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Abstract

As the strongest and toughest material known, graphene has found numerous
applications in various types of sensors. Due to the great influences of the
graphene sheet’s geometry on resonance frequency, circular defects could
effect on expected results of sensors. Circular holes in circular graphene
sheets (CGSs) have been modeled with molecular dynamics (MD) simulation
in the present work. Then the vibration behavior of intact circular plate and
circular sheet with the circular defect has been investigated using frequency-
domain analysis (FDD). Furthermore, for validating the used method, the
obtained natural frequencies for different graphene sheets have been com-
pared with acquired data in former research. The result of validation showed
the accuracy of the used method in this study. The results indicated that
by increasing the hole size, the natural frequency of a defected sheet with
free edges will be diminished, and with simply-supported interior boundary
conditions typically went up. Also, by increasing the hole’s eccentricity, the
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natural frequency of the defected graphene sheet will be diminished when the
hole boundary was subjected to simply-support or free condition.

Keywords: Molecular dynamics, circular single-layer graphene sheet, free
vibration, frequency domain decomposition, mode shape.

1 Introduction

The discovery of graphene (carbon’s allotrope) has opened a new horizon in
developing automatic devices. Graphene is an extremely thin monolayer of
carbon atoms in a hexagonal configuration and two-dimensional arrangement
with extraordinary mechanical strength. Due to the high natural frequency
of graphene, this material has gained a considerable reputation in different
applications [1-4]. Graphene has great potential for electrical applications
with a high frequency and can be utilized in various types of sensors due
to its superior mechanical, thermal, and electrical properties [5—7]. The
extensive use of graphene and other 2D materials in the fabrication of new
sensors has made it necessary to conduct serious studies on increasing the
frequency of these types of sensors [§—10]. Because of the CGSs properties,
computer simulation can play a crucial role in future research works in this
field. It is very important to review the former studies for validating the
simulation results that have been conducted by employing numerical and
theoretical approaches [10]. Murmur and Pradhan [11] used the non-local
elasticity theory to study the vibration responses of single-layer CGSs. They
demonstrated that the fundamental frequency of graphene monolayers was
severely dependent on small-scale coefficients. Pradhan and Phadikar [12]
analyzed the multilayer graphene sheet’s vibration embedded in a polymer
matrix and showed that the non-local effects on these sheets were substantial.
Fazelzadeh and Pouresmaeeli [13] studied the effect of thermo-mechanical
vibration on orthotropic nanoplates surrounded by an elastic medium. Sev-
eral researchers have attempted to use molecular dynamics for studying the
vibration behavior of CGSs. Arash et al. [14] used the non-local continuum
theory to explore the free vibration of single and double-layer graphene. They
then compared the results with those obtained by the molecular dynamics
method. Also, the molecular dynamics method is used for studies based on
continuum mechanics and, especially, the non-local theories [15-18] Neek-
Amal and Peeters [19] have employed non-equilibrium molecular dynamics
to investigate the buckling and hardness of circular monolayer graphene
versus radial load. Recently, authors have presented valuable work on the
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superiority of borophene compared to graphene in resonance [20]. They
stated that a rectangular borophene sheet might have a higher natural fre-
quency than a graphene resonator with the same mass. Jalali et al. [21]
concluded that the circular hole size and diameter would significantly affect
the stress concentration factor of single-layer CGSs. Mirakhory et al. [22]
investigated vibration analysis of defected and pristine triangular single-layer
graphene nanosheets Madani et al. [23] investigated the vibration behavior of
annular CGS and the variation of geometry and inner-to-outer circle radiuses’
ratio. They maintained that the natural frequencies of CGSs could be easily
determined by applying the modified non-local theory. A review of published
papers indicated that graphene is widely used in the industry, and mechanical
nano-vibrators as one of the most important nano-electromechanical systems
due to its high natural frequency (above GHz). As an example, CGSs can
be used as thermal Nano-switches in electrical circuits that require very high
accuracy. Another application of CGSs is in biomechanics which can point
to cyclic nano-filters that trap and destroy cancer cells. On the other hand,
graphene’s exceptional thermal properties are used to enhance the strength
and thermal conductivity of Nanostructures [7]. It may be possible that a
pin was considered as a constraint on graphene monolayer sheets during
the fabrication process of a nanostructure comprising CGSs. In this case,
a porosity of different dimensions may be created for purposes such as
vibration control, structural parameter identification and, damage detection.
Some of these holes can be considered as a circular hole with the desired
dimensions and location. Thus analyzing the behavior of circular CGSs with
holes is an important affair. In this research, the vibration of CGSs with
centric and eccentric holes through the MD method was studied and, obtained
resonances for defected and pristine CGSs were compared with each other.

2 Theoretical Principles
2.1 Modelling Methods

As an atomic approach, MD is an accurate method in physics to simulate
complex multi-particle systems. In this approach, the phase paths of sys-
tems comprising thousands of interacting particles are obtained by solving
Hamilton’s equations and applying appropriate boundary conditions. By
analyzing the paths of particles in the phase space and using statistical
mechanics, which are the intermediaries between microscopic and macro-
scopic quantities, different characteristics of a system, including its energy
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and structural, dynamical, and mechanical properties, can be obtained. In
molecular dynamics simulation, successive configurations of a system are
obtained by integrating Newton’s motion equations. The result of MD is a
path that shows the positions or velocities of system particles versus time.
The thermodynamic and time-dependent properties can be calculated using
the approaches of molecular dynamics. The purpose of this article is to
analyze the vibrations of homogeneous CGSs with a uniform thickness of
‘h’ in the cylindrical coordinates (r, €, and z). In methods dealing with
interatomic potentials and known as molecular dynamics methods, electrons
were ignored. The energy of the system was expressed solely based on the
location of the atoms’ nuclei. Thus, the best way to model systems with high
atom numbers is molecular dynamics methods [24]. Although this method
accurately models the system’s behavior with quantum mechanics in many
cases, it cannot calculate the properties that depend on the location of the
electrons.

In molecular dynamics and Monte Carlo methods, atoms and molecules’
movement is based on the force exchanged between them. According to
Newton’s second law and the mass of carbon atoms, the acceleration and
the displacement of atoms will be calculated in this study. The forces applied
to each atom in an atomic system depend on the potential function of that
system [24].

The potential function of an n-particle system describes how the potential
energy of this system of particles depends on the atoms’ location. The forces
applied to each particle in molecular dynamics simulations are described in
the Equation (1).
oU(r1,r2,...,IN)

or;

When potential functions were used for molecular dynamics simula-
tion, three advantages were obtained in simulation: simulations accurately,
Transferability and Computational Speed [24].

The following methods could extract the potential function for a particular
system,

Fy=— (1

* First method: Usually, A hypothetical form is considered for the poten-
tial function, and then the parameters are chosen to predict the results
of the experiments. As an example, the parameters of a potential
function are changed such that the melting temperature, evaporation
energy, qualitative dynamic behaviors, etc. were obtained by molecular
dynamics simulations correctly. The potential functions obtained by
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this method are called potential empirical functions [25] (For example:
Lennard-Jones, Morse, and Bourne-Meyer [26]).

* Second method: Direct use of quantum mechanic’s electronic structure
calculations to calculate forces in simulating molecular dynamics, such
as the Car-Parrinello method [27].

e Third method: In this method, the electronic wave function [28] was
calculated for the fixed location of the atoms. This method, is one of the
most commonly used methods in LAMMPS software thus this method
was used in this study [29].

It should be noticed that the purpose of using different potential models is
not to achieve a specific property of matter but to change the arrangement of
atoms. However, if the arrangement of substance changes due to the change
in the interaction of atoms, some properties of the substance also change
unintentionally.

The graphene lattice was modeled in a cubic box with periodic boundary
conditions in all three Cartesian directions to avoid the effect of free atoms
on edges. If the boundary of the box is periodic, so that particles interact
across the boundary, and they can exit one end of the box and re-enter the
other end. A periodic dimension can change in size due to constant pressure
boundary conditions or box deformation. And if the boundary of the box is
non-periodic, so that particles do not interact among the boundary and do
not move from one side of the box to the other [33]. The sampling time
in the simulation process was set to 0.1 X 10715 s (0.1 femtosecond). An
overall schematic of the procedure used in this study is depicted in Figure 1.
Indeed Figure 1 present the communication among molecular dynamics and
the frequency domain analysis method.

The dynamic behavior of the system is extracted using the molecular
dynamics method. In molecular dynamics simulation, the official statistical
mechanic’s definitions for the ensembles are employed, so-called “ensem-
ble”. They mention the system variables that are arranged. In all ensembles,
the number of particles (N) is conserved. The most significant ensembles are
NVE, NVT, and NPT. In NVE, Simulation of a system based on constant-
number (N), constant-volume (V), and constant-energy (E), the sum of kinetic
(KE) and potential energy (PE) is conserved. And in NVT, Simulation
of a system based on a constant number (N), constant-volume (V), and
constant-temperature (T) [4, 33]. In order to model the small-scale system,
the molecular dynamics simulation is carried out along with the LAMMPS
software. the small-scale materials are classified into three categories that are
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Figure 1 Molecular dynamics and frequency domain decomposition have been joined
together to derive the free vibration behavior of 2D Nanostructure.

based on their dimensions: (i) thin films whose dimension in one direction is
close to micrometers or less; (ii) thin wires/fibers whose dimensions in two
directions are very small; and (iii) small particles [30, 31]. In the small-scale
system, the structure is organized by the extremely aligned graphene Nano
fillers and the polymer matrix. Afterwards, the structure phase and the porous
area will be combined to form the large-scale system to illustrate the graphene
nanocomposite foams [32, 12]. LAMMPS software is a molecular dynamics
code that has a focus on materials modeling. This software various potentials
assume for solid-state materials (metals, semiconductors) and soft matter
(biomolecules, polymers), and coarse-grained or mesoscopic systems. It can
be used to model atoms or, more generically, as an equal particle simulator
at the atomic or continuum scale [33]. Figure 2 shows a circular sheet with a
radius of R1 with a circular hole with a radius lattice of R2. Due to the great
influence of geometry and boundary conditions on the sheet’s frequency and
the need for precise dimensions and sizes in the simulation, the outer circle
has always been considered with a fixed radius. The boundary conditions
were assumed to be simply supported to compare the natural frequencies of
different holes (inner circle) conditions. Hence, the circular hole within the
sheet has different dimensions, coordinates, and boundary conditions.

The graphene monolayer’s geometry does not change during the sim-
ulation, and the radius of pristine sheets was considered 20 A. Firstly, a
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Figure 2 The geometry of a holed CGS with R1 as the radius of the sheet and R2 as the
radius of the hole. The hole has an eccentricity equal to ‘e’.

.
8 0,0, 0 8 0 0

(a) (b) ©

Figure 3 (a) A defect-free CGS with SS boundary conditions, (b) FS boundary conditions
for a CGS with a circular hole, (¢) SS boundary conditions for a CGS with a circular hole.

simply-supported pristine graphene sheet and then a circularly defected circu-
lar sheet has been simulated. Fixed circular graphene has been considered for
all the examined cases, and the simulation results have been tabulated in some
tables and figures for comparison. As shown in Figure 3, Black atoms are
those that are fixed on the plate to ensure boundary conditions. The boundary
condition in applied to both outer and inner boundary atoms and one row of
atoms at the boundaries is fixed to satisfy the simply-supported edge condi-
tion. This approach guarantees simply-supported boundary conditions [34].
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Figure 4 The geometry of different positions of the circular hole. The hole has an
eccentricity equal to ‘e’.

As shown in Figure 4, the circular hole’s position is studied in three
different situations that the distance of the center of the circular hole to the
CGS was shown by “e”.

First, an adequately large force was imposed on an arbitrary part of the
CGS for a femtosecond duration, and then the applied force was removed,
and the CGS is allowed to move with its natural dynamics. The dynamic
response should be recorded in a relatively long-time-interval and include
a large number of oscillations so that all frequencies of the system could
be extracted. Due to the high operating frequency of CGSs and the non-
dimensional form of molecular dynamics, a scaling analysis was essential.
To calculation the system’s frequency, the response of analysis parameters
must be adjusted based on each atom’s time-displacement signal. The initial
parameter of the system was ‘dt’. This parameter was usually determined
by the stability of the molecular dynamics problem solving, and a parameter
is already predefined, which was considered in the current problem of 0.1
fs. Based on the value of ‘dt’; the maximum calculated frequency could
be 1/2 dt, which is about 5000 THz. The amount of scaled ‘dt’ was used
(dt = 0.01) for simplicity. Furthermore, in order to increase the accuracy of
the computation, the original solving time (the time after the system arrives
at the thermodynamic equilibrium) must be selected long enough to provide
sufficient data for spectral analysis. Here, the total time is 5 x 10° the step that
is equal to 0.5 ns. The dynamic fluctuations of some special atoms in the CGS
were printed out time by time. The number of those special atoms and the
order and distribution were very important and effective on the final results.
Obtained displacement and the time could be used in the FDD approach to
extract the natural frequencies and modes.

As observed in Figure 3, the two boundary conditions of FS and SS
were evaluated as SS, where the inner and outer boundaries were both
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simply-supported, and FS, where the internal boundary was free, and the
outer boundary was simply-supported.

2.2 Derivation of Natural Frequencies and Mode Shapes Using
FDD Method

In this paper, the frequencies and mode shapes have been derived by a
handwritten code based on the FDD approach. The ambient modal analysis
methods are categorized to parametric and non-parametric. In the parametric
approach, a parametric model is approximated and adapted to the measured
data in the time domain [35]. In the non-parametric model, the dynamic
properties are extracted in the frequency domain, using some mathematical
operations [36].

The frequency domain decomposition (FDD) is a non-parametric
approach. In this method, the response of the power spectral density (PSD) of
the structure is computed and then the singular value decomposition (SVD)
technique is applied [37, 38]. The FDD method is based on the relationship
between input and output [37]. Equation (2) shows the relationship between
the input and output of the system.

Gyy(jw) = H(jw) - Gyx(jw) - H (jw) )

where Gy (jw) is the input power spectral density matrix, Gyy(jw) is the
output power spectral density matrix and H(jw) is the frequency response
function matrix.

The power density of responses can be expressed in terms of the system
mode shapes and poles, as Equation (3) [37].

. “~ diprpt APt
Gyy(jw) = > - — 3)
W ;JW_)\ka—)\k

where, dy is a scalar, ¢y is the k'™ mode shape and )y is the k" natural
frequency.

Due to the Equation (3), at each frequency, a finite number of modes
participate in create the response of the system. Close to the natural frequen-
cies, only one mode contributes to system response. If, at each frequency, the
response power spectral density matrix (Equation (2)) is decomposed into its
singular values and vectors, since the singular values are directly related to
the participation factors of modes, the number of non-zero singular values
will demonstrate the number of modes that make the system response at that
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frequency, and the peaks of the first singular value will be equivalent to the
natural frequencies of the system.

3 Comparison and Validation

For validating the present research method, the presented natural frequencies
are compared with the previous works. Three different geometry have been
used for comparison (a square sheet, a rectangular sheet, and a CGS with a
circular hole). The achieved frequencies were compared with those obtained
by solution based on the nonlocal vibration analysis of a plate based on the
first-order shear deformation theory (FSDT) [39, 40] for all three geometries.

3.1 Square Sheet

Since there was a solution for the square sheet, a single-layer square graphene
sheet (with dimensions of 2.5 x 2.5 nm) was simulated by the proposed
approach. The natural frequency of a single-layer square graphene sheet,
extracted from the work of Pradhan et al. [39] and Jalali et al. [40] is presented
in Table 1.

3.2 Rectangular Plate

The numerical results of Pradhan et al. [39] and Jalali et al. [40] for rectan-
gular graphene sheet with dimensions of 2.5 x 5 nm have also been listed in
Table 1.

Table 1 The fundamental natural frequency of the square and rectangular graphene sheet in
the non-local mode under the simply-supported boundary condition

Size (nm) Non-local Parameter w (THz) Reference
2.5x 25 0 0.9970 Jalali et al. [40]
0.4893
0 1.0062  Pradhan et al. [39]
1 0.4934
2.55622 x 2.53000 — 0.4834 MD (present)
2.5 %05 0 0.6359 Jalali et al. [40]
1 0.3688
0 0.6385 Pradhan et al. [39]
1 0.3703

2.51385 x 5.23300 0.3687 MD (present)
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Table 2 The first natural frequency of a CGS with a concentric circular hole under SS
boundary conditions

Boundary Condition  w(1,1) (THz) Reference
Simply Support (SS) 0.5384519 M. Mohammadi et al. [41]
0.5371094 MD (present)

Table 3 The natural frequencies (THz) of a defect-free CGS with R = 20A
Boundary Condition Mode Number
Simply Support (SS) 1 2 3 4
0.03394  0.05347 0.06299  0.08203

3.3 Defective Circular Sheet

To confirm the natural frequencies of defective sheets, a CGS with a radius
of 40 A with a concentric hole in the center has been considered so that the
radius of the inner circle to the radius of the outer circle was to 0.4. Notably,
both of the inner and the outer circles were simply-supported. The numerical
results reported by Mohammadi et al. [41] Considering the non-local theory
has been presented in Table 2. It could be seen that the obtained result was
well suited to the values which were reported by Mohammadi et al. [41].

4 Results and Discussion

The analysis of nanomaterials is important due to their numerous
applications. Considering the limitations of experimental methods in
the investigation of nanoscale materials, the development of theoretical
approaches and atomic simulations will be highly valuable. In this respect, the
molecular dynamics simulation has attracted many researchers’ attention as
an efficient technique that is capable of predicting the experimental results. In
this study, the effects of CGS geometry and hole boundary conditions on the
natural frequency of holed CGSs have been investigated. The sheets’ natural
frequencies were obtained for the first to fourth modes using different hole
eccentricities and diameters under SS and FS boundary conditions.

Table 3 shows the first four frequencies of a pristine CGS with simply-
supported edges.

Tables 4 and 5 show the first four frequencies of CGSs with a hole with
different boundary conditions.

According to the results in Tables 4 and 5, it is evident that the changes
in boundary conditions and the geometry of CGSs influenced notably their
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Table 4 The natural frequencies (THz) of the first four modes of a CGS with Ry = 20 A
with a circular hole defect in free boundary condition for circular defect
Boundary Condition « Ra/R;  1*Mode 2" Mode 3™ Mode 4" Mode
FS 0 0.1 0.03662 0.05737 0.06372 0.08304

0.15 0.03599 0.04983 0.05908 0.08012
0.2 0.03516 0.04956 0.05737 0.07861
0.25 0.03215 0.04911 0.05732 0.07632
0.3 0.03198 0.04901 0.05724 0.07514
0.35 0.03154 0.04852 0.05719 0.07320
0.4 0.03076 0.0481 0.05713 0.07104

0.1 0.1 0.03613 0.05273 0.06909 0.07959
0.15 0.03581 0.05184 0.06847 0.07784

0.2 0.03557 0.0498 0.05762 0.07617

0.25 0.03551 0.04925 0.05622 0.07415

0.3 0.03199 0.04902 0.05437 0.07326

0.35 0.03125 0.04896 0.05216 0.06949

0.4 0.03101 0.04834 0.05029 0.06641

0.2 0.1 0.03613 0.05469 0.06689 0.07739
0.15 0.03601 0.05143 0.05671 0.07592

0.2 0.03491 0.05103 0.05518 0.07568

0.25 0.03259 0.05075 0.05467 0.07502

0.3 0.03194 0.04943 0.05395 0.07211

0.35 0.03138 0.04872 0.05306 0.07068

0.4 0.03125 0.04834 0.05127 0.06641
Pristine Sheet under SS 0 0.03394 0.05347 0.06299 0.08203

natural frequency. In all the examined cases, the outer circle radius was fixed.
The inner-circle (hole) radius was considered as 2, 4 and 8 A. As observed in
Table 4, the obtained natural frequencies do not have similar trends under FS
and SS boundary conditions.

In order to evaluate the role of defects, the absolute frequency shift (FSR)
was defined as Af (change in frequency when a defect was made in the CGS)
and the frequency shift ratio (FSR) as v = |Af|/f,ristine-

Frequency shift ratios were plotted for various boundary conditions and
geometries. In the following, a = ¢/R; and r = Ry /R, are the eccentricity
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Table 5 The natural frequencies (THz) of the first four modes of a CGS with Ry = 20 A

with a circular hole defect in simply support boundary condition for circular defect
Boundary Condition a Ro/R; 1 Mode 2"¢Mode 3™ Mode 4 Mode
SS 0 0.1 0.05664 0.0647 0.06543 0.08204

0.15 0.05912 0.06659 0.07852 0.08526

0.2 0.06714 0.06763 0.07910 0.08813

0.25 0.06825 0.07312 0.08146 0.08962

0.3 0.07236 0.07748 0.08632 0.09783

0.35 0.08262 0.08218 0.08917 0.09914

0.4 0.10280 0.10520 0.10820 0.12450

0.1 0.1 0.05566 0.05762 0.06177 0.07617
0.15 0.05781 0.06042 0.06917 0.08122

0.2 0.05908 0.0752 0.07739 0.08423

0.25 0.06128 0.07853 0.07893 0.08953

0.3 0.06335 0.07913 0.08464 0.09042

0.35 0.06944 0.08159 0.08847 0.09125

04 0.08340 0.09155 0.09424 0.09790

0.2 0.1 0.03296 0.04785 0.06006 0.07910
0.15 0.04432 0.05967 0.07158 0.08714

0.2 0.05249 0.06274 0.07617 0.08887

0.25 0.05526 0.06545 0.0796 0.09012

0.3 0.05983 0.06938 0.08159 0.09254

0.35 0.06145 0.07252 0.09025 0.09620

04 0.06396 0.07544 0.09399 0.11040
Pristine Sheet under SS 0 0.03394 0.05347 0.06299 0.08203

and radius ratios, respectively. Figure 5 depicts the variations of frequency
shift concerning the eccentricity and radius ratios for the FS boundary
condition of a defective CGS.

As seen in Figure 5, the FSR of circular holed CGS under the FS boundary
condition increased with the radius ratio increase. Except for the first and the
second modes, higher eccentricity ratios led to a higher level of FSR. For the
first and the second modes, change in FSR was approximately independent
of the eccentricity ratio. Then, spacing the center of the hole from the center
of the CGS did not affect the FSR much for the first and the second modes.
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Figure 5 Variation of frequency shift ratio (FSR) concerning the eccentricity and radius
ratios for free-simply supported boundary condition (FS) of a CGS with an eccentric hole. (a)
a=0,(b)a=0.1and (c)a=0.2.
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a=0,(b)a=0.1and (c)a=0.2.
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Figure 7 Comparison the first four mode shapes of a pristine and defected graphene sheet
with various eccentric distance for both boundary conditions.
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Figure 6 shows the variation of frequency shift ratio (FSR) concerning
the eccentricity and radius ratios for a CGS with an eccentric hole under a
simply-supported boundary condition (SS).

From Figure 6, the FSR of circular holed CGS under SS boundary
condition considerably increased with the increase in the radius ratio. Unlike
the FS boundary condition, the FSR level was very large in the SS boundary
condition. The first mode experienced the most changes with increasing the
radius ratio and decreasing the eccentricity ratio.

Comparison of Figures 5 and 6 demonstrated that the sensitivity of the
frequency of a holed CGS was considerable when the sheet was under SS
boundary condition. In that state, the larger hole size and lower eccentricity
increased the sensitivity more than before. Then, when a hole is inevitable,
drawing out the hole from the center of the sheet and performing FS
boundaries led to less sensitivity.

In order to better evaluation of the effect of boundary condition and eccen-
tricity on the vibrational behavior of CGS, the mode shapes are presented in
Figure 7.

As shown in Figure 7, when the hole was placed at the center of the sheet
(e = 0), the mode shapes were the same as the pristine sheet. Increasing the
eccentricity leads to a considerable difference from the pristine mode shapes.
The center of the deflection of mode shapes was always in the center of the
hole. It showed that one could displace the extremum of displacement from
the CGS center.

5 Conclusion

In this paper, the effects of a circular hole of different sizes in a single-
layer CGS on its natural frequency using molecular dynamics simulation was
studied. Also, by the first time, the effects of eccentric hole on the vibrational
behavior of a single-layer CGS using molecular dynamics approach has been
investigated.

The comparison between the natural frequencies of defect-free and holed
CGSs obtained by molecular dynamics simulation has revealed the following
results:

1. For computing the natural frequency values and observing the vibration
behavior of CGSs in various modes, the molecular dynamics simulation
method could be used with a good approximation instead of numerical
and analytical solutions.
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2.

1.

2.

In the case of free boundary conditions for the hole, the natural fre-
quency of a holed CGS normally diminished with the hole size increase
in all the considered modes.

. When the hole’s interior boundary was supported, the natural frequency

of a holed CGS normally increased with the increase in the hole size in
all the examined modes.

. Under the SS boundary condition, the natural frequency of a holed CGS

(when the hole and circular graphene were concentric) was more than
that of a defect-free sheet, which was obvious, considering the existence
of a hole.

. With the increase of hole eccentricity, the natural frequency of holed

CGS diminished under SS/FS boundary condition.

. The absolute frequency shift (FSR) of circular holed graphene sheets

under the FS boundary condition increased with the radius ratio increase.
Except for the first and the second modes, higher eccentricity ratios lead
to a higher level of change in FSR. For the first and the second modes,
change in FSR was approximately independent of the eccentricity ratio.
Affected, spacing the center of the hole from the graphene sheet’s center
did not affect the frequency shift much.

. The FSR of circular holed graphene sheets under SS boundary condition

considerably increased with the radius ratio increase. Unlike the FS
boundary condition, the FSR level was very large in the SS boundary
condition. With the increase of the eccentricity ratio diminished FSR.
The first mode experienced the most changes with increasing the radius
ratio and decreasing the eccentricity ratio.

. Generally, the sensitivity of the frequency of a holed graphene sheet was

considerable when the sheet was under SS boundary condition. In that
state, larger hole size and lower eccentricity increased the sensitivity
more than before. Then, when a hole was inevitable, drawing out the
hole from the center of the sheet and also performing FS boundaries
lead to less sensitivity.

Eventually future works planned for improvement the subject are:

Structural changes of circularly defected multi-layer circular graphene
Nanosheets upon mechanical vibrations.

Structural changes of square defected on monolayer and multilayer
circular graphene Nanosheets upon mechanical vibrations.

. Detection of nano particles using a circular graphene sheet with circular

and square defects
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4. Investigation of thermal treatment in circular graphene sheets with
circular defects.
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