 
influence on the interaction of carbon nanotubes due to van der 
Waals forces and can provide more insight into studying irregula-
rities in the electronic transport properties of adsorbed nanotubes 
in nanocomposites.

ARTICLE HISTORY 
Received 17 January 2022  
Accepted 25 March 2022 

KEYWORDS 
Key-words: single walled 
carbon nanotubes; co- 
rotational finite element 
formulation; structural 
health monitoring; 
nanocomposites; jump- 
phenomenon; critical 
curvature

1 Introduction

Carbon nanotubes have been one of the state-of-the-art research topics in last 3 
decades since its discovery [1]. For enhanced mechanical properties of the nanocom-
posites, nanofillers with high aspect ratios are sought. Higher aspect ratio results in 
large contact area between the fibers and the matrix and more efficient 
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reinforcement. Due to their high aspect ratio and higher mechanical, electrical, and 
thermal properties, carbon nanotubes are an excellent choice as nanofillers for 
nanocomposites [2]. Significant enhancement of electrical properties of carbon nano-
tube epoxy composites are attributed to higher aspect ratios of carbon nanotubes [3]. 
Near a percolation threshold, a critical concentration of CNTs, very high values of 
dielectric permittivity and electric conductivity are obtained that are extremely sensi-
tive to external parameters such as temperature, pressure, and deformations [4]. For 
application of nanocomposites made up of CNTs as sensors, sensitivity of the electric 
properties to these external stimuli is advantageous [5–9]. Carbon nanotube compo-
sites are being explored as sensors for structural health monitoring applications. 
Alexopoulos et al. (2010) studied the potential of glass fiber-reinforced polymer 
(GFRP) coupons with embedded carbon nanotubes as sensors for the structural health 
monitoring via electrical resistance measurement of carbon nanotube fibers. In 
another study, Al-Rub et al. (2012) have used multi-walled carbon nanotubes 
(MWCNT) as reinforcement in cementitious materials and observed that nanocompo-
sites with lower concentration of long MWCNTs gives comparable mechanical perfor-
mance compared to higher concentration of short MWCNTs. Freihofer et al. [2012] 
have proposed Raman control technique to any intermediate phase of 
a manufacturing process to develop enhanced novel carbon nanotube composite 
for structural applications. Loh and Nagarajaiah (2016) have a comprehensive review 
for application of carbon nanotube composites as sensors for Structural Health 
Monitoring applications.

As the carbon nanotubes are finding their way into composites as a structural 
material owing to their excellent mechanical properties, gaining more insight into 
the correlation between the mechanical deformations and electrical transport proper-
ties of these composites will find its application as more reliable sensors. Recent 
studies have shown that the electronic properties of SWCNTs are strongly dependent 
on their mechanical deformation [10–12]. Carbon nanotubes are often treated as one- 
dimensional material, which is curved than being straight [13]. Electrical transport 
through carbon nanotubes is normally discussed in terms of idealized geometrically 
free nanotubes unperturbed by interaction with the matrix. But the carbon nanotubes 
interact with surrounding material through van der Waals force, which is likely 
responsible for the irregularities in the electronic transport properties of adsorbed 
nanotubes [14,15]. The deformations of a nanotube under the influence of van der 
Waals force have been investigated [16]. Due to the special form of van der Waals 
force, there exists ‘jump phenomenon’ once the curvature of the nanotube exceeds 
a certain value. As carbon nanotubes with large aspect ratios are preferred as nano-
fillers for nanocomposites, numerical simulations of carbon nanotubes result in large 
deformations. Linear FEM formulation by Li et al. [16] based on small deformation 
theory limits its application to shorter carbon nanotubes with large curvatures only. 
Linear FEM formulation neglects finite rotation as a result of large deformation, and 
thus a more general formulation is pursued for the study of interaction of carbon 
nanotubes with bundle of carbon nanotubes in nanocomposites and subsequently its 
application as sensors.
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Co-rotational formulation [17–22], which uses independent coordinate system for 
each element, can eliminate the rigid body translation and rotation deformation of the 
element. Since co-rotational formulation separates rigid body motions (translations as 
well as rotations) from total deformations, linear elements usually restricted to small 
strains can be used for nonlinear computations [23]. Co-rotational FEM formulation finds 
application for buckling and post buckling analyses of geometrically nonlinear struc-
tures. Liang et al. [24] have used co-rotational finite element formulation to facilitate the 
required fourth-order derivatives of the strain energy required by Koiter–Newton 
approach for buckling analysis of geometrically nonlinear structure. In another study, 
Chen et al. 2006 [25] have applied co-rotational total Lagrangian finite element for-
mulation for geometric nonlinear buckling and post buckling analyses of thin-walled 
beams with open sections. In this paper, co-rotational formulation is used to account for 
geometric nonlinear effect of the nanotube due to finite rotation. For a nanotube 
discretized into finite elements, the individual element deformation is composed of 
small deformation, due to small strain, and large rigid translational and rotational 
deformations.

This paper is organized as follows. Theoretical background for the jump phenomenon 
and interaction of carbon nanotubes via van der Waals forces is given in Section 2. CFEM 
formulation is developed in Section 3. Results from CFEM simulations are validated using 
linear FEM formulation in Section 4. Numerical simulations to study ‘jump phenomenon’ are 
presented in Section 5 for carbon nanotube of different lengths using CFEM to highlight the 
advantages over the linear FEM formulation. Summary and conclusions follow in Section 6.

2 Theoretical background for carbon nanotube interactions and ‘Jump 
Phenomenon’

In this paper, the nonlinear interaction and resulting relative deformation between 
a SWCNT and a substrate of a bundle of SWCNTs, with only van der Waals force interacting 
between them, are considered. It is assumed that the substrate of the SWCNTs is rigid 
because a bundle of SWCNTs is much stiffer than a SWCNT, though for brevity and clarity 
only one SWCNT is included in Figure 1 to represent the rigid substrate. SWCNT is 
represented at the top of two SWCNTs in Figure 1, whereas SWCNT below represents 
a bundle of SWCNTs to simulate the substrate. Interaction between the SWCNTs and the 
‘jump phenomenon’ is explained in Figure 1. During undeformed state, SWCNTs are 
assumed to be straight. As the SWCNTs start to deform, due to van der Waals force 
interaction, SWCNTs bend together till ‘critical curvature’ is reached. Figure 1(a) shows the 
deformation of SWCNT less the critical curvature where it can be observed that SWCNTs 
are bending together. Once the critical curvature is exceeded, SWCNTs do not bend as 
a unit and deformation pattern is significantly different compared to deformation just 
before the critical curvature. As it can be observed, after the critical curvature, the 
‘substrate’ (which is represented by the SWCNT below) continues to deform while the 
deformation of the single SWCNT (which is represented by SWCNT at top) is significantly 
different in comparison of the substrate and is exaggerated in Figure 1 by showing it 
almost straight as the undeformed state.
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Figure 1(a) shows the SWCNT near the rigid substrate (model 1) and Figure 1(b) shows 
the SWCNT separated from the substrate (model 2). The transfer from model 1 to model 2, 
called ‘jump phenomenon,’ occurs at a critical curvature [16,26,27]. Primarily, the ‘jump 
phenomenon’ during bending of carbon nanotubes is of interest in this study and other 
local phenomenon like buckling or rippling mode of the CNTs [28] are not sought here. 
The main objective of this study is to represent the jump phenomenon more accurately, 
with due consideration being given to the geometric nonlinear behavior of the nanotube. 
A new method of modeling the van der Waals force and nanotube is developed using co- 
rotational finite element formulation [20]. The position of the nanotube and the van der 
Waals force are updated through the progressive deformation of the nanotube for 
accurate computation of the critical curvature.

2.1 Beam Model for Nanotube

The nanotube is idealized as an elastic Euler–Bernoulli beam. The beam is fixed at the 
bottom and the top is free, as shown in Figure 2. The substrate is fixed, and the curvature 
of the substrate is 1/R0. There is only van der Waals force of interaction between the 
nanotube and the substrate. The van der Waals force and energy functions are shown in 
Figure 3. The van der Waals force per unit length is expressed as [29] 

FðrÞ ¼ 17:81U0 �
3:41

3:13 rþr0� d
r0� d þ 0:28

 !11

þ
3:41

3:13 rþr0� d
r0� d þ 0:28

 !5" #

(1) 

where U0 is the minimum energy in the Lennard-Jones energy potential as shown in 
Figure 3. r0 is the distance between the center axis of nanotube and substrate when van 
der Waals force is zero and the energy is minimum, which is termed as the balance 
position. For a circle substrate with radius R0, the balance position of the van der Waals 
force along the substrate will form a concentric circle with the substrate, which is termed 
as the balance line henceforth. The radius of the balance line will be R ¼ R0 þ r0. r is the 
distance between the balance position and the nanotube as shown in Figure 2. d is the 
diameter of the nanotube.

(a)Less than Critical Curvature                                     (b)Greater than Critical Curvature  

SWCNT 

Figure 1. The geometric nonlinear deformation of the SWCNT.
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3 Co-rotational finite element method (CFEM)

The nanotube is discretized into finite elements. Each element has two coordinate systems: 
a fixed global coordinate system, which is the same for every element, and a local co- 
rotational coordinate system, which rotates and translates with the element, as shown in 
Figure 4. The origin of the co-rotational coordinate system of the i-th element is placed at 
node 1 of the element in the current configuration. The ~x axis passes through the two end 
nodes of the element, and the ~y axis is perpendicular (counterclockwise) to the ~x axis and is in 

Figure 2. Nanotube model.

(a) Forcing Function

(b) Energy Function

Figure 3. Van der Waals force and energy function.
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the same plane. ~θi
j ¼ θi

j � ðϕ
i
� ϕi

0Þ is the rotation angle of the node j of the i-th element in 

the co-rotational coordinate system, where θi
j is the rotation angle of the node j of the i-th 

element in the fixed global coordinate system, ϕi
0 is the rotation angle of the i-th element in its 

initial configuration, and ϕi is the rotation angle between the current ~x axis with the fixed 

x axis. pi ¼ ui
1 vi

1 θi
1 ui

2 vi
2 θi

2

� �T is the node deformation vector of the i-th element 

in the global coordinate system and ~pi ¼ ~ui ~θi
1

~θi
2

� �T is the local co-rotational node 
deformation vector with ~ui ¼ Li

n � Li
0, where Li

n is the current chord length of the i-th element 
between two end nodes and Li

0 is the initial length of the i-th element. In this paper, symbols 
with wave hat represent variables in the element co-rotational coordinate system. The 
transformation matrix Bi, defined by δ~pi ¼ Biδpi, can be obtained [14] as follows: 

fi
fin ¼ Bi~fi

fin 

withBi ¼

� ci � si 0 ci si 0
� si=Li

n ci=Li
n 1 si=Li

n � ci=Li
n 0

� si=Li
n ci=Li

n 0 si=Li
n � ci=Li

n 1

2

4

3

5 (2) 

where ci ¼ cos βi
¼ 1

Li
n
ðxi

2 þ ui
2 � xi

1 � ui
1Þ and si ¼ sin βi

¼ 1
Li

n
ðyi

2 þ vi
2 � yi

1 � vi
1Þ. x

i
j , y

i
j are 

the initial coordinate values of the node j of the i-th element in the global coordinate 
system. ui

1, vi
1, ui

2, and vi
2 are the nodal deformations of the i-th element in the global 

coordinate system, as shown in Figure 4. fi
fin is the internal node force vector of the i-th 

element in the global coordinate system, and ~fi
fin ¼

~Ni ~Mi
1

~Mi
2

� �
is internal node force 

vector of the i-th element in the element co-rotational coordinate system. ~Ni is the axial 
force of the i-th element along ~x axis, and ~Mi

1 and ~Mi
2 are the moments at node 1 and node 

2 of the element. The i-th element tangent stiffness matrix ki in the global coordinate 
system is defined by 

Figure 4. Co-rotational coordinate system.
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δfi
fin ¼ kiδpi (3) 

By differentiation, the first equation in Eq (2) [14,15]: 

δfi
fin ¼ Bi� �T~kiBi þ

zi zi
� �T

Li
n

~Ni þ
1

Li
n

� �2 ri zi� �T
þ zi ri� �T

� �
~Mi

1 þ
~Mi

2

� �
 !

δpi (4) 

Where ri ¼ � ci � si 0 ci si 0
� �T and zi ¼ si � ci 0 � si ci 0

� �T . ~ki is the 
element tangent stiffness in the local co-rotational coordinate system. From Eq (3) and 
Eq (4), the i-th element tangent stiffness matrix ki in the global coordinate system can be 
expressed as 

ki ¼ Bi� �T~kiBi þ
zi zi
� �T

Li
n

~Ni þ
1

Li
n

� �2 ri zi� �T
þ zi ri� �T

� �
~Mi

1 þ
~Mi

2

� �
(5) 

It should be noted that the relation between ki and ~ki is independent on the local 
element assumption. Small strain is assumed to be valid for the nanotube, and the axial 
membrane strain of the beam is assumed to be constant. Cubic Hermitian polynomial is 
used to describe the lateral deformation of the element, and linear interpolation is 
adopted to describe the axial deformation in the element co-rotational coordinate 
system. 

~uið~xÞ ¼
~x
Li

n
~ui 

~við~xÞ ¼ ~x 1 �
~x
Li

n

� �2
~θi

1 þ Li
n

~x
Li

n

� �2 ~x
Li

n
� 1

� �
~θi

2 (6) 

With Bernoulli beam assumption, the local tangent stiffness can be derived [10]: 

~ki ¼

EA
Li

0

EA
30 4~θ1 � ~θ2

� �
EA
30 �

~θ1 þ 4~θ2

� �

EA
30 4~θ1 � ~θ2

� �
4EI
Li

0

2EI
Li

0

EA
30 �

~θ1 þ 4~θ2

� �
2EI
Li

0

4EI
Li

0

2

6
6
6
4

3

7
7
7
5

(7) 

where E is the Young’s modulus of the nanotube, A is the section area of the nanotube, 
and I is the bending modulus of the nanotube.

The van der Waals force function is highly nonlinear and is nonzero only in a very small 
range (~0.35 nm). It is very difficult to obtain the equivalent external node forces of the 
van der Waals force. So, some assumptions are made in the paper. The van der Waals 
forces acting on i-th element are approximated by two concentrated nodal forces, which 
act on the nodes of the element. The absolute value of each concentrated force equals to 
the product of the van der Waals force and the corresponding half length of the element. 
The direction of the concentrated nodal force is coincident with the van der Waals forces 
at the corresponding nodes. The node forces fi

van can be expressed as 

fi
van ¼ Ci f i

v1
f i

v2

� �

withCi ¼
Li

0

2
cos φi

1 0 0 cos φi
2 0 0

0 sin φi
1 0 0 sin φi

2 0

� �T

(8) 
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where φi
1 and φi

2 are the angles of the van der Waals forces at node 1 and node 2 of the 
i-th element in the global coordinate system. f i

v1 and f i
v2 are the van der Waals forces at 

node 1 and node 2 of the i-th element in the global coordinate system. Defining 
ui

1 ¼ ui
1 vi

1

� �
, ui

2 ¼ ui
2 vi

2

� �
, Δui

1 ¼ Δui
1 Δvi

1

� �
, and Δui

2 ¼ Δui
2 Δvi

2

� �
and using 

Taylor series expansion, the van der Waals forces at node 1 and 2 can be expressed as 

f i
v1ðu

i
1 þ Δui

1Þ ¼ f i
v1ðu

i
1Þ þ

@f i
v1ðu

i
1Þ

@ui
1

Δui
1 ¼ f i

v1ðu
i
1Þ þ

@f i
v1ðu

i
1Þ

@ui
1

Ti
1Δpi 

f i
v2ðu

i
2 þ Δui

2Þ ¼ f 2
v2ðu

i
2Þ þ

@f i
v2ðu

i
2Þ

@ui
2

Δui
2 ¼ f i

v2ðu
i
2Þ þ

@f i
v2ðu

i
2Þ

@ui
2

Ti
2Δpi 

where Ti
1 ¼

1 0 0 0 0 0
0 1 0 0 0 0

� �

and Ti
2 ¼

0 0 0 1 0 0
0 0 0 0 1 0

� �

(9)
The external forces at nodes 1 and 2 of the i-th element due to van der Waals force at 

pi þ Δpi can be expressed as 

fi
vanðp

i þ ΔpiÞ ¼ fi
vanðp

iÞ þ Ci

@f i
v1ðu

i
1Þ

@ui
1

Ti
1

@f i
v2ðu

i
2Þ

@ui
2

Ti
2

2

4

3

5Δpi (10) 

The principle of virtual work requires 

δpð Þ
T fin � fvanð Þ ¼ 0 (11) 

Introducing an index matrix Hi to relate element kinematics to global kinematics 
δpi ¼ Hiδp, Eq (11) can be rewritten as the summation over all elements: 

Xn

i¼1

δpi� �T fi
in �

Xn

i¼1

δpi� �T fi
van ¼ δp

Xn

i¼1

Hi� �T fi
in �

Xn

i¼1

Hi� �T fi
van

( )

¼ 0 (12) 

where n is the number of element. Expressing Eq (12) at pi þ Δpi: 

δp
Xn

i¼1

Hi� �T fi
inðp

iÞ þ kiHiΔp
� �

�
Xn

i¼1

Hi� �T fi
vanðp
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v1ðu

i
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Ti
1
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v2ðu
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2

Ti
2

2

4

3
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0

@

1

A

8
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:

9
=

;
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(13) 

Rearranging Eq (13) 

δp
Xn

i¼1

Hi� �T ki þ Ci

@f i
v1ðu

i
1Þ

@ui
1

Ti
1

@f i
v2ðu

i
2Þ

@ui
2

Ti
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4
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8
<
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9
=
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Δp ¼ δp

Xn

i¼1

Hi� �T fi
vanðp

iÞ � fi
in pi� �� �

(14) 

For any δp that satisfies the essential boundary condition, Eq (14) will hold. Defining 

ki
van ¼ Ci

@f i
v1ðu

i
1Þ

@u1
i

Ti
1

@f i
v1ðu

i
2Þ

@u2
i

Ti
2

2

4

3

5, which is the element stiffness matrix in global coordinate system 

due to nonlinear van der Waals force acting on the i-th element, the equilibrium equation 
for the nanotube under van der Waals force can be expressed as 
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Xn

i¼1

Hi� �T ki þ ki
van

� �
HiΔp ¼

Xn

i¼1

Hi� �T fi
vanðp

iÞ � fi
in pi� �� �

(15) 

In this problem, the van der Waals force is highly nonlinear and is only effective when r is 
less than 0.35 nm (shown in Figure 3(b)) and the nanotube is long, which makes it 
extremely flexible; hence, convergence is difficult to achieve using iterative methods. 
Thus, an incremental load method is used for solution. First the substrate is assumed to be 
straight with zero curvature and the nanotube is assumed to be along the balanced 
position. Then the curvature of the substrate is increased and the solution for the previous 
step is used as the initial guess for the current step, and the convergent solution for the 
current step is computed. The curvature of substrate is gradually increased, and the above 
steps are repeated until required curvature of the substrate is reached. When the change 
of deformation due to unbalanced force is large, deformation control is used to obtain the 
solution.

4 Co-rotational finite element method (CFEM)

The stiffness of the nanotube is calculated by using EI ¼ πCd3 (C = 2152.8 eV=nm2 is the 
in-plane stiffness, based on ab initio calculations [30]), where d is the diameter of the 
nanotube.

The deformation and the distributed van der Waals forces of a nanotube with 100 nm 
length and 1.4 nm diameter are computed with CFEM formulation and validated using 
Linear FEM formulation [16] in Figure 5. It can be observed that simulation results using 
CFEM match data from the linear FEM formulation. Critical curvature predicted by CFEM 
formulation (0.010 nm−1) compares well with the critical curvature using FEM formulation 
(0.0095 nm−1). Although differences between CFEM and FEM formulation are less than 
5%, inclusion of higher order terms and updated van der Waals forces in CFEM formula-
tion results in more accurate prediction of critical curvature of the substrate compared to 
theoretical value of 0.0099 nm−1.

5 Results and discussions

The deformations of nanotube with 100 nm length and 1.4 nm diameter are shown in 
Figure 6. From Figure 6(a), it can be observed that when R equals to 105, the nanotube 
deformation follows the balance line very closely. Van der Waals forces can be observed at 
a small section of the free end when the nanotube deformation follows the balance line. 
For rest of the nanotube, the interaction van der Waals forces between the nanotube and 
the substrate are zeros. As the curvature of the substrate approaches a critical value of 
0.0099 nm−1 (at R equals to 101), the nanotube begins to depart from the balance line 
from the free end. The van der Waals forces shift from the free end side toward the fixed 
end. Please note that only the location is shifted from free end to fixed end, the distribu-
tion of the van der Waals forces remains unchanged as the nanotube is departing from 
balanced position and returning to the straight position as shown in Figure 6(a) and 
Figure 6(b). During the transition from balanced position to straight position, van der 
Waals forces are nearly zero except for a small section. Left portion of nanotube (toward 
the fixed end) is still near the balanced line, and as a result, relative deformation between 
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Figure 5. CFEM and FEM solutions for the nanotube with 100 nm length and 1.4 nm diameter.

(a) R=105 nm (b) R=101 nm

Figure 6. CFEM solutions for the nanotube with 100 nm length and 1.4 nm diameter.
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substrate is nearly zero. Right portion of the nanotube (toward the free end) is far away 
from the substrate as nanotube is trying to return to the straight position and as a result is 
outside the influence of van der Waals forces.

Figure 7 compares the CFEM simulation results for different nanotube lengths. For 
nanotube with 100 nm length, the displacement and van der Waals forces are shown in 
Figure 7a, b. From Figure 7(a), one can observe the jump phenomenon. As the curvature 
(R) of the substrate is changed from 230 to ~106, the nanotube follows the curvature of 
the substrate, and after a critical curvature is reached, the nanotube departs from the 
balanced position and try to return to the straight position for R equal to 98. At R equal to 
95, the nanotube is returned to the straight position. Same observation can be made from 
Figure 7(b), where van der Waals forces are at the free end of the nanotube for curvatures 
(R) of the substrate from 230 to 106. As the nanotube is transitioning from balanced 
position to the straight position, van der Waals forces are shifting from free end to the 
fixed end at R equals to 101 and 98. At R equal to 95, van der Waals forces are at the fixed 
end, indicating the nanotube is returned to straight position. This is termed as the ‘jump 
phenomenon’ and results in significant change in the deformation of the nanotube after 
the substrate reaches a critical curvature.

(a) Deformation L=100 nm (b) van der Waals Forces L=100 nm

(c) Deformation L=314 nm (d) van der Waals Forces L=314 nm

Figure 7. CFEM solutions for the nanotubes with different lengths and d = 1.4 nm diameter.
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For nanotube with 314 nm length, the deformations and van der Waals forces are 
shown in Figure 7c, d for nanotube with longer length of 314 nm. From the comparison of 
deformations of nanotube with longer length of 314 nm in Figure 7(c) with deformations 
of nanotube with shorter length of 100 nm, it is evident that assumption of small strains in 
linear FEM are not applicable to nanotubes of longer lengths. Large deformations and 
large rotations can be noticed at R equals to 105 and 130 for nanotube of length 314 nm 
in Figure 7(c) compared to nanotube of length 100 nm in Figure 7(a). An attempt to obtain 
the solution using linear FEM failed for nanotube of length 314 nm as the solution did not 
converge, whereas CFEM simulations had no issues with convergence. This clearly high-
lights the merits of the proposed CFEM formulation as linear elements usually restricted to 
small strains are used for nonlinear computations due to separation of rigid body motions 
(translations as well as rotations) from total deformations. CFEM formulation thus can be 
used for numerical simulations of nanotubes of larger aspect ratios where large deforma-
tions are expected due to longer nanotube lengths and can be used to study nanotube 
interactions of any shape and curvature.

6 Summary and conclusions

The deformation of a nanotube subjected to nonlinear van der Waals forces have been 
solved by CFEM method. For nanotubes with larger aspect ratios (length/diameters), 
linear FEM fails to deliver a solution. However, co-rotational finite element formulation 
successfully estimates critical curvature as well as deformation and van der Waals force 
distribution as the nanotube transitions from balanced position to the straight position. 
Even for nanotube of small aspect ratios, CFEM result in more accurate estimation of the 
critical curvature compared to the linear finite element formulation. More general CFEM 
formulation that is free from limitation of linear FEM can be implemented for numerical 
simulations of nanocomposites. Deformations of nanotubes are quite different before 
and after jump phenomenon and could explain the irregularities in the electronic 
transport properties of the nanotube observed. Nanocomposites made up of carbon 
nanotubes as fillers are the multipurpose structural material of tomorrow. Strong 
mechanical properties of the carbon nanotubes results in nanocomposites with higher 
structural strength. As the structure is subjected to external forces, mechanical deforma-
tions such as stretching, bending, twisting, or flattening are expected to occur in carbon 
nanotube bundles. Sensitivity of the electric properties to deformations of these nano-
composites can be utilized for their application as sensors. The next-generation light 
weight structures will be self-sensing composite structures where large amount of data 
will be processed to predict the failure of composite structures and their health 
monitoring [31]. The CFEM formulation in this study provides a necessary simulation 
tool to gain more insight into the deformation patterns of carbon nanotubes in 
nanocomposites and assist in studying irregularities in the electronic transport proper-
ties of nanocomposites, which in turn will assist in application of these nanocomposites 
as reliable sensors for structural health monitoring. In future studies, other interesting 
phenomenon like formations of rings and rackets from single-wall carbon nanotubes 
[32] as a result of sliding of SWCNTs against each other can be pursued. In a recent 
study by Drozov et al. [33], extensive simulations are carried out using computational 
clusters using mDEM (mesoscopic Distinct Element Method) where it took 3 days of real 
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time using 2240 processes on three computational clusters: Pleiades, Zhores, and 
Mesabi. Similar to the methodology implemented in this study, the concepts from the 
continuum mechanics and solid mechanics can be extended to capture the underlying 
physics to gain more insight into the parametric evaluation of the phenomenon other-
wise observed during computationally expensive MD simulations. In future studies, 
different interaction formulations can be considered with the methodology presented 
in this study and compared with the data from the atomic simulations.
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