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We studied the elastic properties of different carbon nanotubes (CNTs), i.e., pristine and defective
single-wall (SWCNTs), double-wall (DWCNTs), and multiwall (MWCNTs) for zigzag and armchair
configurations. CNTs atomic geometry was replicated with an equivalent space frame structure (SFS).
Coordinates definition of SFS of CNTs was developed in MATLAB code and transferred to the finite
element analysis (FEA) software ANSYS. The basic entity of SFS, the C-C chemical bond, was designed
as a circular beam with orthotropic properties. The properties were determined by linking the energy
equation of molecular mechanics to structural mechanics along with a parametric study. The van der
Waals forces between intershells of DWCNTs and MWCNTs were modeled as linear elastic springs in
a simplified way. The simplified model avoided the problems due to the nonlinear behavior of van der
Waals forces and improved the performance of the FEA software. The effect of chirality, vacancy defects,
different diameters, and number of walls on the elastic properties of CNTs were calculated, tabulated,
and compared with each other. The result of the proposed SFS model with orthotropic properties was
compared with other’s results. The space frame structure (SFS) model is found to be better than the
equivalent shell model as the defects can be placed at exact locations and a more realistic behavior
can be predicted. The SFS models can developed with any type of defect, any number of walls, van
der Waals force interactions, and agglomerated forms with variable geometries. These models could
be directly embedded in the matrix with a designable interface region to predict tensile and torsional
properties of future nanocomposites.

1. Introduction

The discovery of carbon nanotubes (CNTs) [Iijima 1991] has attracted immense interest in the field of
high strength structural composite materials due to CNTs extraordinary mechanical properties (elastic
modulus 0.5–5 TPa and tensile strength 50–200 GPa) [Qian et al. 2002; Treacy et al. 1996]. These
mechanical properties made them as a potential contender for reinforcing matrices such as polymer
[Muthu and Dendere 2014], ceramic [Inam et al. 2014], and metal [Tjong 2013]. Mahmoud [Shokrieh
et al. 2013] and Kundalwal[Kundalwal and Ray 2014] have shown that adding a small amount of CNTs
to the polymer matrix improved the mechanical, thermal, and electrical properties of the composites.
Other research works [Inam et al. 2014; Sharma and Shukla 2014] have also reported that the addition
of 1% CNTS increased the elastic modulus, flexural, and tensile strength of epoxy composites by 49%,
38%, and 52% respectively.

However, these experimental results are much lower than the theoretically expected values for CNT
reinforced composites [Zuberi and Esat 2015]. Researchers have attributed these discrepancies between
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a b c d

Figure 1. Different kinds of defects in CNTs: hexagonal arrangement (a), vacancy de-
fect (b), Stone–Wales defect (c), adatom (d).

experimental and theoretical results to the inconsistency in CNT diameter [Nam et al. 2015], chirality
(rolled up angle of graphene sheet) [Ranjbartoreh and Wang 2010], number of CNT walls [Jia et al.
2011], and defects in the CNT structure [Xiao and Hou 2006]. Different kinds of defects such as vacancy,
Stone–Wales, and adatom (Figure 1) are developed in CNTs during synthesis [Tachibana 2013] and play
an important role in defining their properties. Researches [Yang et al. 2016] have shown that the vacancy
defects (Figure 1b) are the most influential factor in degrading the overall CNT properties. In addition, as
pointed out by Popov et al. [Popov et al. 2000] that the properties of CNTs along the tube axial direction
are always greater than the transverse directions (orthotropic behavior) and a similar conclusion was also
drawn by Kundalwal and Kumar [Kundalwal and Kumar 2016]. Therefore, it is essential to understand
the effect of the above factors (diameter, chirality, number of walls, vacancy defects, and the orthotropic
behavior) on the CNTs mechanical properties, which will further be helpful in choosing suitable CNTs
as composites reinforcement to obtain improved mechanical properties.

Various experimental techniques such as Raman spectroscopy, scanning electron spectroscopy, trans-
mission electron microscopy, nanoindentation, and x-ray diffraction have been used to characterize the
CNT’s properties [Chabalala et al. 2011]. However, the main challenges faced with these experimental
techniques are that they are either expensive or technically not feasible to obtain the nanoscale behavior
of CNTs. Moreover, the conventional theoretical models such as rule of mixtures [Han et al. 2014b],
effective field models [Zohdi and Wriggers 2005], and continuum mechanics models [Tserpes et al. 2008]
also have limitations in predicting the behavior of CNTs at nanolength scales [Han et al. 2014b]. Hence,
researchers have focused on developing molecular scale models such as molecular dynamics (MD) and
molecular mechanics (MM) methods. These methods are powerful and can provide details at the molecu-
lar scale level. However, their limitations in analyzing the number of atoms, length, and time scales along
with the computational cost have restricted their applications within a limited span [Han et al. 2014a].

To overcome the length scale limitations in molecular models, an equivalent continuum model (ECM)
was proposed [Hernández-Pérez and Avilés 2010]. In the ECM model, the individual carbon nanotube
was modeled either as a shell or as a beam with isotropic properties [Roy Chowdury et al. 2014; Hu et al.
2007]. Moreover, in these models, the hexagonal atomic structure of a CNT was completely ignored [Muc
2011] and thus resulted in exaggerated CNT properties. In addition, these models could not include the
effects of vacancy defects, chirality, and van der Waals force interactions between the walls. Hence, for
incorporating the CNTs atomic structure, a space frame structure (SFS) model was proposed [Ghavamian
et al. 2013]. In the SFS model, the chemical bond between two carbon atoms (C-C) was modeled as a
circular beam with isotropic properties in such a way that one carbon molecule was modeled using six
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Figure 2. Equivalent SFS.

Figure 3. Rolling angle and chiral vector.

circular beams in a hexagonal shape, as shown in Figure 2. The chemical bond properties were obtained
from both solid and molecular mechanic analysis.

However, the CNTs orthotropic properties [Muc 2010] were again ignored by the SFS model including
the other important parameters as explained above. Hence the objectives of this paper were defined as
to characterize the zigzag and armchair CNTs using SFS model by considering the effects of CNTs
diameters, chirality, number of walls, vacancy defects, and the van der Waals interactions between the
walls (double and multiwalled). In addition, this research also focused on understanding the effect of
orthotropic behavior of CNTs on their properties.

2. Methodology for simulation

2A. SFS modeling of CNTs. Since CNTs are formed by rolling the graphene sheets, the parameters
such as chiral angle (θ) and chiral vector (Ch) define the types of CNTs such as zigzag and armchair.
Figure 3 shows a schematic of chiral vector, chiral angle, and the relevant geometrical parameters.
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zigzag

n m diameter (Å)

7 0 5, 481
11 0 8, 61
14 0 10, 96
20 0 15, 657
28 0 21, 92

armchair
n m diameter (Å)

4 4 5, 424
6 6 8, 13
8 8 10, 84

11 11 14, 916
16 16 21, 696

Table 1. Configuration properties. Note that all MWCNTs have three walls. Further-
more, the intershell distance ds-s range is 3.4 Å–3.8 Å, and the bond length L range is
1.41 Å–1.42 Å [Harik 2011].

The chiral vector (Ch) is mathematically defined by the unit vectors a1 and a2 combined with the step
integer n and m, which basically determine the chirality or twist of the nanotube:

ECh = nEa1+mEa2. (2-1)

Different roll-up directions of graphene (chiral angle, θ) give different configurations of CNTs and
are defined by

θ = sin−1
[ √

3m
2(n2+ nm+m2)

]
, (2-2)

where θ is the chiral angle.
Mathematically, if the step integers n 6= 0 and m = 0 (θ = 0◦) are set then a zigzag CNT could be

defined and an armchair structure could be generated for the step integers n =m (θ = 30◦) [Rahmandoust
and Öchsner 2009]. In addition, the CNTs diameters are also obtained using the step integers as

d = 0.783
√

n2+ nm+m2 (2-3)

2B. CNTs model development. Using the above equations, a CNT was modeled by defining its coor-
dinates in a MATLAB code for the different types of CNTs such as zigzag, armchair, single, defective,
double, and multiwall. The required chiral angle and chiral vector were obtained and given in Table 1.

A general methodology that followed for producing both zigzag or armchair configurations was that a
basic unit cell (a carbon molecule) was developed along the tube circumference. At first, a single carbon
molecule was divided into six equivalent triangles. The height h and half of the base b of the individual
triangle were used to draw the positions of the individual carbon atoms and then the carbon molecule unit
cell. The angle ψ defines the number of carbon molecules along the circumference based on the base
length b with respect to the center of the CNT. Figure 4 shows the schematic of the modeling process.

The base unit cell was then extended further to obtain a base ring and then the full carbon nanotube
(Figure 5). Double and multiwall CNTs were developed using the same procedure. The distance between
the consecutive walls (d(s−s)) was kept at 3.4 ∼ 3.8 Å [Ghavamian et al. 2013]. Figure 6 shows the double
wall and multiwall CNTs modeled using the proposed procedure.
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Figure 4. Modeling process of CNTs.

Figure 5. CNTs modeling process: armchair (a) and zigzag (b).

The vacancy defects were randomly generated by removing a point (carbon atom) at three different
places: top, center, and bottom of the CNTs. These defects were approximately 120◦ apart from each
other (Figure 7).

The macrofiles containing the CNT coordinates were transferred to ANSYS for developing an IGES-
ANSYS workbench multibody CNT model. The in-built ANSYS workbench shared topology method
was utilized to convert the multibody CNT SFS-model into a single part. This method joins each equiv-
alent circular beam to the other beams through the edge joints method. Figure 8 shows the transferred
ANSYS workbench CNT model developed in MATLAB. Five different diameters were used for both
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Figure 6. DWCNT and MWCNT modeling process.

Figure 7. CNT with vacancy defects.

MATLAB Model Mechanical APDL
        Model

ANSYS Workbench
           Model

Figure 8. Equivalent SFS modeling process of CNTs.

the zigzag and armchair configurations. Pristine and defective single-walled and pristine double and
multiwalled CNTs were considered for the analysis.

2C. C-C chemical bond orthotropic properties. The next step is to define the C-C chemical bond prop-
erties. As briefly discussed before, most of the research works have considered CNTs as an isotropic
material. However, theoretical studies [Muc 2010] have shown that the CNTs behave like an orthotropic
material. Hence, in this research, the orthotropic properties of CNTs were obtained by assuming or-
thotropic response from the individual C-C bond. Hence two different methods were used to obtain both
axial and transverse response of the C-C bonds.

2C1. C-C bond axial direction response. The axial direction response of the C-C bond was obtained
by equating the energy of the atomistic system (molecular mechanics) with the beam model (classical
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bond strength
Vr

bond angle variation
Vθ

dihedral angle torsion
Vφ

inversion
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van der Waals interaction
Vvdw

Figure 9. Graphical representation of steric potential energy.

structural mechanics). Based on molecular mechanics, the C-C chemical bond could be expressed using
steric potential energies, which gives the total potential energy (Vt ) [Rahmandoust and Öchsner 2012]
of the individual C-C bond as

Vt =
∑

Vr +
∑

Vθ +
∑

Vφ +
∑

Vω+
∑

Vvdw, (2-4)

where Vr , Vθ , Vφ , Vw, Vvdw are the bond strength, bond angle variation, dihedral angle torsion, inversion,
and interaction strain energies respectively (Figure 9).

Since the inversion and the interaction energies have very little influence on the total potential energy
equation, the bond strength, bond angle variation, and dihedral angle torsion energies are only considered
for the current analysis. These energies are expressed as

Vr =
1
2 kr (L − L0)

2
=

1
2 kr (1L)2, (2-5)

Vθ = 1
2 kθ (θ − θ0)

2
=

1
2 kθ (1θ)2, (2-6)

Vφ = Vw = 1
2 kτ (1β)2. (2-7)

Here, kr , kθ , and kτ are bond stretching, bond angle variation, and torsion resistance force constants,
respectively; 1L , 1θ , and 1β are the bond stretching, bond angle variation, and angle variation of bond
twist, respectively. The C-C chemical bond characteristics are assumed to be an analogue to a structural
mechanics beam element (Figure 10). Here, the carbon atoms act as joints of the beam element and hence
the stiffness equations associated with the structural mechanics for a beam element could be equated with
the force constants of molecular mechanics to define the C-C chemical bond along the axial direction.

According to classical structural mechanics, the strain energy equations of a beam under uniform axial,
bending, and torsional loads are given by

UA =
1
2

∫ L

0

F2

E A
d L = 1

2
F2L
E A
=

1
2

E A
L
1L2, (2-8)

UM =
1
2

∫ L

0

M2

E I
d L = 1

2
M2L
E I
=

1
2

E I
L
1θ2, (2-9)

UT =
1
2

∫ L

0

T 2

G J
d L = 1

2
T 2L
G J
=

1
2

G J
L
1β2, (2-10)
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Figure 10. Equivalent beam model.

kr 938 kcal ·mol−1
·A−2

= 6.52× 10−7 N · nm−1

Kθ 126 kcal ·mol−1
·A−2

= 8.76× 10−10N · nm−1

Kτ 39.986 kcal ·mol−1
·A−2

= 2.780× 10−10 N · nm−1

Table 2. Molecular mechanics constant values; note that the bond length L = 0.142 nm
[Tersoff and Ruoff 1994].

where E is the elastic modulus, A is the cross sectional area, L is the beam length, I is the moment of
inertia, G is the polar moment of inertia, J is the polar moment of inertia, θ is rotational angle, and β is
relative rotation between the two ends.

By considering analogues and equating the corresponding energy equations, the relationship between
structural mechanics (E A, E I , and G J ) and the molecular mechanics parameters (kr , kθ , and kτ ) are
deduced as [Li and Chou 2003b]

kr =
E A
L
, kθ =

E I
L
, kτ =

G J
L
. (2-11)

These above equations were used to obtain the C-C bond axial direction response. The parameters for
calculating the C-C bond axial response are given in Table 2.

Using the above values, the C-C bond axial responses are calculated as

dc-c = 4

√
Kθ

Kr
= 0.14660 nm, Ezz =

(Kr )
2L

4πKθ
= 5.49 TPa, Gxy =

(Kr/Kθ )Kτ L
8π

= 0.871 TPa.

2C2. C-C bond transverse direction response. The transverse direction responses of C-C bonds were
obtained using an ANSYS parametric study. The space frame structure model of a single-wall zigzag
CNT with diameter 0.861 nm was chosen along with the C-C bond axial response values previously
obtained for this analysis. The parametric study was carried out by using the range of values of elastic
modulus, shear modulus, and Poisson’s ratio as given in Table 3. The analysis was repeated until the SFS
model radius modulus was equivalent to 650 GPa [Reich et al. 2002]. Then the corresponding orthotropic
properties were selected to define the transverse response of the C-C bond interactions.

The overall orthotropic response of the C-C bond is given in Table 4.
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elastic modulus (GPa) shear modulus (GPa) Poisson’s ratio

Exx Eyy Gxy G yz γxy γyz γxz

4.5–5.5 4.5–5.5 3–8.71 3–8.71 0.1–0.25 0.1–0.25 0.1–0.25

Table 3. Range of values for parametric study variables.

Figure 11. Radial test model.

modulus (GPa) shear (GPa)

Exx Eyy Ezz Gxy G yz Gxz

523 523 5490 409 409 871

Table 4. Orthotropic properties of CNTs. Note that the ratio γxy = γyz = γxz = 0.1.

2D. Modeling of van der Waals forces. DWCNTs and MWCNTs contain two or more concentric shells
at distances 3.4 Å to 3.8 Å from each other and interact through the van der Waals (Fvdw) forces. In
addition, these forces are effective within 0.85 nm range [Zuberi and Esat 2015] and the atoms which
are not within the range will be coupled with the adjacent range atoms. Based on the above assumption,
a single carbon atom of one shell interacts with 58 atoms of an adjacent shell (0.85 nm range) as shown
in Figure 12a. Generally, the van der Waals forces are calculated using Lennard–Jones potentials [1924],
given as

F(vdw) = 4ε
[
−12

(
σ

ds−s

)12
+ 6

(
σ

ds−s

)6
]
. (2-12)

Ali and coworkers [Ghavamian et al. 2013] modeled the van der Waals force (Fvdw) interaction be-
tween two carbon atoms as a spring with a stiffness (Ksingle C-C) of 0.24245 N/m. However, with a large
number of van der Waals interactions, modeling each interaction could lead to computational difficulties.
Hence these intershell interactions were modeled as equivalent springs (Figure 12b).

Four equivalent springs at 90◦ intervals were inserted between two adjacent shells to model the total
van der Waals force interactions. The stiffness of a single equivalent spring (Keq) was calculated from
the total spring stiffness Kn . Hence, Kn = 58× Ksingle C-C× total number of atomic interactions from
first shell to the second shell (TAI).

Where n = (1st shell, 2nd shell, . . .) and Ksingle C-C is the spring stiffness between two carbon atoms.
The total atomic interactions (TAI) between one shell to the other were estimated by the following
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Figure 12. Van der Waals force interactions between different shells (a) and equivalent
spring constant between shells (b).

Figure 13. End points of CNTs.

equation:

T AI = Ptotal− 0.5Pend1− 0.5Pend2− 0.875P2ndend1− 0.875P2ndend2, (2-13)

where Ptotal is the total number of atoms in a single shell, Pend1 is the number of atoms in the end rows,
and P2ndend1 is the number of atoms in second end rows (Figure 13).

Since Pend1 = Pend2 and P2ndend1 = P2ndend2, the TAI equation becomes

T AI = Ptotal− Pend− 1.75P2ndend.
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van der Waals forces between consecutive walls
of DWCNTs and MWCNTs

K
eq

zigzag 1st and 2nd wall

zigzag 2nd and 3rd wall

armchair 1st and 2nd wall

armchair 2nd and 3rd wall

diameter (Å)

Figure 14. Van der Waals forces between consecutive walls.

Using the above TAI values, the total spring stiffnesses (Kn) were obtained and then Keq for the
individual springs were estimated using

Keq =
K1stshell+ K2ndshell

S0
, (2-14)

where S0 is the number of springs to be inserted.
The values of equivalent spring constant Keq obtained for all different CNTs are given in Table 5.

Figure 14 shows that the van der Waals forces become more significant increasing diameter and increasing
number of walls.

2E. Analysis procedure. The proposed SFS model was analyzed using the equivalent properties (EP)
method for determining the CNTs properties. The equivalent properties method was defined based on
the assumption that the deformation of two SFS-models could be equated when the applied load, CNT
length, and area are equal. Here, the first SFS model was defined using a reference material and the
second SFS was defined using the proposed orthotropic material. Based on the above definition, the
CNT properties could be obtained from

ESFS-CNT

ESFS-Ref
=
1LSFS-CNT

1LSFS-Ref
, (2-15)

GSFS-CNT

GSFS-Ref
=
1θSFS-CNT

1θSFS-Ref
. (2-16)

The proposed analysis was carried out by constraining the CNT model at one end and applying a load
at other end. As explained in the EP method, the C-C bond properties were assigned with a reference
material and an orthotropic material individually. The first analysis was conducted with structured steel
(reference material) properties of elastic modulus 200 GPa and a Poisson’s ratio of 0.3. A similar analysis
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zigzag (DWCNTs)

diameter (Å)
first wall second wall

Keq (N/m)
Pend P2ndend

total
points

total working
points Pend P2ndend

total
points

total working
points

5.481 16 16 168 124 30 30 384 302 1498
8.613 22 22 264 204 40 40 480 370 2017

10.962 28 28 336 259 46 40 552 442 2465
15.66 40 40 480 370 58 58 696 537 3189

21.924 60 60 672 507 74 74 936 733 4360

armchair (DWCNTs)

diameter (Å)
first wall second wall

Keq (N/m)
Pend P2ndend

total
points

total working
points Pend P2ndend

total
points

total working
points

5.424 16 16 161 117 36 36 359 260 1326
8.13 24 24 241 175 48 48 479 347 1836
0.84 32 32 321 233 52 52 519 376 2141

14.916 44 44 441 320 68 68 679 492 2855
21.696 64 64 641 465 84 84 839 608 3773

zigzag (MWCNTs)

diameter (Å)
second wall third wall

Keq (N/m)
Pend P2ndend

total
points

total working
points Pend P2ndend

total
points

total working
points

5.481 30 30 384 302 48 48 576 444 2623
8.613 40 40 480 370 58 58 696 537 3189

10.962 46 40 552 442 64 64 768 592 3579
15.66 58 58 696 537 76 76 912 703 4360

21.924 74 74 936 733 92 92 1104 851 5569

armchair (MWCNTs)

diameter (Å)
second wall third wall

Keq (N/m)
Pend P2ndend

total
points

total working
points Pend P2ndend

total
points

total working
points

5.424 36 36 359 260 56 56 560 406 2690
8.13 48 48 479 347 68 68 680 493 3418

10.84 52 52 519 376 72 72 720 522 3660
14.916 68 68 679 492 88 88 880 638 4630
21.696 84 84 839 608 104 104 1040 754 5601

Table 5. Equivalent spring stiffness values. For all cases, Kc-c = 0.24245 N/m.
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zig zag (SWCNT)

diameter (Å)
elastic modulus (GPa) shear modulus (GPa)

pristine vacancy defects pristine vacancy defects

5.481 768.525 260.328 320.259 104.663
8.61 769.163 245.471 322.764 89.1

10.96 769.231 235.844 323.164 87.5
15.657 770.442 220.186 320.189 83.5
21.92 774.39 209.463 311.66 70.3

armchair (SWCNT)

diameter (Å)
elastic modulus (GPa) shear modulus (GPa)

pristine vacancy defects pristine vacancy defects

5.424 755.213 257.637 362.658 97.8
8.13 755.149 240.937 360.011 92.9

10.84 755.659 231.113 359.075 89.0
14.916 759.881 221.317 358.563 85.0
21.696 765.583 228.005 358.125 84.0

Table 6. Properties of pristine SWCNTs and SWCNTs with vacancy defects (zigzag and armchair).

was again carried out by using the orthotropic properties as explained in the previous section. Then the
EP method was used to obtain the overall properties of the SFS CNT-model.

3. Results and discussion

The analysis was carried out for obtaining the elastic properties of single, double and multiwall CNTs
configurations. The results clearly showed the effect of chirality, defects, number of walls, and the C-C
bond orthotropic properties on the overall CNTs properties.

3A. Effect of chirality on the mechanical properties. Since the chirality defines the types of CNT con-
figurations, both zigzag and armchair were modeled and analyzed. Table 6 shows the elastic and shear
modulus values of both zigzag and armchair configurations of a single-wall carbon nanotube (SWCNT).

It is evident that the elastic modulus of the zigzag configuration is higher than the armchair one. The
difference between the elastic modulus of the two configurations (zigzag and armchair) decreased as the
CNT’s diameter increased. On the other hand, the armchair configuration has a higher shear modulus
than the zigzag. It is evident from these results that the chirality of the CNT primarily affected the shear
strength rather than the tensile strength.

The variations in elastic and shear modulus for both zigzag and armchair configurations are attributed
to the direction of the hexagonal unit cell to the applied tensile and torsional loads. For the zigzag
configuration, all six C-C bonds of a hexagonal unit have contributed towards carrying the applied load
(Figure 15a), while the armchair unit cell have used only four C-C bonds for the similar types of loading
(Figure 15b). Therefore the tensile strength of zigzag is higher than armchair. However, for the torsional
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(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

Figure 15. The deformation pattern of hexagonal units: armchair (a), zigzag-tensile
load (b), armchair (c), and zigzag-applied moment (d).

loading, the reverse phenomenon could be seen as compared to the tensile loading (Figure 15c, d). The
comparison based on chirality suggested that the zigzag SWCNTs of higher diameters could increase the
properties of nanocomposites in the axial direction. For better transverse properties, armchair configura-
tions with smaller diameters would be a better choice as a reinforcement.

The current analysis results align with the experimental values of 400 GPa to 800 GPa as given by
Treacy [Treacy et al. 1996]. Further, the results are also comparable with the other numerical analysis
carried out by Mohammad [Mohammadpour and Awang 2011], where they used the continuum mechan-
ics method with nonlinear material properties and obtained the elastic properties of 881 GPa (elastic
modulus) and 116 GPa (shear modulus). In addition, the molecular dynamics [Agrawal et al. 2006]
results (elastic modulus 550–760 GPa for diameters in the range of 7–25 Å) for SWCNTs also align well
with the SFS analysis results.

3B. Effect of vacancy defects. The elastic properties of both zigzag and armchair configurations of
SWCNTs with vacancy defects were analyzed and their results were almost 70% lower than the corre-
sponding pristine configurations (Table 6). In addition, the vacancy defects have shown more influence
on both the elastic and shear modulus of both armchair and zigzag configurations as the diameter of the
CNT was increased from 5.48 Å to 21.92 Å. The percentile decrease in CNT properties for the increase
in diameter of a zigzag configuration was approximately 69.58% for the elastic modulus and 72.79%
for the shear modulus. For the armchair configuration, the percentile decrease was 68.9% for the elastic
modulus and 75.04% for the shear modulus, respectively (Table 7). Similar results were obtained by Ying
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zigzag (SWCNT)
diameter (Å) elastic modulus (%) shear modulus (%)

5.481 66.13 67.32
8.61 68.09 72.38

10.96 69.34 72.91
15.657 71.42 73.89
21.92 72.95 77.43

average 69.58 72.79

armchair (SWCNT)
diameter (Å) elastic modulus (%) shear modulus (%)

5.424 65.89 73.01
8.13 68.09 74.19

10.84 69.42 75.19
14.916 70.87 76.29
21.696 70.22 76.53

average 68.9 75.04

Table 7. Percentile decrease of elastic and shear modulus due to vacancy defects (zigzag
and armchair).

et al. [Yang et al. 2017] with elastic modulus of 270 GPa for SWCNTs with defects. Sakhaee [Sakhaee-
Pour 2009] showed that the elastic and shear modulus of defective SWCNTs were 470 GPa and 160 GPa,
respectively. The properties reported by these research works matched well with the results of the current
research work.

It could be concluded from the results that the SWCNTs with armchair configuration with vacancy
defects have shown better properties than the zigzag configuration. Moreover, the phenomenon was more
significant for the diameter greater than 15 Å. From the above results, it could be pointed out that the
armchair configuration with vacancy defects have shown improved properties compared to the zigzag
configuration as the CNT’s diameter increases.

3C. Effect of the number of walls. The effect of the number of walls on the CNTs properties were
also analyzed using SFS CNT models. The elastic and shear modulus of both DWCNTs and MWCNTs
approximately remains the same (Table 8). For the individual cases, the elastic modulus of the zigzag
configuration is higher than armchair one and the armchair shear modulus is higher than the zigzag config-
uration. The elastic modulus varied inversely to the CNT’s diameter until the value reached 15.697 Å and
then the variation of elastic modulus became proportional to the CNT’s diameter. The elastic modulus
of DWCNT was higher at lower diameters and was gradually reduced as the CNT diameter reached
15.657 Å. Then, for further increases in diameter, the elastic modulus was increased again. For the
MWCNT case, the elastic modulus values increased proportionally to the CNT’s number of walls and
the diameter. However, the shear modulus of both DWCNTs and MWCNTs increased as the diameter
increased up to 15.697 Å, and then started to decrease with the increase in diameter.



458 MUHAMMAD ARIF AND JACOB MUTHU

zigzag

diameter (Å)
elastic modulus
DWCNT (GPa)

shear modulus
DWCNT (GPa)

elastic modulus
MWCNT (GPa)

shear modulus
MWCNT (GPa)

5.481 794.199 320.235 794.199 320.23
8.61 783.311 322.752 783.311 322.75

10.96 770.318 323.312 770.318 323.31
15.657 761.661 328.514 761.661 328.51
21.92 782.353 311.379 782.353 311.38

armchair

diameter (Å)
elastic modulus
DWCNT (GPa)

shear modulus
DWCNT (GPa)

elastic modulus
MWCNT (GPa)

shear modulus
MWCNT (GPa)

5.424 757.671 366.795 756.71 301.52
8.13 753.1 359.754 753.1 297.13

10.84 759.974 358.317 759.974 292.26
14.916 766.225 358.959 766.225 357.69
21.696 772.855 358.112 772.855 359.67

Table 8. Properties of DWCNTs and MWCNTs with zigzag and armchair CNTs.

type of CNT diameter (Å) elastic modulus (GPa) shear modulus (GPa) reference

DWCNT 10.0–30.0 1000–1100 400 [Li and Chou 2003a]

DWCNT zigzag 5.41–21.92 761–794 311–323 proposed
SFS modelDWCNT armchair 5.424–21.69 753–772 358–366

MWCNT 3.91–27.13 704 - [Yu et al. 2000]
MWCNT 5–8 990–1029 213–228 [Sakhaee-Pour 2009]

MWCNT zigzag 5.41–21.92 761–794 310–323 proposed
SFS modelMWCNT armchair 5.424–21.69 651–786 292–360

Table 9. CNT elastic properties compared between the current study and other researches.

Table 9 shows a comparative analysis of results from other research works along with the current SFS
model research work. It could be concluded here that the SFS structure with orthotropic C-C chemical
bond could provide accurate elastic properties of both zigzag and armchair configurations for both pristine
and CNTs with vacancy defects.

4. Conclusions and recommendations

In this research, the effect of chirality (zigzag and armchair), vacancy defects, and number of walls on
the elastic properties of CNTs were characterized by the space frame structure method. The orthotropic
properties of C-C bonds were calculated by comparing structural mechanics and molecular mechanics
energy expressions along with a parametric study. A mathematical model using equivalent springs for van
der Waals interactions between consecutive walls was developed to analyze their effect on DWCNTs and
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MWCNTs. It has been found that the zigzag configuration elastic modulus was greater than the armchair
configuration for CNTs with the same diameter. The shear modulus of the armchair configuration is
greater than the zigzag configuration. Vacancy defects significantly reduced the elastic properties of
SWCNTs and the effect of the vacancy defects increased as the diameter was increased further. The rate
of decrease in the elastic and shear modulus of defective armchair nanotubes become insignificant as
the diameter increased further. Comparatively DWCNTs have higher elastic modulus and shear modulus
(average) than SWCNTs and MWCNTs for the smaller CNTs diameter range. The results shows that
the SFS model elastic properties were in good agreement with the experimental and theoretical values
found in the literature.
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