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 
Abstract—Graphene, a single-atom sheet, has been considered as 

the most promising material for making future nanoelectromechanical 
systems as well as purely electrical switching with graphene 
transistors. Graphene-based devices have advantages in scaled-up 
device fabrication due to the recent progress in large area graphene 
growth and lithographic patterning of graphene nanostructures. Here 
we investigated its mechanical responses of circular graphene 
nanoflake under the nanoindentation using classical molecular 
dynamics simulations. A correlation between the load and the 
indentation depth was constructed. The nanoindented force in this 
work was applied to the center point of the circular graphene nanoflake 
and then, the resonance frequency could be tuned by a nanoindented 
depth. We found the hardening or the softening of the graphene 
nanoflake during its nanoindented-deflections, and such properties 
were recognized by the shift of the resonance frequency. The 
calculated mechanical parameters in the force-vs-deflection plot were 
in good agreement with previous experimental and theoretical works. 
This proposed schematics can detect the pressure via the deflection 
change or/and the resonance frequency shift, and also have great 
potential for versatile applications in nanoelectromechanical systems. 

 
Keywords—Graphene, pressure sensor, circular graphene 

nanoflake, molecular dynamics. 

I. INTRODUCTION 

RAPHENE, a flat monolayer, where carbon atoms are 
arranged in a hexagonal pattern, is considered as an 

excellent material for the fabrication of nanoelectromechanical 
systems (NEMSs) resonators [1]. The associated atomistic 
interactions are covalently bonded by sp2 hybridized electrons 
[2]. Its makeup of strongly bonded planar sheets held together 
by weak van der Waals interactions makes it relatively simple 
to fabricate extremely thin resonators, even down to the natural 
limit of one atomic layer. Graphene possesses exceptional 
mechanical, electrical, optical and thermal properties, which 
have made it useful for many applications, such as molecular 
gas detectors, nanoribbons, transistors, integrated circuits, 
conductive ultra-capacitors and advanced composites [3]. 
Beyond its material strength, these materials have gate-tunable 
conductance, which enables a fully electrical readout of the 
mechanical motion, chemical inertness and high thermal 
conductivity in NEMSs [3], [4].  

In 2007 Bunch et al. [5] created a prototype for the pressure 
sensor by placing a graphene flake over a well, after then the 
pressure sensor based on graphene is a promising development 
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in the class of nanosensors in that it provides unique 
advantageous electromechanical properties of the graphene [6], 
many interesting results [7]–[10] have been obtained in this 
area. Even a small local strain of graphene induced by a single 
adsorbed molecule was detectable [7]. Several other studies 
have explored the mechanical [3], [11] and electromechanical 
response of these systems [12], [13]. 

In the previous work [6], Kwon et al. presented a novel 
schematics of the ultrasensitive pressure sensor based on 
graphene nanoribbons and investigated the electromechanical 
dynamic operations using classical molecular dynamics (MD) 
simulations and piezo-electricity theory. In this work, we 
present an alternative schematic of an ultrasensitive pressure 
sensor based on graphene using the top plate with a 
thumbtack-like structure. In order to better understand the 
potential of this graphene-based pressure sensor, we perform 
classical MD simulations using the Tersoff-Brenner potential 
function to investigate its dynamic responses. 

II. SIMULATION METHODS 

To study the dynamics of the graphene-based pressure sensor, 
the in-house MD code that was used in our previous work [6] 
was implemented. This MD code used the velocity Verlet 
algorithm, a Gunsteren–Berendsen thermostat to control the 
temperature and neighbor lists to improve the computing 
performance. The MD time step was 510–4 ps. We assigned 
the initial atomic velocities with a Maxwell distribution, and 
the magnitudes were adjusted in order to fit the temperature of 
the system. In all of the MD simulations, the temperature was 
set to 1 K. Interactions between carbons atoms that formed 
covalent bonds of graphene were modeled using the 
Tersoff-Brenner potential [14], [15]. 

Fig. 1 shows a circular graphene nanoflake with a diameter 
of 6.67 nm composed of 1338 atoms considered in the MD 
simulations. It was assumed that the border regions of the 
graphene nanoflake were clamped by an object with a rigid 
frame as shown in Fig. 1; so the atoms in the boundary region 
were fixed during the MD simulations whereas the others were 
treated as the free MD region within the diameter of 6 nm. First, 
the graphene nanoflake was initially relaxed without external 
force. Afterwards, the external force was applied to six atoms 
composed of the center ring of the circular graphene nanoflake. 
This force increased by 1.610–4 nN per every 510–3 ps until 
breaking. 
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Fig. 1 Schematics for circular graphene nanoflake under the 
nanoindentation, the circular graphene nanoflake with a diameter of 

6.67 nm was composed of 1,338 atoms considered in the MD 
simulations. It was assumed that the border regions of the graphene 

nanoflake were clamped by an object with a rigid frame, so the atoms 
in the boundary region were fixed during the MD simulations whereas 
the others were treated as the free MD region within the diameter of 6 

nm 

III. RESULTS AND DISCUSSION 

The deflection (w) at the center of the circular graphene 
nanoflake increased with increasing the applied force. The 
force-deflection behavior can be approximated as [16]–[18]. 
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where D2

0 is the pretension in the film, E2D is the 2-dimentional 
elastic constant, that is the Young’s modulus in 3-dimension, d 
is the effective diameter,  is Poisson’s ratio and 0.12~0.413 in 
literatures [19], and q = 1/(1.05 – 0.15 – 0.162) is a 
dimensionless constant [16]. 

Fig. 2 shows the deflection as a function of the applied force. 
Inset shows the deflection-vs-force curve in the log-log scale. 
When we compare our MD result and the previous 
experimental result obtained from an experiment [16], although 
the sizes of the graphene nanoflake are very different from one 
another, the trends of both curves are similar.  

Considering the difference of the scale between this 
theoretical work and the previous experimental work [16], the 
deflection-vs-force curve in this work is in good agreement 
with that obtained from the experiment [16]. Our MD data were 
compared to the fitting line using (1). We took  = 0.413 and 
E2D = 235 N m–1 obtained from the previous works [20], [21] 
based on the Tersoff–Brenner potential, which is used in this 
work. It was considered that the pretension D2

0 is very little and 
negligible.  

We chose the effective diameter d = 12 nm to fit the curve, 
then this value is increased 2 times that of the diameter of the 
graphene nanoflake in the actual MD simulations. This result 
can be understood by the extremely hypothetic boundary 
condition with fixed edge in this MD simulation, which is very 
different from the real conditions in experiments. 

 

Fig. 2 Deflection vs. force plot, inset shows the deflection-vs-force 
curve in the log-log scale. The deflection nonlinearly increased with 

increasing the nanoindentation force 
 
The maximum stress for a clamped, linear elastic, circular 

membrane under a spherical indenter as a function of the 
applied load has been derived on the basis of a continuum 
model as [16] 
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where D2

0  and FM are the maximum stress and force at the 
central point of the film, respectively, and R is the radius of the 
tip [22]. In this work, the graphene was broken when FM = 
33.728 nN and wM = 2.609 nm. Since the applied forces acted 
on the center hexagon carbon ring in this work, we assumed 2R 
= 0.496 nm with the value of the molecular diameter of benzene; 
then, the intrinsic strength D2

0 = 50.444 N m–1 could be 
obtained from (2) using FM = 33.728 nN obtained from this 
work and E2D = 235 N m–1 obtained from the Tersoff-Brenner 
potential [23], [24].  

The experimentally determined value of the second-order 
elastic stiffness for monolayer graphene was E2D = 340  50 N 
m–1 [16]. So when we used R = 0.496 nm and E2D = 340 N m–1, 

we obtained 
D2

0 = 42.904 N m–1 for the intrinsic strength. 

These values are in good agreement with the value of 
D2

0 = 42 
 4 N m–1 obtained from the experiments [16]. 

The strain (ε) for the bending deflection can be estimated as  
 

 22/ Rw                                 (3) 
 

by using the approximation for the ribbon [25] or  
 

122  RwR                      (4) 

 
by using the triangle approximation [6]. 

The fracture strains approximated by using (3) and (4) are 
0.189 and 0.325, respectively. These values are accordant with 
the experimental fracture strain of 0.25 [16] and the previous 
theoretical works of 0.165-to-0.382 [26]–[29]. Georgantzinon 
et al. [26], [27] reported that the fracture strain is 0.257 using 
the Morse potential and the fracture strain 0.269 using the 
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molecular mechanics theory. In this work, the ultimate strength 
is 128 GPa with D2

0 = 50.444 N m–1 or 150 GPa with D2
0 = 

42.904 N m–1 for the deflective strain, which are compatible 
with 130  10 GPa of the ultimate strength experimentally [16]. 
For the uniaxial strains, the ultimate strengths in theoretical 
studies were 175 GPa by [28] and 120 GPa by [27]. Then, we 
calculated the effective spring constant (keff) as a function of the 
deflection as shown in Fig. 3. The effective spring constant 
increases with increasing deflection. In this work, the effective 
spring constant of the circular graphene nanoflake is below 
~0.46 N/m. The average effective spring constant is 0.276 N/m. 
This value is in good agreement with the values of previous 
works [3], [5], [30]–[33]. Bunch et al. [30] directly measured 
the effective spring constant to be keff = 0.2 N/m in a graphene 
membrane by using AFM tip. Frank et al. [3] measured an 
effective spring constant of 1~5 N/m in suspended multilayered 
sheets with thicknesses ranging from 2 to 8 nm. Duan and 
Wang [31] estimated the effective spring constant of a graphene 
sheet to be approximately 9.85 N/m without the presence of 
in-plane tension. Bunch et al. [5] measured the effective spring 
constant to be keff=0.7 N/m in a 5-nm-thick GNR resonator at 
room temperature. For GNR resonators, Shivaraman et al. [32] 
measured the effective spring constant to be keff=0.15~0.4 N/m 
by using an AFM tip and the spring constant to be kopt = 2~4 
N/m of the mode excited by optical resonance measurements. 
By nanoindentation with an AFM tip, Traversi et al. [33] 
measured the effective spring constant to be keff = 0.07 ~ 0.73 
N/m for samples of suspended mono- and bilayer-GNRs. They 
presented one sample in detail: its effective spring constant was 
keff = 0.36 N/m in the linear elastic regime, i.e. the pure bending 
regime, and as the strain increased into the non-linear elastic 
regime, the effective spring constant gradually increased to 
several times higher than that for the linear elastic regime. This 
trend found by Traversi et al. [33] is in agreement with that in 
this work, which shows that the effective spring constant 
gradually increases with increasing deflection. 

Sensing the pressures can be achieved from detecting the 
resonance frequencies as well as the deflections [30]. Bunch et 
al. [30] demonstrated that the pressure induced strain in the 
graphene can control the resonance frequency of the suspended 
graphene. Fig. 4 shows the resonance frequency as a function of 
the nanoindentation force for ten cases. The resonance 
frequencies (fR) increase with increasing applied force. The 
trend of the resonance frequencies against the applied forces is 
clearly presented. Bunch et al. [30] discussed that the pressure 
difference are linearly proportional with the third power of the 
resonance frequency when the resonance frequencies are 
sufficiently far from the minimum frequency. Hence, the third 
power of the resonance frequency is plotted as a function of the 
applied force as shown in Fig. 4. Then, this relationship can be 
regressed by the power function fR = 1.3843FA

0.333 as shown in 
previous experiments [30]. This relationship has been also 
found in the analysis of the graphene nanoribbon resonators in 
the computer simulation works [34]. 

 

 

Fig. 3 Effective spring constant vs deflection plot, the effective spring 
constant increases with increasing deflection. In this work, the 

effective spring constant of the circular graphene nanoflake is below 
~0.46 N/m. The average effective spring constant is 0.276 N/m 
 

 

Fig. 4 Resonance frequency vs. nanoindentation force plot, the 
resonance frequencies increase with increasing applied force, then, 

this relationship can be regressed by the power function fR = 
1.3843FA

0.333 as shown in previous experiments [30]. This relationship 
has been also found in the analysis of the graphene nanoribbon 

resonators in the computer simulation works [34] 
 

The MD simulation in this work was performed at extremely 
low temperature, very different from the ordinary conditions 
for experiments or measurements, so the dynamics features of 
the circular graphene nanoflake were presented in an ideal 
situation. However, we can note that the mechanical properties 
of the circular graphene nanoflake in this work were in good 
agreement with previous works as discussed above. Hence the 
results in this work provide meaningful information on the 
operation of graphene-based pressure sensors. It should be 
pointed out that a very high level of vacancy is required in such 
a pressure sensor device to protect the graphene nanoflake 
sample from the measured environment. Further work should 
include quantum mechanics to reveal structural and electronic 
properties of unusual carbon nanostructures, electron transport 
properties, as well as influence of electric and magnetic fields. 

IV. CONCLUSION 

We investigated the mechanical responses of a circular 
graphene nanoflake, with a view to future engineering 
application of graphene-based nanoelectromechanical devices 
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based on classical molecular dynamics simulations and the 
elastic plate theory. The calculated mechanical parameters in 
the force-vs-deflection plot were in good agreement with 
previous work. Simulation results for the operations of the 
studied system were in good agreement with the previous 
experimental and theoretical works. This proposed schematics 
can detect the pressure via the deflection change or/and the 
resonance frequency shift, and also have great potential for 
versatile applications in nanoelectromechanical systems. 
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