
Research Article
Atomic-Scale Finite Element Method for Analyzing the
Sensitivity of Graphyne-Based Resonators

Haw-Long Lee, Yu-Ching Yang, and Win-Jin Chang

Department of Mechanical Engineering, Kun Shan University, Tainan 71003, Taiwan

Correspondence should be addressed to Win-Jin Chang; changwj@mail.ksu.edu.tw

Received 9 May 2018; Revised 16 July 2018; Accepted 24 July 2018; Published 5 August 2018

Academic Editor: Stefano Bellucci

Copyright © 2018 Haw-Long Lee et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

An atomic-scale finite element method was applied to analyze the sensitivities of α-, β-, γ-, and 6,6,12-graphyne-based resonators in
mass detection under different boundary conditions. These sensitivities are then compared with that of a graphene-based resonator
obtained in a previous study. According to the analysis results, among the graphyne-based resonators, the α type shows the highest
sensitivity, while the γ type shows the lowest. In addition, the sensitivity decreases as the resonator size increases. We also find that
the location of the attached mass has a significant effect on the sensitivity of the γ-graphyne-based resonators with different
attached masses. The α-graphyne-based resonator with a small attached mass is also sensitive to change in location. However,
the situation is different for a large attached mass. This study is significant for the future design and application of a graphyne-
based resonator with high sensitivity.

1. Introduction

Graphyne, as first proposed by Baughman et al. [1], is
constructed by inserting an acetylenic linkage (–C≡C–)
between two bonded C atoms of graphene. The presence
of acetylenic linkages in graphyne results in unique
mechanical, thermal, optical, and electrical properties, which
are significantly different from those of graphene [2, 3]. Gra-
phyne exists in four typical geometrical forms—α-graphyne,
β-graphyne, γ-graphyne, and 6,6,12-graphyne—due to the
various arrangements of acetylenic linkages and their inser-
tion percentages [1]. The percentages of acetylenic linkages
for α-graphyne, β-graphyne, 6,6,12-graphyne, γ-graphyne,
and graphene are 100%, 66.67%, 41.67%, 33.33%, and 0%,
respectively. The structures of four types of graphyne allo-
tropes, as well as that of graphene, are depicted in Figure 1.

Recently, numerous researchers have studied the
mechanical, thermal, and electronic properties of graphyne.
For example, Cranford and Buehler [4] carried out molecular
dynamics simulations to investigate the mechanical proper-
ties of single-atomic-layer graphyne sheets and showed that
this material has interesting mechanical properties, which
differ from those of graphene. In addition, the intersheet

adhesion energy and bending stiffness were found to be
comparable to those of graphene, while the density of gra-
phyne being only one-half that of graphene. Peng et al. [5]
investigated the mechanical properties of graphyne mono-
layers under various strains and the pressure effects on
Young’s modulus and Poisson ratio using first-principle
calculations based on density functional theory. Ajori et al.
[6] explored the mechanical properties of perfect and
defective γ-graphyne by using molecular dynamics simula-
tion and found that the vacancy defects reduced Young’s
modulus and that ultimate stress and strain increased
Poisson’s ratio. Perkgöz and Sevik [7] studied the vibrational
and thermodynamic properties of the graphene-related
structures of α-graphyne, β-graphyne, γ-graphyne, and
6,6,12-graphyne by using density functional perturbation
theory. Based on that theory, the thermodynamic stability
of different graphyne allotropes was assessed by investigating
their vibrational properties, lattice thermal expansion coeffi-
cients, and Gibbs free energy values.

In addition, Couto and Silvestre [8] evaluated the elastic
properties of graphyne by using a finite element model
and showed that graphyne exhibits marginal orthotropic
behavior. Recently, Qu et al. [9] developed a molecular
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mechanics model to study the structure-dependent elastic
properties of β-graphyne and found that with the
increasing length of acetylenic chains, the in-plane stiffness,
in-plane shear stiffness, and layer modulus significantly
decreased, whereas the Poisson’s ratio slightly increased.
Rodrigues et al. [10] investigated the nonlinear mechanical
behavior of perfect γ-graphyne by using an atomistic finite
element model. Bagheri et al. [11] examined the adsorption
behavior of a water droplet on graphene and graphyne
externals using molecular dynamics simulations and demon-
strated that graphyne is more hydrophobic than graphene.

Because performing experiments that accurately charac-
terize and measure the physical properties of graphyne is
extremely challenging, theoretical methods, including finite
element methods and atomistic simulations, are often used,
including those proposed in the previously mentioned
studies. However, molecular dynamics simulations are time-
consuming [12, 13]. In addition, most of the aforementioned
studies have focused on the electronic and mechanical proper-
ties of graphyne allotropes, and only a few are available on
vibration behavior. In this study, we used an atomic-scale
finite element method to investigate the vibrational proper-
ties of α-, β-, γ-, and 6,6,12-graphyne-based resonators and
examine their sensitivities as a resonator for detecting an
attached mass.

2. Atomic-Scale Finite Element Analysis

A simply supported, square graphyne sheet has a length L
along the x-axis, width L along the y-axis, and thickness
along the z-axis, as shown in Figure 2. The origin is taken
at one corner of the midplane of the graphyne sheet, to which
a concentrated mass m is attached at an arbitrary location
x = u and y = v. Here, we calculate the frequency of the

graphyne sheet to assess its feasibility for being used as a
nanomechanical resonator. An atomic-scale finite element
modeling method using commercially available ANSYS
FE code was adopted in the frequency analysis. The gra-
phyne sheet can be simulated as a plane-frame structure
with beam members, describing their bonds of connecting
two nearest-neighbor carbon atoms and joints of the beam
elements as atoms in the analysis. A three-dimensional
elastic BEAM4 element is used to model the bonds. All
parameters used in the calculation are easily determined
using the basic formulas A = πd2/4 and I = πd4/64, where
d is the cross-sectional diameter of a bond, A is the
cross-sectional area, and I is the moment of inertia. Then,
the tensile resistance EA and flexural rigidity EI can also
be obtained. Here, E is the Young’s modulus of the bond.
Based on energy equivalence theory [14], the relation
between the force field constants in molecular mechanics
and the beam element stiffness in structural mechanics
can be developed [15]. In addition, on the basis of struc-
tural dynamics theory, the equation of motion of graphyne
for the free vibration of an undamped structure is
expressed as

M z + K z = 0 , 1

where M and K indicate the overall mass and stiffness
matrices and z and z indicate the nodal displacement
vector and acceleration vector, respectively.

For a harmonic vibration, eigenvalues were calculated
from the overall stiffness and mass matrices, and funda-
mental frequencies of graphyne were obtained from the
minimum eigenvalues. The resonant frequency is sensitive
to the mass attached on the resonator, and the frequencies
necessarily shift due to the added mass. Using the overall
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Figure 1: Structures of (a) graphene, (b) α-graphyne, (c) β-graphyne, (d) γ-graphyne, and (e) 6,6,12-graphyne.
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Figure 2: Simply supported graphyne-based resonator with an attached mass.
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mass matrix, the effects of the added masses on the system
and frequency shifts Δf are evaluated [15, 16].

In addition, we studied the sensitivity, S, of a graphyne-
based resonator, which is defined as the ratio of change in
frequency to change in the attached mass, Δf /Δm, and
indicates the ability of the resonator to detect the attached
mass. For the same attached mass, a larger frequency shift
represents higher sensitivity performance of the resonator.

3. Results and Discussion

This study examined the sensitivity of a single-layer gra-
phyne resonator. There are three types (i.e., aromatic, single,
and triple) of covalent bonding constructed on the basis of
graphyne allotropes. The geometrical and mechanical
parameters of the three bonding types used in the analysis
have the following values [8]: d = 1 284 Å for aromatic and
single bonds and d = 1 954 Å for a triple bond; A = 1 0 Å2

for aromatic and single bonds and 3.0Å2 for a triple bond;
I = 0 07958 Å4 for aromatic and single bonds and
0.7162Å4 for a triple bond; and E = 167 616 nN/Å2 for
an aromatic bond, E = 166 964 nN/Å2 for a single bond,
and E = 25 852 nN/Å2 for a triple bond. To our knowledge,
this is the first report focused on the vibration sensitivity of
graphyne-based resonators. To verify the accuracy of our
ANSYS model for calculating vibration response of graphyne
membrane, we compare the present result with the previous
study. A γ-graphyne membrane with clamped–free–free–free
boundary condition was considered in the comparison. The
parameters used for the analysis were the same as those used
by Couto and Silvestre [8]. The Young’s moduli of armchair
and zigzag graphyne membranes obtained from the present
study were 208.5 and 228.4N/m, respectively. The results
were the same as those obtained by Couto and Silvestre [8].
This comparison was also made in our recently published
article [17].

The sensitivities of the graphyne-based resonator differ
with different boundary conditions because of their
constraints. In the analysis, four boundary conditions are
considered: all sides clamped (CCCC), all sides simply
supported (SSSS), clamped–free–clamped–free (CFCF), and
simply supported–free–simply supported–free (SFSF). The
sensitivities of different graphyne and graphene-based reso-
nators were investigated. Figure 3 shows the sensitivities of
the α-, β-, γ-, and 6,6,12-graphyne-based resonators under
the SSSS boundary condition for L = 10 nm and u = v = L/2.
In addition, the sensitivities of the graphyne-based resona-
tors were compared with those of the graphene-based
resonators obtained from the previous study [18]. We
observed that the sensitivities of the α-, β-, γ-, and
6,6,12-graphyne-based and graphene-based resonators dif-
fered due to the different percentages and mass densities
of acetylenic linkages. The sensitivities of the resonator
in mass detection were obtained in the following order:
α-graphyne>β-graphyne> 6,6,12-graphyne> γ-graphyne>
graphene. The same order was observed for the percent-
ages of acetylenic linkages contained in the structure.
For different graphyne-based resonators, the discrepancy
was more obvious, especially at a small attached mass.

For the case of an attached mass of 1 zg, the value was
7.1GHz/zg for the α type and only 1.9GHz/zg for the
γ type. The discrepancy decreased as the attached mass
increased. The α type showed considerable sensitivity even
at a very small mass, which decreased with an increase in
the attached mass. However, the trend was different for
the other allotropes. The other types showed a critical point
of sensitivity; for example, the γ type showed a critical point
of 3.9GHz/zg corresponding to the attached mass of 4 zg.
The sensitivity of the graphene-based resonator was much
smaller than those of graphyne-based resonators due to
the effect of mass density. The carbon atomic number of
graphene is 3984, which is higher than that obtained for
graphynes in the analysis, such as 2728 for γ type and
2166 for α type, although the stiffness of graphene is larger
than that of graphyne [4].

Figure 4(a) shows the sensitivity of the α-graphyne-based
resonator with different attached masses for L = 10 nm and
u = v = L/2 under different boundary conditions. The
sensitivity is related to the frequency shift of the resonator
with an increase in the attached mass. The sensitivity of
the resonator under the CCCC boundary condition was
the highest. The sensitivities of the resonator in mass detec-
tion were obtained in the following order: CCCC> SSSS>
CFCF> SFSF. The sensitivity of the resonator under the
CCCC boundary condition was very close to that under
the SSSS condition. In addition, the sensitivity was very
close under both CFCF and SFSF conditions. However,
the discrepancy was large for the γ-graphyne-based reso-
nator under different boundary conditions, as shown in
Figure 4(b).

Figure 5(a) shows the size effect on the sensitivity of the
α-graphyne-based resonator under the SSSS boundary
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Figure 3: Sensitivity of the α-, β-, γ-, and 6,6,12-graphyne-based
and graphene-based resonators under SSSS boundary condition
for L = 10 nm and u = v = L/2.
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condition for u = v = L/2. The sensitivity in mass detection
decreased with increasing size effect. The same trend was
observed for the γ-graphyne-based resonator, as shown
in Figure 5(b), because the frequency shift decreased with
increasing size and mass of the resonator.

Figure 6(a) illustrates the effect of location of the
attached mass on the sensitivity of the α-graphyne-based
resonator under SSSS boundary condition for L = 10 nm.

The sensitivity was the highest when the attached mass
was located at the center of the resonator and gradually
decreased as the mass moved away from the center. Simi-
lar phenomena were obtained for the γ-graphyne-based
resonator as shown in Figure 6(b). The effect of location
on the sensitivity of the γ-graphyne-based resonator is
also clear for detecting a larger mass, but that of the α-
graphyne-based resonator is not.
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Figure 4: Sensitivity of the (a) α- and (b) γ-graphyne-based resonators with different attached masses for L = 10 nm and u = v = L/2 and
different boundary conditions.
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Figure 5: Size effect on the sensitivity of the (a) α- and (b) γ-graphyne-based resonators under SSSS boundary condition for u = v = L/2.
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4. Conclusions

In this study, atomic-scale finite element simulations for
α-, β-, γ-, and 6,6,12-graphyne-based resonators under
CCCC, SSSS, CFCF, and SFSF boundary conditions were
performed using commercially available ANSYS software.
The sensitivities of the graphyne-based resonators with
various attached masses were studied and compared with
that of a graphene-based resonator obtained from a pre-
vious study. The analytical results showed that the sensi-
tivities of the resonators in mass detection were obtained
in the following order: α-graphyne>β-graphyne> 6,6,12-
graphyne>γ-graphyne> graphene. The sensitivities of the
resonator under different boundary conditions were also
obtained. Based on the boundary conditions, the order
was CCCC> SSSS>CFCF> SFSF for the considered cases.
In addition, the sensitivity in mass detection decreased
with an increase in resonator size. The sensitivity was
the highest when the attached mass was located at the
center of the resonator and gradually decreased as the
mass moved away from the center.
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