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This study examines the effect of size on the elastic properties of single-layer and
double-layer armchair-type graphene nanoplates. To maintain the discrete nature of
the nanoplates, they were modeled using equivalent spatial frame structures, with the
finite element method employed to predict their elastic properties. The results were
then validated by comparison with previous studies. Based on the findings, the
mechanical properties of the double-layer nanoplates exhibited a slight difference in
size dependence compared to the single-layer sheets. It was also observed that, for both
single-layer and double-layer nanoplates, the elastic properties at smaller sizes were
direction-dependent. However, as the size increased, the properties transitioned
toward orthotropy, and with further enlargement, the dependence diminished,
eventually approaching isotropy. Specifically, the results showed that for small
nanoplates (30 A), the Young’s moduli in two directions differed by about 6%. At a
larger size (100 A), this difference decreased to around 2%, and at 300 A, it dropped
to approximately 0.7%. Additionally, Poisson’s ratios in the two orthogonal directions
for single-layer square nanoplates at smaller sizes (10 A) exhibited a notable difference
of 19%. As the size increased to (100 A), this difference reduced to about 8%, and at
300 A, it significantly decreased to about 1.5%. These findings suggest that the
convergence to isotropy occurs more rapidly for the Young’s modulus compared to
Poisson’s ratio.
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1- Introduction

Carbon-based nanomaterials have become highly
popular for use in nanomechanical devices and
nanocomposites due to their remarkable
mechanical, electrical, and thermal properties [1].
Nanotechnology is defined as the ability to
fabricate, control, enhance, and utilize materials at
the nanoscale. The most distinctive characteristic of
this field is the dependence of nanomaterial
properties on size, physical shape, and the nature of
interatomic bonds. This capability has become even
more significant with advancements in atomic-level
fabrication and geometry manipulation, which

continue to evolve. Due to their exceptional
chemical, mechanical, thermal, and electrical
properties, these materials have promising
applications in microelectromechanical systems
(MEMS), nanoelectromechanical systems (NEMS),
optics, and polymer composite reinforcement [2].

Computational methods in nanomechanics are
pursued  through  atomic-scale  approaches,
molecular mechanics, finite element method
(FEM), and continuum modeling, each with its own
advantages and limitations.
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Theoretical methods have been extensively
developed to estimate the elastic properties of
nanostructures, including Young’s modulus, shear
modulus, and Poisson’s ratio. The present study
investigates the effect of size on the elastic
properties of single-layer and double-layer armchair
graphene nanoplates. To preserve the discrete
nature of the nanosheets, they were modeled using
equivalent space-frame structures. Subsequently, an
effective and efficient atomistic finite element
method (AFEM) was developed to determine the
elastic properties and mechanical behavior of
single-layer and double-layer graphene sheets. To
validate the methodology, the numerical results for
elastic properties were compared with previous
studies. This study focuses on the size-dependent
elastic properties of both single-layer and double-
layer sheets, an aspect that has been less explored in
prior research, particularly for double-layer
structures.

2- Theory and Simulation

In this study, the structure of armchair carbon
nanosheets was examined. As schematically shown
in Fig. 1, the nanosheet was modeled as a spatial
structure based on the molecular structural
mechanics approach. Fig. 1 also illustrates part of
the hexagonal lattice, where beam elements were
used in the finite element model to represent single
carbon-carbon covalent bonds. Similar to
conventional finite element models, nodes were
employed to connect beam elements, forming the
graphene structure. In this approach, the nodes
represent carbon atoms and are defined based on
their atomic coordinates. A modified interatomic
potential was wused to describe the atomic
interactions in graphene. This potential is well-
suited for modeling the behavior of carbon-carbon
covalent bonds and has been widely applied by
researchers in studying the fracture behavior of
carbon nanotubes in both purely atomistic and
atomistic-based continuum simulations.

Bond length= L

. Carbon atom = node or pin
Covalent bond = beam

dcc = Bond diameter

|

Three-dimensional space frame  Equivalent beam element
structure = Carbon nanosheet

Figure 1: Schematic of the Molecular Structural Mechanics Approach

In any structure, including carbon nanotubes and
graphene, which are entirely composed of carbon-
carbon covalent bonds, the molecular potential
energies arising from bond interactions are
significantly greater than non-bonded (long-range)
interactions such as van der Waals forces [3].
Therefore, the total molecular potential energy
during the deformation of a single-walled (layered)
carbon nanostructure is equivalent to the energy
contributions from various types of bond

deformations—namely, the sum of the energies
associated with bond stretching/compression, bond
angle variations, and bond twisting. Similarly, in the
deformation of a spatial frame structure, the total
strain energy is the sum of the strain energies
resulting from beam elongation, beam bending, and
beam torsion. In the molecular structural mechanics
approach, the deformation of a carbon nanosheet is
analogous to the deformation of a spatial frame
structure. Thus, the total molecular potential energy
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is equal to the total strain energy, which is expressed
by Eq. (1).

Uiotal = Ur + Ug + Uy = Uy + Up + Ur (1)

Here, Uota represents the total molecular energy of
a deformed bond in a single-layer carbon nanosheet
or the total strain energy of a deformed beam
structure. The terms U,., Uy, and U correspond to
the energy contributions from bond stretching, bond
angle variations, and bond twisting, respectively.
Similarly, Uy, Ug, and Uy denote the strain energy
components resulting from beam elongation, beam
bending, and beam torsion, respectively.

A code was developed to generate geometric data in
MATLAB. The data were then imported into
ANSYS for finite element analysis. To construct the
model, atomic positions representing carbon atoms
were first defined, followed by the creation of
connecting lines representing covalent bonds. The
process began by defining a unit cell, which was
then repeated along the x — and y —directions to
form a complete 2D nanosheet. Covalent bonds
were modeled using the three-dimensional elastic
BEAMA4 element, where each node possesses three
translational degrees of freedom (x, y, z) and three
rotational degrees of freedom about the same axes.
In addition to beam elements, interlayer springs
were included in the model to account for van der
Waals interactions between graphene layers. These
interactions were considered only for atom pairs
within a cutoff radius o (where o is the Lennard-
Jones parameter) [4]. Finally, after defining the
interlayer springs, their stiffness was assigned based
on the equivalent elastic energy of the chemical
bonds.

3- Results and discussion

Fig. 2a shows the wvariations of the Young’s
modulus of the graphene sheet in the x and y

directions. It is observed that at small sizes, these
properties are significantly influenced by the
loading direction, leading to noticeable differences.
However, as the size increases, this direction-
dependence weakens, and ultimately, the two curves
converge to a certain value. In other words, as the
size of the graphene sheet increases, its elastic
property tends towards an isotropic behavior. Based
on the graphs, it can be said that at the nanometric
dimensions, the armchair graphene sheet is
anisotropic, with its flexibility in the x direction
being greater than in the y direction, though this
difference is not significant. Physically, it can be
explained that at small sizes, the statistical
distribution of the elements in each direction differs
noticeably relative to the total elements, but as the
size increases, the total number of elements
increases, and the difference in the number of
elements in the two directions relative to the total
decreases. Thus, the directional properties gradually
disappear.

For double-layer graphene sheets, the variations in
their elastic properties with respect to size are
plotted in Fig. 2b. As observed, the trend in the
changes of properties is similar to that of the single-
layer sheets, with only slight differences between
these values and those corresponding to the single-
layer sheets. This minor difference arises from the
weak van der Waals interactions between the two
layers, which are less operative compared to the
strong covalent bonds and do not contribute
significantly to the results. In fact, it can be said that
when the in-plane behavior is considered, the
presence of two sheets side by side does not differ
much from a single sheet, provided that the load is
also proportionally adjusted. In other words, each
sheet carries an equivalent load to that of a single
sheet from the previous case. Therefore,
explanations regarding the physical interpretation of
these plots are omitted, and the same explanations
for the single-layer sheet can be applied.
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Figure 2: Young's modulus of the nanosheet as a function of its size; a) single layer and b) double layer

4- Conclusion

In this study, square single-layer and double-layer
graphene sheets with different sizes ranging from 30
to 300 A were studied to determine their elastic
properties. The following conclusions were drawn:

1- It was observed that for very small sheet sizes,
the values of properties in the x and y directions
were strongly influenced by the loading
direction, showing significant differences.
However, as the size increased, this direction
dependence declined, and eventually, both
curves converged to a specific value. In fact, as
the size increased, the behavior gradually
tended towards orthotropy and eventually
isotropy.

2- According to numerical results, for small
nanosheet sizes (30 A), the Young’s moduli in
the two directions differ by about 6%. For larger
sizes (100 A), this difference decreases to about
2%, and as the nanosheet size increases to 300
A, the difference reduces further to
approximately 0.7%.

3- Based on the results, Poisson’s ratios in the two
orthogonal directions for single-layer square
nanosheets at small sizes (10 A) show a

significant difference of about 19%. As the size
increases to 100 A, the difference reduces to
about 8%, and finally, as the nanosheet size
reaches 300 A, the difference becomes much
smaller, around 1.5%. The numerical
comparison confirms that the convergence
towards isotropy occurs faster for the Young’s
modulus than for Poisson's ratio.
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