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Single- and multilayer graphene sheets (MLGSs) are projectile-resisting materials that can be 

bombarded by nanoparticles to produce graphene sheets of various sizes and distributions of 

nanopores. These sheets are used in a variety of applications, including DNA sequencing, water 

desalination, and phase separation. Here, the impact-withstanding efficiency of graphene 

nanosheets and the primary factors affecting creation of nanopores in these sheets were studied 

using a molecular dynamics method. The velocity of impacting nanoparticles and resulting dis-

placement in graphene nanosheets are not sufficient criteria for evaluating the impact resistance 

of sheets with more than six layers. Instead, visual inspection of the bottom side of a graphene 

sheet should be used. Self-healing is the most important aspect of MLGSs because it closes the 

paths of penetrating nanoparticles in the upper layers of the sheets. For nanosheets with few 

layers, self-healing is observed only at very small nanoparticle velocities; however, when the 

number of layers is more than six, self-healing occurs even at high nanoparticle velocities. In 

nanoribbon simulations, it was found that layer boundaries improve resistance against projectile 

impacts that create well-defined oval shapes. By increasing the distance between layers, the car-

bon atoms of each layer experience more collisions with the carbon atoms of other layers. Thus, 

increasing the interlayer distance causes the number of unwanted collisions between carbon at-

oms to increase and the graphene nanosheets to disintegrate. Additionally, as the circularity of 

nanopores increases, they become more circular and homogeneous, in turn increasing interlayer 

spacing, the impact-withstanding efficiency of the sheets, and the circular shape of created na-

nopores. 
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1. Introduction 

Graphene, a single- or multilayer arrangement of 
carbon atoms in a honeycomb configuration, is a 
well-known, two-dimensional material that has 
opened up new fields of research, led to the develop-
ment of various nano sensors and actuators, and cre-
ated new classes of nano electro mechanical systems. 
Graphene is used in conductive inks, very small-scale 
transistors, polymer fillers, flexible liquid crystal dis-
plays, organic light-emitting diodes, and other appli-

cations. Because of its unique combination of excep-
tional features and properties, graphene is the most 
promising nanomaterial because of its strong poten-
tial for widespread use, especially in applications for 
which conventional materials are unsuitable.  

More research and development is needed before 
the full potential of graphene can be exploited for 
practical applications. Apart from its nano-electro-
mechanical abilities, graphene has potential for use 
in sensing applications; for example, the high con-
ductivity and transparency of graphene sheets can be 
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used to manufacture transparent electrodes for 
touch screens [1] and solar cells [2]. This conductiv-
ity, alongside large surface areas could also be used 
in electric batteries [3], optoelectronics [4], and 
photo catalysts [5]. Some nanocomposite configura-
tions have also been developed to improve the effi-
ciency of graphene-based devices, such as efficient 
and novel methods of making nano composites by 
treating graphene nanosheets with vinyl triethox-
ysilane and successfully blending them with low den-
sity polyethylene (LDPE) [6]. 

Multilayer graphene sheets (MLGSs) can also be 
used as projectile-resisting materials, especially 
since preparation of such sheets is simple [7]. This 
has facilitated implementation of graphene sheets in 
ballistic applications; however, new concepts should 
be developed to obtain low-cost and sufficiently 
strong graphene-based protective barriers, for which 
computational studies are suggested rather than ex-
pensive experimentation. However, several nano in-
dentation experiments have been performed to in-
vestigate the tensile and mechanical properties of 
graphene sheets. One experiment involved a low-
speed test (<< 1 m/s) with strain rates reaching 
~105–106 1/s for very thin samples [8]. Most high-
speed, high-strain-rate mechanical characterization 
techniques, such as the split Hopkinson pressure bar 
[9] and ballistic tests [10], are inappropriate for test-
ing very thin specimens [11]. 

One significant study employed the ion bombard-
ment process to investigate ion implantation and ir-
radiation of graphene to understand the material’s 
behavior in irradiative environments. It was found 
that large incident angles are necessary for substitu-
tion of especial nanopores and producing single va-
cancies, while smaller incident angles are appropri-
ate for forming double vacancies, multiple vacancies, 
and in-plane disorders [12, 13]. In another study, the 
bombardment of a suspended monolayer graphene 
sheet by different energetic atoms was explored us-
ing the classical molecular dynamics approach and a 
reactive force field (i.e., ReaxFF) [14]. This study 
found that the number, shape, size, and distribution 
of defects were primarily determined by the impact 
site, properties of the impacting atoms, and the inci-
dent energy.  

By combining ion beam experiments and atomis-
tic simulations, the production of defects in graphene 
on Ir(111) substrate by low-energy Xe ions at grazing 
incidence was also investigated [15]. This research 
demonstrated that bombarding ions are channeled in 
between the graphene and substrate, creating chains 
of vacancy clusters with edges bent down toward the 
substrate. In [16], the normal and tangential coeffi-
cients of restitution for gaseous molecules colliding 

layer-wise with single-layer and MLGSs were calcu-
lated using the non-equilibrium molecular dynamics 
method. These depended on the impact angle, veloc-
ity, and landing position of projectiles, and parame-
ters were evaluated computationally by implement-
ing several operations. In [17], a quasi-classical 
model for the collision of various nanoparticles with 
single- and few-layer graphene nanosheets was in-
troduced as a multi-scale approach that coupled non-
equilibrium molecular dynamics with the finite ele-
ment method. It was observed that the coefficient of 
restitution and the induced stresses depended on the 
impact velocity of the projectiles. In [18], the pene-
tration-resistance efficiency of single- and MLGSs 
was investigated by employing the multiscale ap-
proach, concentrating on optimal spacing between 
graphene layers to improve the impact properties of 
graphene sheets as important candidates for novel 
impact-resistant panels. There are also some valua-
ble works on the advanced application of graphene 
sheets [19-21]. 

In this paper, the molecular dynamics method 
was employed to investigate the effects of geometric 
parameters on the resistance of graphene 
nanosheets against nanoparticle impact. In studying 
the impact-withstanding strength of MLGSs and the 
creation of nanopores within them, the number of 
layers was an important parameter for optimizing 
the efficiency of graphene nanosheets. 

2. Withstanding Projectile Impact: A Fas-
cinating Feature of Graphene 
Nanosheets  

Figure 1 shows the general configuration of nano-
particles bombarding a MLGS. Owing to its remarka-
ble mechanical properties, graphene can reliably 
withstand the impact of high-speed nanoparticles. 

3. Producing Nanopores in Graphene: A 
Fascinating Concept 

There are several techniques, such as ion beam ir-
radiation, for fabricating nanoporous graphene for 
various applications, including DNA sequencing, wa-
ter desalination, and phase separation [13, 22]. All 
applications require efficient fabrication of nanopo-
rous graphene using a highly-controlled process. The 
bombardment of graphene by argon gas and gold 
clusters is a promising method for creating porous 
graphene; however, in practice, such experiments 
are challenging to perform due to the difficulty of 
producing gas and metal clusters [13, 22]. 
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Figure 1. General configuration of nanoparticles bom-
barding a MLGS; (a) before collision, (b) after collision 

and rebound from the graphene sheet 

 
Figure 2. General schematics of a nanoparticle cluster 

thrown onto a graphene reinforced microplate 

Assuming that the mechanical strength of a MLGS 
is only provided by graphene layers, Figure 2(b) 
shows the ruptured bonds of carbon atoms in a 
MLGS. The ruptured structure is rough and no pores 
are created. In contrast, an approximately circular 
hole is created in a two-layer graphene sheet (2LG) 
by bombarding it with a high-speed nanoparticle 
cluster. 

4. Model 

Molecular dynamics integrates the discrete equa-
tions of motion, which are derived as 

miüi = −∇iU(u1: uN), (1) 

where mi, ui, and U(u1: uN) denote the mass, dis-
placement, and interatomic potential, respectively, 
for each N atom. Here, the Tersoff potential [23] was 
used for the interaction between carbon atoms, and 

the pair coefficients were chosen from [23]. For the 
interfacial force field (i.e., graphene–graphene and 
graphene–metallic nanoparticles), the Lennard–
Jones potential was implemented, and the depth of 
potential well (ε [eV]) and the finite distance at which 
the inter-particle potential was zero (σ[°A]) were ob-
tained from the Lorentz–Berthelot mixing rule (εij =

√εiiεjj and σij =
1

2
[σii + σjj]). 

5. Results and Discussion 

5.1. Effect of the number of layers 

5.1.1. Fewer layers of graphene are more efficient 

Figure 3 shows the deformation of single-layer 
graphene (SLG) and 2LG sheets impacted by steel 
nano projectiles. More projectile energy is absorbed 
as the number of layers increases; however, compar-
ison between the specific critical rupture velocities 
𝐕∗ =

𝐕𝐜𝐫

𝐌
 (defined as the critical rupture velocity at 

which a sheet is perforated divided by the MLGS 
mass) shows that fewer layers of graphene have bet-
ter impact resistance efficiency. Thus, for the same 
weight, a serial configuration of fewer layers is more 
efficient for withstanding projectile impact com-
pared to MLGS with a larger number of layers. 

Table 1. Coefficients of the Lennard–Jones potential for var-
ious interfaces [24, 25] 

Elements C-Fe Au-Au C-Au C-C 

ε (eV) 0.0409 0.22747 0.022 0.00239 

σ (°A) 2.9635 2.737 2.74 3.41 

 

 
Figure 3. Rupture of single to four-layer graphene (4LG) 
plates due to the impact of a projectile moving at subcrit-

ical and supercritical velocities 
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5.1.2. Interpreting the findings 

5.1.2.1. Velocity and displacement of nanoparticles 

Figure 4 shows the vertical displacement and the 
velocity of a nanoparticle before, during, and after 
collision with SLG, 2LG, and three-layer graphene 
(3LG) sheets. The displacement and velocity dia-
grams both indicate the rupture of graphene sheets 
and the passing of nanoparticles that moved with a 
constant acceleration, caused by the constant force 
applied, and reached considerable velocities before 

colliding with the graphene sheets. After the nano-
particles collided with the graphene sheets, they ei-
ther rebounded from or penetrated the surface. 
These actions were determined by the sign of the na-
noparticle’s velocity after collision. Figure 4 shows 
that a nanoparticle’s velocity after impact remained 
negative only at certain initial speeds, indicating na-
noparticles that passed through the sheets. A positive 
final velocity indicated that a nanoparticle had re-
bounded from a sheet and had moving upward. The 
same conclusions could be reached by analyzing the 
displacement diagrams.
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Figure 4. Vertical displacement and velocity of nanoparticle before, during, and after collision with SLG, 2LG, and 3LG sheets 
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When a nanoparticle rebounded from a graphene 
sheet, it moved upward, and the vertical distance 
from the sheet increased substantially. In contrast, 
when a nanoparticle passed through the graphene 
sheet, its vertical distance from the sheet gradually 
diminished. This trend was observed only for SLG, 
2LG, and 3LG sheets, and when more layers were pre-
sent, neither the vertical velocity diagrams nor the 
displacement diagrams showed the rebounding of 
nanoparticles. 

 

Figure 5 shows the same diagrams for 4LG, five-
layer graphene (5LG), and six-layer graphene (6LG) 
sheets. Although some final velocities are positive 
and some diagrams show an increase in displace-
ment following a collision, the penetration of gra-
phene sheets occured at lower velocities. Thus, veloc-
ity and displacement parameters are not appropriate 
criteria for predicting the final shape of graphene 
sheets. 
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Figure 5. Vertical displacement and velocity of nanoparticle before, during, and after collision with 4LG, 5LG, and 6LG sheets 
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The results become more inappropriate as the 
number of layers increased. Figure 6 shows the ver-
tical velocities and displacements of nanoprojectiles 
for ten-layer graphene (10LG) and 20-layer graphene 
(20LG) sheets. As these diagrams indicate based on 
vertical velocity and displacement criteria, there 
should be no rupture in the sheets; however, a rup-
ture occurred. 

5.1.2.2. Visual inspection of nanosheets 

It is suggested that visual inspection of the final 
shape of graphene sheets is a more suitable criterion. 
Figure 7 depicts the initial configuration, top view, 
and bottom view of SLG, 2LG, and 3LG sheets. By 
checking both the top and the bottom views, the rup-
ture of graphene sheets with fewer layers due to the 

penetration of nanoparticles can be ascertained 
more reliably. 

Figure 8 shows the same views for 4LG, 5LG, and 
6LG sheets. Although the bottom view illustrates the 
sheet rupture, it is very difficult to recognize the ac-
tual rupture of the sheet because of the almost intact 
top side.  

The recognition of sheet penetration and rupture 
becomes even more challenging when the number of 
layers increases. Figure 9 depicts the initial configu-
ration, top view, and bottom view of 10-layer and 20-
layer graphene sheets. Although the top side of each 
sheet is completely intact, the bottom view shows a 
penetrated graphene sheet. 
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Figure 6. Vertical displacement and velocity of nanoparticle before, during, and after collision with 10LG and 20LG sheets 
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Figure 7. Initial configuration, top view, and bottom view of SLG, 

2LG, and 3LG sheets 

 
Figure 8. Initial configuration, top view, and bottom view of 

4LG, 5LG, and 6LG sheets 

 
Figure 9. Initial configuration, top view, and bottom view of 

10LG and 20LG sheets 

Self-healing is the most important dynamic ob-
served in MLGSs, resulting from the closing of the na-
noparticle path in the upper layers of the sheet. For 
graphene sheets with fewer layers, self-healing is 
only observed at very small nanoprojectile velocities, 
while for sheets with more than six layers, self-heal-
ing occurs even at high nanoparticle velocities. Dur-
ing the self-healing process, there is a specific time 
window that allows the observation of a complete 
hole in a sheet before carbon atoms begin to bond 
with neighboring atoms and self-healing begins. Fig-
ure 10 shows the top view of an imperfectly self-
healed, 4LG sheet in 2.11 ps. 

Increasing the number of layers helps the self-
healing of MLGSs. Distributing the imposed stress 
among more layers decreases the separation of car-
bon atoms and leads to better self-healing. Figure 11 
shows a complete hole in a 5LG sheet at 1.89 ps and 
the perfect self-healing of the nanosheet after 4 ps. 

Figure 12 depicts a complete hole in a 6LG sheet 
at 2.32 ps and the perfect self-healing of the 
nanosheet after 4 ps. 

 
Figure 10. Top views showing a complete hole in a 4LG sheet at 

2.11 ps (left) and the imperfect self-healing of the nanosheet after 
4 ps (right) 

 
Figure 11. Top views showing a complete hole in a 5LG sheet at 
1.89 ps (left) and the perfect self-healing of nanosheet after 4 ps 

(right) 
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Figure 12. Top views showing a complete hole in a 6LG sheet at 
1.89 ps (left) and the perfect self-healing of nanosheet after 4 ps 

(right) 

Figure 13 shows the critical rupture velocities for 
SLG to 20LG sheets. The critical rupture velocity in-
creases linearly with the increase in the number of 
sheet layers. However, the specific critical rupture 
velocity decreases asymptotically as the number of 
layers increases. Thus, an array of fewer graphene 
layers can withstand much higher projectile impact 
velocities than an MLGS of equivalent weight with 
more layers. This can be used to optimize and 
tradeoff between various parameters of protective 
graphene-based barriers. According Figure 13, the 
capacity of an SLG sheet for withstanding the impact 
of a projectile is 3.64 times that of a 20LG sheet; thus, 
twenty graphene layers spaced at least several na-
nometers apart and using the usual polymeric barri-
ers (i.e., non-interacting graphene layers) allow a 
critical rupture velocity to be achieved that is 3.64 
times that of an ordinary 20LG sheet. 

5.2. Effect of the sheet aspect ratio  

Defining the aspect ratio of graphene sheets as 
(AR =

Lx

Ly
), the most significant discrepancy between 

sheet performance is observed for AR = 2 for all sim-
ulations. The low levels of energy dissipation in sheet 
configurations with fewer layers (0.09%, 0.57%, 
1.8%, and 2.31% and 2.89% for single-layer to 4LG 
sheets) indicate the minimal influence of the aspect 
ratio. 

 
Figure 13. Critical and specific critical rupture velocities for 

SLG to 20LG sheets versus the number of layers 

A considerable difference is reported for sheets 
with more layers, for which the maximum projectile 
energy dissipation occurs at AR = 2 and energy losses 
of 6.35%, 9.12%, and 21.16% for 6LG, 10LG, and 
20LG sheets, respectively, emphasize the influence of 
the aspect ratio on the impact resistance efficiency of 
thicker sheets. Details are given in Table 2. 

Figure 14 depicts all five cases related to different 
aspect ratios. In the first case, a nanoribbon is simu-
lated and the boundaries have a substantial effect on 
increasing impact resistance. The hole created by the 
impact has a well-defined oval shape; thus, the aspect 
ratio is very important to producing nanopores of de-
sired shapes but is not effective for improving im-
pact-withstanding efficiency. By bringing the size of 
a graphene sheet’s width closer to its length, the 
holes produced by impact tend to be more circular in 
shape. 

5.3. Effect of interlayer distance 

The influence of interlayer distance on ballistic 
performance has been investigated for various bar-
rier materials, such as fabrics [26]. On large scales, 
fabric and metal barriers can be arranged in a serial 
array to offer more resistance to projectile impact. 
However, this requires more space and considerably 
increases the weight of the barrier. On small scales, 
interlayer interactions, when the distance between 
two adjacent layers of graphene is increased to more 
than the common interplay distance of the MLGSs 
(3.35 Ǻ), interactions are weakened and the pre-
pared MLGS becomes several SLG sheets in a parallel 
configuration. Since the energy loss of a projectile in 
a 2LG sheet is lower than twice the energy loss in a 
SLG sheet, by spacing several SLG sheets, higher pro-
jectile velocities and masses can be resisted with the 
same barrier weight, while keeping the barrier thick-
ness thin and overall dimensions in acceptable 
ranges. 

Table 2. Effect of the aspect ratio of SLG and 4LG sheets on 
projectile energy loss 

AR Lx(nm) Ly(nm) 
1L 4L 

Vimpact ∆E (%) Vimpact ∆E (%) 

1 3 3 67,372 0 351,891 0 

2 4.2426 2.1213 67,348 0.13 351,001 2.73 

3 5.1962 1.7321 67,359 0.058 351,543 2.05 

4 6 1.5 67,382 0.035 351,502 2.81 

5 6.7082 1.3416 67,355 0.098 351,725 1.57 
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Figure 14. Nanopores created by shooting a high-speed bullet 
onto graphene sheets of various aspect ratios 

Figure 15 shows the velocity losses of a projectile 
passing through a 2LG sheet with various dimension-
less interlayer distances. The non-dimensional inter-
layer distance is defined as 

𝛿 =
𝑙𝑎𝑦𝑒𝑟𝑠 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝛿0
, (2) 

where 𝛅𝟎 is the common interlayer distance for 
MLGSs (𝛅𝟎 = 𝟑. 𝟑𝟓 °𝐀). 

Table 3 lists the impact and residual velocities 
and energy losses for 2LG and 4LG sheets with vari-
ous interlayer distances. A pronounced increase in 
energy loss is observed when the distance between 
layers increases; however, the difference diminishes 
at larger interlayer distances.  

Figure 16 depicts the specific penetration energy 
for spaced 2LG and 4LG sheets versus the dimension-
less interlayer spacing (δ). For both cases, it is ob-
served that the specific penetration energy increases 
with the increase of interlayer spacing and that, for 
the 2LG sheet, the specific penetration energy in-
creases asymptotically with the increase of the di-
mensionless distance between layers. 

Although the specific penetration energy results 
indicate that the impact-withstanding properties of 

MLGSs improve with the increase in interlayer dis-
tance, the sheets are disintegrated more severely as 
the spacing between layers increases. The top row of 
Figure 17 shows that, with increased interlayer dis-
tance, carbon atoms in different layers experience 
more collisions with carbon atoms in other layers. 
Thus, by increasing the distance between layers, the 
number of unwanted collisions between atoms in-
creases and the disintegration of layers becomes 
more severe. 

 
Figure 15. Velocity loss of a projectile passing through a 2LG 

sheet with various dimensionless interlayer distances δ 

 
Figure 16. Specific penetration energy for spaced 2LG and 

4LG sheets versus dimensionless interlayer spacing 

 
Figure 17. Increased disintegration of MLGSs and increased cir-

cularity of produced holes due to increased interlayer distance 
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Table 3. Comparing the energy losses in 2LG and 4LG sheets with various distances between their layers 

δ 

2 lay 4 lay 

Vimpact Vresidual ELoss
∗  ∆E (%) Vimpact Vresidual ELoss

∗  ∆E (%) 

1 69,581.24 53,529.08 0.4082 0 52,168.3196 30,189.1410 0.6651 0 

2 69,581.09 50,371.21 0.4759 16.6 52,168.3196 23,129.6298 0.8034 20.79 

3 69,581.21 51,121.55 0.4602 12.74 52,168.3196 22,787.0977 0.8092 21.66 

4 69,581.21 48,861.01 0.5069 24.18 52,168.3196 17,874.7021 0.8826 32.69 

5 69,581.21 49,315.34 0.4977 21.92     

6 69,581.21 44,010.05 0.5999 46.98     

7 69,581.21 45,173.32 0.5785 41.73     

8 69,581.21 41,903.75 0.6373 56.14     

9 69,581.21 39,294.22 0.6811 66.86     

10 69,581.21 37,466.24 0.7101 73.96     

11 69,581.21 36,179.17 0.7296 78.75     

12 69,581.21 36,325.09 0.7275 78.22     

13 69,581.21 35,688.13 0.7369 80.54     

14 69,581.21 34,249.46 0.7577 85.63     

The produced nanopores become more circular 
and homogeneous as the interlayer distance in-
creases. The bottom row of Figure 17 clearly demon-
strates this behavior. Therefore, by spacing the gra-
phene layers further apart, the impact-withstanding 
efficiency of graphene sheets is improved and the 
created nanopores become more circular, which was 
the purpose of this research.  

6. Conclusion 

For designing proper barriers to withstand the 
impact of high-speed projectiles and to create de-
sired nanopores in graphene nanosheets for special 
applications, the molecular dynamics approach was 
employed to study the effects of certain parameters, 
such as the number of layers, sheet aspect ratio, and 
interlayer distance on the impact-withstanding effi-
ciency of graphene sheets. It was demonstrated that 
the velocity and displacement of impacting nanopar-
ticles are not sufficient criteria for evaluating the im-
pact-withstanding efficiency of graphene nanosheets 
with more than six layers and that visual inspection 
of the bottom side of a graphene sheet is a better 
method for this purpose.  

Self-healing was the most important feature of 
MLGSs and closed the path of passing nanoparticles 
in the upper layers of the nanosheets. For nanosheets 
with few layers, self-healing was observed only at 
very small nanoparticle velocities; however, when 
the number of layers was more than six, self-healing 

behavior was observed even at high nanoparticle ve-
locities.  

Critical rupture velocity increases linearly with 
the increase in the number of layers. However, the 
specific critical rupture velocity decreases asymptot-
ically as the number of layers increases. Thus, a large-
scale array of fewer graphene layers can withstand 
much higher projectile impact velocities than an 
MLGS of equivalent weight with more layers. Thus, 
using 20LGs that are spaced at least several nanome-
ters apart and including the usual polymeric barriers 
(i.e., no graphene layer interaction), a critical rupture 
velocity can be achieved that is 3.64 times that of an 
ordinary 20LG sheet.  

By studying the effects of sheet aspect ratio, the 
most significant discrepancy between the perfor-
mances of graphene sheets was observed when AR = 
2 rather 1, for all simulations. The low levels of en-
ergy loss in graphene sheet configurations with few 
layers indicate the minimal effect of the aspect ratio, 
while considerable difference in impact resistance 
was observed for multilayer nanosheets with more 
layers. In the nanoribbon simulation, boundaries had 
a significant effect and helped the nanoribbon resist 
impact; additionally, the penetration holes produced 
in nanoribbons were of a well-defined oval shape  

In evaluating the interlayer distance effect, it was 
discovered that because projectile energy loss in 2LG 
sheets is lower than twice the energy loss in SLG 
sheets, by spacing several SLG sheets, higher projec-
tile velocities and masses can be resisted with the 
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same barrier weight, while keeping the barrier thick-
ness thin and overall dimensions in acceptable 
ranges. The specific penetration energy of MLGSs in-
creases asymptotically with the increase in dimen-
sionless spacing between layers. Although specific 
penetration energy results indicate that the impact-
withstanding properties of MLGSs improve with the 
increase in interlayer distance, the sheets disinte-
grate more severely as the spacing between layers in-
creases because carbon atoms experience more colli-
sions with the carbon atoms in other layers. Addi-
tionally, the produced nanopores become more cir-
cular and homogeneous as the interlayer distance in-
creases. Therefore, by increasing the interlayer spac-
ing, the impact-withstanding efficiency of graphene 
sheets against projectile impact is improved and the 
created nanopores become more circular in shape. 

The best conditions for creating circular na-
nopores are: 

 Decreasing the number of layers, 

 Increasing the aspect ratio of the sheet, 
and 

 Increasing interlayer spacing. 
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