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ABSTRACT 

 
Highly sensitive accelerometers have multiple 

applications in industry and science, and can be used as 
sensors in a wide variety of devices. Here, we investigate 
the application of crossroad-type graphene resonators as 
ultrahigh sensitivity accelerometers by performing classical 
molecular dynamics simulations. The relationships between 
the resonance frequencies and acceleration could be divided 
by two regions. The simulation data showed that when the 
accelerations were higher than 0.1 nm/ps2, the resonance 
frequency increased with increase of the acceleration. In 
particular, acceleration, as a function of frequency, was 
regressed by a power function and shown to have a linear 
relationship on a log-log scale. Crossroad-type graphene 
resonators have multiple applications to nanoscale sensors, 
filters, switching devices, and quantum computing, as well 
as ultra-fast response resonators. 
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1 INTRODUCTION 
 
Since its discovery, graphene,1-4 pure carbon in the form 

of a very thin, nearly transparent sheet of one atom in 
thickness, has attracted a great deal of attention due to its 
extraordinary electronic and mechanical properties.5-10 
Recent research has led to the development of high-
frequency top-down fabricated mechanical resonators based 
on graphene.5-7 Nanoelectromechanical system (NEMS) 
resonators, which provide high frequency resolution and 
long energy storage time, play an important role in many 
fields of science and engineering.11 Thus, graphene has 
recently come to be regarded as the basic element of NEMS 
devices, due to its unique mechanical properties.5-7 

Accelerometers have multiple applications in industry 
and science, and can be used as sensors in a wide variety of 
devices. Highly sensitive accelerometers are components of 
inertial navigation systems for both aircraft and missiles, as 
these predominantly require guidance, navigation, and 
control applications. Accelerometers can be used to detect 
and monitor vibration in rotating machinery, tablet 
computers and digital cameras, allowing images on the 
screens to always be displayed upright, as well as in drones 
for flight stabilization. New technologies have resulted in 

the continuous advancement of inertial measurement 
systems.12,13 Efforts in recent years have been directed 
towards the realization of increasingly smaller rotation-rate 
sensors with lower power requirements, capable of 
achieving performance commensurate with the 
requirements for non-GPS navigation of small platforms.14 
In particular, graphene based accelerometers have great 
advantages in terms of providing a large sensing range, 
reproducibility of performance without hysteresis, and 
stability in mechanical operation.15 This has caused intense 
investigation into resonators based on graphene 
nanoribbon.5-10  

In our previous work,16 crossroad-type graphene-based 
resonators were addressed. We presented simple fabrication 
schematics for a crossroad-type graphene resonator and 
analyzed its dynamic features via classical molecular 
dynamics (MD) simulations. The metal was deposited on 
insulator film and then a hole was formed through selective 
etching processes after masking. The graphene was then 
transferred onto the bottom plate. Suspended graphene 
sheets were fabricated with a peeling process similar to that 
reported previously.5 In our schematics, the graphene sheet 
could be mechanically exfoliated over a predefined hole 
etched into a SiO2 surface.5 A cross-type mask pattern is 
then formed on the graphene through the process of fine 
lithography.  

In the present work, we consider a crossroad-type 
graphene resonator as an accelerometer, and investigate its 
dynamic properties via classical MD simulations. The 
relationships between the resonance frequencies and 
acceleration could be divided by two regions. Data from the 
MD simulations showed that for accelerations higher than 
0.1 nm/ps2, the resonance frequency increased with the 
increase in acceleration. In particular, acceleration, as a 
function of frequency, was regressed by a power function 
and shown to have a linear relationship on a log-log scale. 

 
2 SIMULATION METHODS 

 
The simulation structure for the crossroad-type 

graphene resonator, which was composed of 1120 atoms, is 
presented in Figure 1. The lengths of the zigzag and 
armchair directions were 11.8 nm and 12.0 nm, respectively. 
Atoms on the four edges were fixed during the MD 
simulations. The MD simulations for the crossroad-type 
graphene resonator were performed under applied driving 
force ( FA ), which was equally distributed over the 
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resonator, and then the resonator was actuated. Variations 
of the center deflections and the resonance frequencies for 
the driving forces were observed as acceleration occurred. 
The MD simulations were performed with different driving 
forces, ranging from 0.01792 to 17.92 nN. 

To investigate the dynamics of the crossroad-type 
graphene resonator, the MD simulations were performed 
using the MD methods from previous studies.15,16 The in-
house MD code used the velocity Verlet algorithm and 
neighbor lists for improvement of the computing 
performance. The MD time step (∆t) was 5×10–1 or 5×10–4 
ps. The temperatures in all MD simulations were set to 1 K, 
and the total MD times were 1 ns. To describe the carbon-
carbon interactions in the crossroad-type graphene 
resonator, the Tersoff–Brenner potential function was 
employed,17-19 which has been widely applied in carbon 
systems. 

Fixed Edges

Force Fixed Edges

Fixed Edges

Fixed Edges  

Figure 1. Simulation structure of the crossroad-type 
graphene resonator. 

  
(a)                                              (b) 

Figure 2. (a) Variation in center deflection as a function of 
the MD time. (b) Normalized amplitude spectra as a 

function of the frequency for different applied forces. 

3 RESULTS AND DISCUSSION 
 
Figure 2(a) shows the center deflection variations as a 

function of the MD time for FA = 0.01792, 0.1792, 1.1792, 
and 17.92 nN. Since the driving force was abruptly applied 
to the crossroad-type graphene resonator in the beginning, 
the deflections were high during the early stage. However, 
as the MD time increased, the deflections were gradually 
dampened by dissipating kinetic energy, and stabilization 

occurred. The plots clearly showed the vibrating crossroad-
type graphene resonator under externally applied forces. 

Using the data from Figure 2(a), the spectra for different 
applied forces can be obtained from the fast Fourier 
transformation (FFT) calculations, as displayed in Figure 
2(b), which demonstrate the normalized amplitude spectra 
as a function of the frequency for different applied forces. 
Some trends of the resonance frequencies against the 
applied forces could be found. Figure 3 shows the 
resonance frequencies as a function of the deflection. In this 
plot, three cases of deflections were considered, including 
the mean deflections obtained by the FFT calculations, the 
centers of the deflections obtained from the MD simulations, 
and the maximum deflections obtained from the MD 
simulations. Except for very small deflections, the 
resonance frequencies increased almost linearly with 
increase of the deflections. Practically, since the maximum 
displacements of the crossroad-type graphene resonators are 
very difficult to detect in actual systems, the mean 
deflections as a time-dependent average value, which can 
be obtained from real-time sensing data, will provide 
important information to sense the deflections of the 
resonators. 

 

Figure 3. Resonance frequencies as a function of the 
deflection. 

The resonance frequencies (f) as a function of the 
applied force (nN) and the acceleration (nm/ps2) in log-log 
scale are shown in Figures 4(a) and 4(b). These plots show 
two regions in the relationship between resonance 
frequencies and acceleration. When the applied forces were 
higher than 0.2 nN, the resonance frequency increased with 
increase of the externally applied force; then, log( f ) ~ 
log(FA). In this work, when the accelerations were higher 
than 0.1 nm/ps2, the resonance frequency increased with 
increase in the acceleration. The acceleration-frequency 
relationship was very clear on the log-log scale. Such a 
result is quite similar to the results obtained for GNR-
resonators when used as mass sensors.20  

The non-linearity of the GNR-resonators increases with 
increasing initial strain as well as increasing applied force.20 
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Typically, GNR-resonators undergo non-linear operation in 
the presence of large strain.21-23 Such non-linear mechanical 
properties of the GNRs were in good agreement with the 
previous work by Georgantzinon et al.22,23 The MD 
simulations performed by Bu et al.21 also showed that 
GNRs behave non-linear elastically under tensile loads. 
Such non-linearity of the GNR-resonator under large 
externally applied accelerations is very important to 
understanding its operating dynamics and the changes of 
sensitivity and sensing range. 

(a) 

(b) 

Figure 5. Resonance frequencies as a function of (a) the 
applied force (nN) and (b) the acceleration (nm/ps2) in a 

log-log scale. 

The simulation results obtained herein presented the 
dynamic features of the crossroad-type graphene resonators 
applicable to ultrahigh sensitive accelerometers by sensing 
the frequency shift. In this work, all MD simulations were 
performed at extremely low temperature, so the dynamics 
features of the accelerometer were only examined in ideal 
situations. However, the results obtained herein are 
meaningful in terms of providing information on the 

operation of accelerometers even when thermal effects are 
also considered, for example, by noting the fact that the 
quality factors of the GNR-resonators were greatly 
decreased by increasing temperature.6 In practice, 
temperature fluctuation influences the vibrational behavior 
of graphene resonators. Hüttel et al.24 showed that the 
operating temperature affected the non-linearity and quality 
factor of CNT-resonators. The response of CNT-resonators 
changed from non-linear to linear when the operating 
temperature was increased, and the temperature increase 
also resulted in a decrease in the quality-factor as a power 
law.24 Chen et al.6 investigated GNR-resonators with a high 
quality factor of ~1 × 104, and found the quality factor to 
increase with decreasing temperature.24 The sensing range, 
sensitivity and reliability are very closely related to the 
dimensions of the graphene-nanoribbon-resonator and 
environmental effects.  

The present work demonstrated that a graphene 
resonator with crossroad-type structure demonstrates great 
potential for application in the detection of acceleration. 
Especially, crossroad-type graphene has both types of edges 
such as zigzag and armchair, and since the electrical 
properties of the zigzag direction are hardly different from 
those of the armchair direction, the electromechanical 
couplings for both directions can be detected at the same 
time. This property can allow the crossroad-type graphene 
resonator to sense quantum phenomena. The high frequency 
NEMS resonator can offer not only the potential for 
extreme mass and force sensitivity, but also a unique way to 
directly observe the imprint of quantum phenomena, 
including investigation of the uncertainty principle limits on 
position detection.25 Therefore, the polarization of the 
crossroad-type graphene resonator can also provide a 
graphene-nanoribbon-based quantum-computer for 
quantum-mechanical coupling, as well as mass detectors, 
accelerometers or alarms.  

Finally, it should be noted that the mechanical quality 
factor also plays a very important role in determining the 
sensitivity of NEMS devices. However, this is not discussed 
in the present work. The entire study was based on the 
temperature of 1 K for all MD simulations, which is 
extremely low and highly unrealistic. Therefore, further 
work should include MD simulations carried out at a range 
of temperatures substantially higher than 1 K in order to 
take into account thermal dissipation, as experiments are 
most likely to be conducted at temperatures much larger 
than 1 K. One can expect that the quality factor will be 
greatly decreased by increasing temperature, as found in 
studies regarding the cantilevered CNT beam oscillator by 
Jiang et al.26 and on graphene resonators by Chen et al.6 It 
is clear that the frequency range and sensing ability of the 
crossroad-type graphene resonators are dependent on 
structural parameters and experimental setup. Therefore, 
such issues need to be addressed in further works by 
considering several situations, as well as the mechanical 
and thermal properties of graphene in detail. Moreover, 
further works should include quantum mechanics to reveal 
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the electronic properties of unusual carbon 
nanostructures,27-29 electron transport properties,30-32 and the 
influences of electric and magnetic fields,33-35 as well as the 
structural and mechanical properties.36 

 
4 CONCLUDING REMARKS 

 
We presented application of the suspended crossroad-

type graphene resonator as an accelerometer, for which the 
dynamic properties were investigated via classical MD 
simulations. The deflective motions of the crossroad-type 
graphene resonator under driving forces were very similar 
to those of the graphene-nanoribbon resonator. Our 
simulations data showed that the relationships between the 
resonance frequencies and the acceleration could be divided 
by two regions. For accelerations greater than 0.1 nm/ps2, 
the resonance frequency increased with increasing 
acceleration. In particular, the acceleration-frequency 
relationship was very clear on the log-log scale. The 
crossroad-type graphene resonators have multiple 
applications to nanoscale sensors, filters, switching devices, 
and quantum computing, as well as ultra-fast response 
resonators.  
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