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Abstract: In the present manuscript an approach to modelling and simulation of nanocones has been
suggested for their use as sensing mediums. The vibrational behaviours of bridged and cantilever
Single-Walled Carbon nanocones are modelled using three-dimensional elastic beams of carbon-
carbon bonds and atomic masses. Also, the dynamic analysis of bridged and cantilever
configurations of these nanocones with different disclination angles of 60< 120< 180< and 240<is
performed to evaluate the variation in stiffness with different configurations. The analysis also
exhibits the effect of change in the length of nanocones on the vibrational frequencies. For the said
purpose a mass equivalent to a carbon atom has been added at the nodes. It is observed that
increasing side length of a Single-Walled Carbon nanocones with a constant apex angle results in a
reduction in the fundamental frequency. It is also clear from the results that Single-Walled Carbon
nanocones with larger apex angles exhibit smaller values of fundamental frequencies. The results
suggest that smaller lengths of nanocones are better candidates for sensing applications as they
exhibit substantial change in the fundamental frequencies. It can be stated that with higher number of
bonds and atoms Single-Walled Carbon nanocones undergoes substantial bending with large
declination angle which can be considered as an important finding.
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1. Introduction

In recent times, dissimilar nanostructures such as carbon nanotubes (CNTs) [1], fullerenes [2],
carbon nanorings [3], and carbon nanocones (CNCs) [4,5] have involved a great deal of interest for
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evaluating the properties. Due to varied potential applications of single walled carbon nanocones
(SWCNC:s) in altered areas such as cold electron and field emitter [6], adsorbent [7], and mechanical
sensors [8,9], a complete understanding of their mechanical, physical, and electronic properties is
needed. The ultra-sensitivity of mass detectors was first investigated by using individual cantilevered
single-walled carbon nanocone (SWCNC) resonators [9].

Krishnan et al. [10] investigated nanocones with different apex angles of 19.2< 38.9560< 84.6<
and 112.9<°using experiments. Consequently, Naess et al. [11] studied the morphologies of the CNCs
with dissimilar apex angles by using transmission electron microscopy (TEM), synchrotron X-ray
and electron diffraction.

Molecular dynamics (MD), virtual analysis [12,13] and density functional theory (DFT) [14] are
the utmost important approaches, while the other approaches can be subdivided to Bernoulli-
Euler/Timoshenko beam models [15,16,17], the shell models [18,19,20], the molecular structural
models [21-24], and meshless approaches [25,26].

Yan et al. [27] studied the physical factors and flexible properties of SWCNCs by using the
higher order continuum principle. They employed all five types of CNCs to test the influence of the
conical angle on the mechanical properties. The model analysis performed SWCNTs and
SWCNCs [28] using finite element method (FEM). In their work, natural frequencies and
corresponding mode shapes of these nano structures were evaluated. Fakhrabadi et al. forecasted the
elastic and buckling performance of CNCs with dissimilar sizes and vibrational properties [29,30].
Using the different sizes and boundary conditions, the elastic modulus and compressive forces of the
axial buckling for CNCs were evaluated.

The three-dimensional vibrational mode shapes are excavated using the time histories of the
three coordinates of each atom acquired from conducting one molecular dynamics simulation [31].
Huang et al. [32] evaluated CNCs which was used as a kind of novel and stable atomic force
microscopy (AFM) tips because of their unique conical shape and high stability.

It has been observed in a number of manuscripts that understanding the vibration behaviours
and dynamics at a nano level plays a very important role when these nanostructures are used as
various sensors. Also based on the literature presented it is quite obvious that the work done in the
proposed field of SWCNC is not substantial. Hence, in this manuscript, the authors have tried to
propose a methodology for understating the structure and vibrational properties of nanocones by
using an atomic scale finite element model based on molecular structural mechanics approach. The
parameters evaluated for a nanocone include the boundary condition, apex angle and variation of
lengths of SWCNCs. Simultaneously this study encompasses the effect of the stated parameters on
the mode shapes and natural frequencies of single walled carbon nanocones. The SWCNCs with
disclination angles of 60< 120< 180< and 240°with a cone height of 10 A, 15 A, and 20 A each are
considered.

In earlier studies, CNTs have been used for sensing applications. CNCs were made from the
graphene sheet same as CNTs. CNC have different conical structure and vibrational properties, than
CNTs. Therefore it is possible to use the CNC for different sensing applications. Patel et al. studied
the vibrational characteristics of double walled carbon Nanotube (DWCNT), modelled using spring
elements and lumped masses [33,34]. Simulations have been carried out to visualize the behaviour of
DWCNTSs subjected to different boundary conditions and when used as mass sensing devices.

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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2. Geometries Construction of SWCNCs

Natural cones have wide range of distribution of apex angle as reported [35], which can be used
to explain a disclination model for cone-helix structures. The cone-helix model is effective in
forecasting the anticipated apex angles of graphite cones produced under several laboratory settings
and made naturally from fluids during metamorphism shape. There are five possible apex angles that
are geometrically acceptable in relation to the condition of the Euler’s theorem and the constriction
of graphene as reported [36].

Nanocones have a sharp tip which can be used to determining the specific mechanical properties
and because of that nanocones are very exciting materials for different types of application like
technological. The angle of the sector removed from a flat graphene sheet to form a cone is known as
disclination angle. Nanocones are classified according to their disclination angle. Authors have
analysed carbon nanocone which have three different disclination angle dy = 60< 120< 180“and 240°
with three different length of cone are 10 A, 15 A and 20 A. These configurations further enhance
the continuousness at the juncture of a graphene sheet. The studied nanocones with disclination
angles of 60< 120< 180 and 240 “are shown in Figure 1.
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Figure 1. Cone sheets with disclination angles of 60< 120< 160< and 240<

The sliced graphene layer was created by removing the sector of the circular graphene sheet.
Than the sliced layer was revolved by closing the angular gap so the nanocone is shaped. In a similar
manner other graphene sheets were rotated over different constant angle so that new nanocones with
different disclination angles are occurs.

Figure 2 shows formation of SWCNC from graphene sheet. The apex angles of cones are 112.9<
83.6< 60<and 38.9<respectively for the disclination angle 60< 120< 180<°and 240< The apex angle

of cones is obtained as 2sin""(1—d, /360) .

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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Figure 2. Cones with apex angles of 112.9< 83.6< 60=and 38.9 °with cone heights of 20 A.

The polar coordinate system convert into a three dimensional cone in Cartesian coordinate
system shown in Figure 3 which transformation from graphene into a cone with disclination angle

240< The polar coordinates of point P, indicated in graphene division as(l,«), the parameters of
graphene sector are L and ¢ . Sector OAB is bent at apex O where OA and OB lengths are same so,

A point of OA length is touch to point B of OB length [19].

Figure 3. Symbols and variables used in the transformation from a graphene sheet for a
cone 240<

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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Considering the point P(X,Y,Z), the following equations are obtained [27]:
X =rcosp, Y =rsin S, Z=—1?-r?, (1)

where g and r are the unknown parameters. The graphene sheet transform from the three-

dimensional cone and for that the relation between the corresponding angles as below:

s

(24
24 )

From the Figure 3, the angle between 020C and O20'A'is the dihedral angle B, which can

be found by rearranging the above Eq. (2) as below:

ﬁ=a[2—”] ©)
4

The relation between radiuses r and R with lengths | and L are as follow:

—=— 4
S (4)
For obtaining the base radius R of cone by below Eq. (5)
Lo
R=—"F 5
2 ©)
For finding the radius r, substitute the value of R from Eq. (5) to Eq. (4)
ret 6)

27

For determining the point P in the three-dimensional cone just by substitute the value r and S

from Eq. (6) and Eq. (3) respectively in Eq. (1) as follow:
X :G—igco{a [%ﬂﬂ Y :(;—stin{a [%ﬂ Z=-l /1—(%} (7
Here, X, Y and Z indicate the atom coordinate of nanocone and angle are in radians.
3. Molecular Structural Mechanics Based Modelling of SWCNC
As per the MSM approach covalent bonds have been substituted as beam elements and the

stiffness of the elements have been calculated by utilizing the process potential energy. The total
force on individually atomic nuclei is the sum of the force produced by the electrons and

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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electrostatics force between the absolutely charged nuclei themselves. The overall formulation for
the potential energy is

M=>U+>U,+>U,+>U, +> Uy, (8)
where U, is the energy because of bond stretch interaction, U, is the energy because of bending

(bond angle variation), U, is the energy because of dihedral angle torsion, U, is the energy because

of out-of-plane torsion and U, is the energy because of non-bonded van der Waals interaction.

U, =ZK,(r=5)" = 2K, (ar)’ ©)
2 2
1 1
Up =5 Ky (0 = 09)°= 5 K(A0)’ (10)
1 :

where K., K, and K_ represent the bond stretching, bond bending and torsional resistance force

constants, correspondingly, while Ar,A@ and A¢ represent bond stretching increment, bond angle

variation and angle variation of bond twisting, respectively.
As the potential energy in the two approaches is independent, energy equivalence of the stored
energy of the two approaches, i.e., molecular mechanics and structural mechanics [24]

EA El GJ

— =K , — =K K 12
L L o L (12)
The elastic properties of the beam element are given as [24]
k 2 k.k,L
=40 g- b G=—t (13)
Kp 4k, 872'k6

where D, L, E, I and G represent the diameter, length of cone, Young’s modulus, moment of inertia
and shear modulus of the beam element.

4. Modal Analysis of SWCNC

Here, the matrix equations are considered as the dynamic three-dimensional lumped model
system. The equation of motion in a generalized form can be written as:

[M {9} +[B]{vj +[K v} =[F] (14)

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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where [M ] ,{V}, {v} , [B], [K] and [F] indicate the global mass matrix, the second time derivative of

the displacement vector {v} (i.e., the acceleration), the velocity vector, global damping matrix,

global stiffness matrix, and force vector respectively.

Utilizing the modal analysis the mode shape and natural frequency can be determined. In this
study damping is overlooked. Hence, the new equation of motion without damping can be expressed
in matrix notation for an undamped system is as follow:

[MI{7}+[K]{v} =10 (15)
Here the structural stiffness matrix [K] does not include any pre-stress. Free vibration is

harmonic for the linear system which can be considered in the following form:
{v} ={¢}, cosat (16)
where the mode shape of i" natural frequency representing by vector {¢}i, the i" natural circular

frequency is representing by the vector @, in radians per unit time, and t representing the time.
Rewriting Equation (15) we get:
{—? [M]+[K]}{g}; = {0} (17)
The equality of above equation (17) is satisfied by these two option, one option is {¢}i = {0}
and second option is([K]—a)2 [M ]) =0. The first option is unimportant and therefore our interest is

not in it. The second option gives the following answer

[K]-@?[M]=0 (18)

This is an eigenvalue problem which may be solved for up to n values of w® and n eigenvectors

{¢}i which satisfy Eq. (16), where n is the number of DOFs. The eigenvalue and eigenvector

extraction techniques are used in the Block Lanczos method. Rather than outputting the natural

circular frequencies {®} , the natural frequencies { f} are output as
fi=w 27 (19)

where, f, is the i natural frequency (cycles per unit time). Normalization of each eigenvector {9}

to the mass matrix is performed according to

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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(g} [M]{p}; =0 (20)

In the normalization, {¢}; is normalized such that its largest component is 1.0 (unity). The

natural frequency of a structure is related to its geometry, mass, and boundary conditions. For the
nanocones considered here, the mass was assumed to be that of each carbon atom, 2.0 x 10 kg,
and the rotational degrees of freedom of the atom are neglected.

In the finite element modeling, the BEAM188 element in ANSYS was used to simulate the
carbon bonds and the carbon atoms were simulated as the mass element of type MASS21. The
authors have assumed that the cross-sections of the beam elements were uniform and circular, and
the necessary input data of the BEAM188 element were the Young’s modulus E, the Poisson’s ratio
m and the diameter of the circular cross-section d taken from Table 1.

Table 1. The input data prepared for the BEAM188 and MASS21 elements.

Division Present work Lee and Lee [28]
Beam Type Euler-Bernoulli Timoshenko
C—C bond length 0.142 nm 0.142
Poisson’s ratio 0.3 0.3
Density 2.3 %10 % g/nm® 2.3 <10 %" kg/A®
Young’s modulus 5448 nN/nm? 5.448 %10 8 N/A?
Shear modulus - 8.701 x<10~° N/A?
Mass of carbon atom 1.994 x10 %2 g 2x10%g

For the purpose of validating the Present model the results obtained are compared with Lee and
Lee [28] as per Figure 4. Authors have considered nanocones with disclination angles are 120< 180°
and 240=and height of nanocones is 20 A. A similar kind of trend is observed from the results of the
presented model and Lee and Lee [28] with a difference in the values of frequencies quoted by Lee
and Lee [28] and the current model. The reason can be attributed to the fact that the authors have
used Euler Bernoulli beam theory without shear deformation whereas the one used by Lee and
Lee [28] is Timoshenko beam element formulations which include shear deformation effects. The
current methodology is based on Euler-Bernoulli beam element (i.e., see Table 1); this assumption
affects the natural frequencies of SWCNC that are found to be lower than those of Euler-Bernoulli
beam elements [37]. The results obtained are plotted, which show that the frequency variation
between two model is not substantial and follows a similar trend in both the cases which suggests the
validity of the present model and its further use.

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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Figure 4. Comparison of first 15 mode of natural frequency for the SWCNCs with
disclination angle 120< 180<and 240 “between Lee and Lee [28] and Present Model.

5. Results and Discussion

The nanocones with disclination angles of 60< 120< 180°and 240<and length of 10 A with
boundary condition of a cantilever and fixed beam were modelled as discussed above and shown in
Tables 2-5.

The deformed shape of nanocones with 10 A length and the four different disclination angles
60< 120< 180“and 240<are illustrated in Tables 2-5. The variations in natural frequency versus the
mode of vibration for the cantilever and the fixed beam condition of nanocones with disclination
angles 60 =for all three lengths 10 A, 15 A and 20 A is compared in Figures 5 and 6 separately. As
presented in Figure 5, upto the mode 5 there is no significant change in the frequency for 15 A and
20 A length but for the smaller length 10 A there is exponential change in frequency starting from
mode 2. As presented in Figure 6, there is no significant change in frequency for all three lengths
10 A, 15 A and 20 A upto the mode 5 than after there is major change in shorter length 10 A
Subsequently, shorter length of SWCNC can be used for sensing application because of the wide
range of frequency values. As the disclination is increased, there is significant change in frequency
start from mode 4 for the shorter length of 120<disclination angle while for the 180<=and 240°
disclination angle change in frequency starting from mode 2 and mode 1 respectively. An increase in
the frequency is observed when the disclination angle is increased, irrespective of the type of
boundary condition. As shown in Figure 5, there is considerable difference observed between values
of frequencies in modes 1-5 in fixed condition which is differ from cantilever condition as shown
Figure 6. Similar kind of difference is observed in fixed and cantilever condition for disclination
angle 120< 180 and 240 “as shown in Figures 7-12.

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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Table 2. Mode shapes of SWCNC (60<angle and 10 A Height).

Cantilever Bridge

320 Atoms, 455 Bonds

Mode-1

Mode-5

Mode-10

Mode-15

Mode-20

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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Table 4. Mode shapes of SWCNC (180<angle and 10 A Height).

Cantilever Bridge

78 Atoms, 110 Bonds

Mode-1

Mode-5

Mode-10

Mode-15

Mode-20

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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Table 5. Mode shapes of SWCNC (240°angle and 10 A Height).

Cantilever Bridge

46 Atoms, 63 Bonds

Mode-1

Mode-5

Mode-10

Mode-15

Mode-20

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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Figure 5. Variation in the natural frequency of SWCNCs with 60<and fixed beam for
length of 10 A, 15 Aand 20 A
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Figure 6. Variation in the natural frequency of SWCNCs with 60<and cantilever beam
for length of 10 A, 15 A and 20 A.
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Figure 7. Variation in the natural frequency of SWCNCs with 120 “and fixed beam for
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Figure 8. Variation in the natural frequency of SWCNCs with 120<and cantilever for
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Figure 9. Variation in the natural frequency of SWCNCs with 180 <and fixed beam for
length of 10 A, 15 Aand 20 A
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Figure 10. Variation in the natural frequency of SWCNCs with 180 “and cantilever for
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Figure 11. Variation in the natural frequency of SWCNCs with 240<and fixed beam for
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Figure 12. Variation in the natural frequency of SWCNCs with 240 °and cantilever for
length of 10 A, 15 Aand 20 A

As can be seen, the frequency did not significantly differ for the first three modes of the
cantilever or first two modes for the fixed, though, an unvarying pattern of variation was observed
between the 10 A and 15 A length of SWCNC for higher vibrations.

As per the result for the fixed beam boundary conditions, it can be seen that frequencies are
different for all mode shapes and they increase with increase in number of modes. From the results, it
can be concluded that as the length increases the natural frequencies also decreases. SWCNC with
10 A has much higher frequency compared with 15 A and 20 A in both boundary conditions.

The variations of the natural frequencies of the SWCNCs with apex angles of, 38.9< 60“and
86.6< 112.9<and for different boundary conditions are shown in Figures 5-12. It can be seen that
natural frequency depend upon the apex angles as the apex angle decrease the frequency increases
unrelated to the boundary condition.

The mode shape of deformation of nanocones shown in the table show that of SWCNC with the
cantilever boundary condition experiences a similar bending as that of SWCNC with the fixed beam

boundary condition.

AIMS Materials Science Volume 4, Issue 4, 1010-1028.
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6. Conclusion

The variation performance of SWCNCs with three different disclination angles 60< 120< 180°
and 240<and for each angle, three different lengths 10 A, 15 A, and 20 A were used in these studies.
A combination of these variation in disclination and lengths were used for comparison for finding
best sensing nanocone for sensing application. These models were used for modal analysis of two
different boundary conditions fixed and cantilever beam to obtain different results for comparison of
natural frequencies. The numerical analysis is reviewed as follows:

1) It was shown that increasing in disclination angle with constant length results in increasing in the
frequency. Moreover, it was seen that the frequency value gap in mode 1 is decreasing when
boundary condition change from fixed to cantilever for all three disclination angles.

2) It was shown that increasing the side length of a SWCNC with a constant apex angle result in
decreasing the frequency. Moreover, it was seen that the SWCNCs with larger apex angles have
smaller frequencies.

3) As can be seen, the frequencies did not significantly differ for the 15 A and 20 A lengths, and the
first three modes of the cantilever or first two modes for the fixed boundary conditions.
Furthermore, for the shorter length 10 A frequencies are significantly changing from the first
mode when increasing in the disclination angle for the both boundary conditions.

4) The mode of deformation demonstrated in Tables 2-5 shows that nanocone with disclination
angle 240< have lesser number of atoms and bonds, is more physically stable than smaller
disclination angle. Also, nanocones with more number of bonds and atom goes through more
bending than large disclination.

5) The natural frequency of SWCNCs depends upon the apex angles, lengths and boundary
condition for all modes of vibration.
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