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This paper proposes a novel graphene‐based optical microelectromechanical sys-

tems MEMS accelerometer that is dependent on the intensity modulation and opti-

cal properties of graphene. The designed sensing system includes a multilayer

graphene finger, a laser diode (LD) light source, a photodiode, and integrated

optical waveguides. The proposed accelerometer provides several advantages, such

as negligible cross‐axis sensitivity, appropriate linearity behavior in the operation

range, a relatively broad measurement range, and a significantly wider bandwidth

when compared with other important contributions in the literature. Furthermore,

the functional characteristics of the proposed device are designed analytically, and

are then confirmed using numerical methods. Based on the simulation results, the

functional characteristics are as follows: a mechanical sensitivity of 1,019 nm/g,

an optical sensitivity of 145.7 %/g, a resonance frequency of 15,553 Hz, a band-

width of 7 kHz, and a measurement range of ±10 g. Owing to the obtained func-

tional characteristics, the proposed device is suitable for several applications in

which high sensitivity and wide bandwidth are required simultaneously.
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1 | INTRODUCTION

Over the past few years, the rapid development of highly
reliable microelectromechanical systems (MEMS) devices,
such as MEMS accelerometers, has resulted in their exten-
sive use in a wide range of applications, such as the auto-
motive industry, medical devices, and consumer electronics
[1–4]. The basic principle of operation of a MEMS
accelerometer is to measure the proof‐mass displacement
caused by the applied acceleration. Several technologies
can be used to measure this displacement, such as capaci-
tive technology [5–7], piezoelectric‐based approaches [8],
piezoresistive‐sensing methods [9], and magnetic and opti-
cal techniques [10,11]. Each sensing technology not only
provides several advantages but also suffers from some

drawbacks. For instance, although the piezoelectric mecha-
nism can provide a large measurement range, it may be
sensitive to temperature and humidity changes, which is
not suitable for MEMS devices that are required to operate
in various environments. The piezoresistive‐sensing mecha-
nism may suffer from the same drawbacks. The capacitive
sensing technology has been widely used in MEMS
accelerometers owing to its simplicity in terms of design
and fabrication, its appropriate stability against environ-
mental changes, and the ease of its compensation
approaches. However, capacitive MEMS accelerometers
have some drawbacks, such as the effect of the existing
parasitic capacitance, curling effect, low frequency range,
and high sensitivity to electromagnetic interference (EMI).
While all of the above‐mentioned techniques may
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encounter several issues, the optical sensing approach may
introduce several advantages, such as greater immunity
against EMI, higher thermal stability, better performance,
and improved sensitivity compared to other existing sens-
ing methods [12]. These advantages make the approach a
suitable alternative for several applications where high sen-
sitivity, wide bandwidth, and good reliability are crucial.
Example applications include vibration analysis use for
earthquake detection [13], railway technology, health moni-
toring applications [14], industrial testing, and process con-
trol in various industries as well as in the energy industry.

Recently, some contributions on optical MEMS
accelerometers have been reported in the literature. With
respect to the materials used in these optical MEMS
accelerometers, silicon thin‐film technologies have been
extensively studied, and the proposed MEMS accelerome-
ters are mostly made of silicon [15]. One of the main
advantages of the use of silicon technology is the ease of
its integration with electronics parts of the device. How-
ever, there are currently several emerging materials that
can be used in MEMS technologies. These can make a dif-
ference in terms of the mechanical, electrical, optical, and
thermal properties of the MEMS device, compared to sili-
con or other materials that are commonly used in the
MEMS industry. One of the most promising candidates is
graphene, which is a flat monolayer of carbon atoms tightly
packed into a two‐dimensional (2D) honeycomb lattice
[16]. Graphene has attracted a lot of attention in recent
years, and is expected to significantly impact several tech-
nological fields owing to the new applications enabled by
its properties [17]. Graphene has the highest theoretical
value of Young's modulus of the popular materials used in
MEMS fabrication at 2 TPa and tensile strength at
130 GPa [18,19]. The Young's modulus of silicon is
169 GPa in the <110> direction and 130 GPa in the
<100> direction, which is about 10% of that of graphene,
while its tensile strength is much smaller than that of gra-
phene [20]. Furthermore, the highest reported gauge factor

(GF) for graphene is 1.8 × 104, whereas this factor is 30‐
40 for doped polysilicon [21]. In addition to several appli-
cations reported recently in [22,23], graphene has also been
employed in MEMS owing to its unique mechanical prop-
erties [24–26]. However, optical and mechanical properties
of this material have not been widely applied for optical
MEMS (or micro‐opto‐electro‐mechanical systems). This
paper proposes a novel topology that is based on graphene
for an optical MEMS accelerometer, which relies on the
intensity modulation and the optical properties of graphene.
The proposed microdevice can be used in a wide variety of
applications, ranging from consumer electronics to inertial
navigation. It provides several advantages, such as wide
bandwidth, high sensitivity, small size, and cost‐effective-
ness compared to other existing works [15,27]. The rest of
this paper is structured as follows: In Section 2, the operat-
ing principle of the proposed accelerometer is presented.
Section 3 explains a model of the mechanical structure of
the proposed sensor using a lumped spring‐mass‐damper
system. Furthermore, this section introduces the design and
analysis of the mechanical and optical structure using the
finite‐element analysis (FEA) method and the finite‐differ-
ence time domain (FDTD) approach. In Section 4, a com-
parative discussion is presented based on the simulation
results. Finally, Section 5 concludes the paper and provides
different perspectives.

2 | OPERATING PRINCIPLE OF
PROPOSED ACCELEROMETER

As illustrated in Figure 1, the proposed optical MEMS
accelerometer varies with the intensity modulation and the
optical properties of graphene. The working principle of
the device is as follows: When an acceleration is applied
along the positive y‐axis direction, the proof mass is dis-
placed, and thus, more space in the light path is blocked
by the graphene finger (Figure 1). Because of the light
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FIGURE 1 Three‐dimensional
structure proposed for the optical
microelectromechanical systems
accelerometer. The total length of the
graphene finger is designed as 20 μm, and
the finger is placed in the light path so that
a half of its length blocks the light path,
while there is no external applied
acceleration
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absorption of the graphene finger, the transmission is
reduced and the light intensity, which is detected by the
photodetector, is also reduced compared with the case in
which no external acceleration is applied. This means that
as a greater acceleration is applied, the larger finger length
on the light path is displaced. This results in the detection
of a smaller intensity by the photodetector. However, the
transmission is increased while an external acceleration is
applied along the negative direction of the y‐axis under the
same mechanism. Thus, the direction and magnitude of the
acceleration applied to the microdevice can be determined
by detecting the variation of the light intensity in the pho-
todetector. Note that the total length of the graphene finger
is set as 20 μm, and the waveguide dimensions are
20 μm × 20 μm. The light travels through the core in the
fiber optic cable. The finger is placed in the light path so
that one half of its length blocks the light path, while there
is no external applied acceleration when the finger is
placed in the light path, so half of its length blocks the
light path while there is no external applied acceleration.
Therefore, the proposed device can detect the applied
acceleration in two directions of the y‐axis.

3 | ANALYSIS OF THE PROPOSED
ACCELEROMETER AND ITS
RESULTS

3.1 | Mechanical design and analysis

The designed topology for the proposed MEMS device is
illustrated in Figure 1. As shown in this figure, four ser-
pentine springs are designed for the sensor to increase the
linearity of the microdevice response. Although this type of
spring may cause an increase in the cross‐axis sensitivity,
this factor is negligible for the proposed device owing to
the designed topology. Because the applied accelerations
along the x‐axis do not change the light transmission, and
to avoid the finger displacement along the z‐axis direction,
the stoppers are designed in the proposed topology (Fig-
ure 1). Structural parameters that were designed for the
proposed microsensor are summarized in Table 1. Another
critical functional parameter for a MEMS accelerometer is

the first resonance frequency because it affects the
accelerometer bandwidth and its operation. This parameter
can be calculated as follows:

fr ¼ 1
2π

ffiffiffiffi
ky
m

r
; (1)

where m and ky are the effective mass and spring constant
along the sensing axis (y), respectively. As shown in Fig-
ure 2, this first resonance mode of the proposed optical
MEMS device corresponding to the displacement of the
proof mass along the sensing axis is 15,553 Hz, which was
obtained by performing simulations using COMSOL Multi-
physics. The second (fr = 30,483 Hz) and third (fr =
32,217 Hz) modes cause a rotational displacement of the
proof mass, which may lead the device to work in unde-
sired states. Thus, the operational bandwidth (BW) of the
proposed sensor should be defined below the first reso-
nance frequency (ie, BW = 7 kHz). As a consequence, the
last three resonance modes (obtained by modal analysis of
COMSOL Multiphysics) are sufficiently far from the first
resonance frequency (ie, the device bandwidth) so that they
do not affect the sensor operation in its operational BW.
Furthermore, Figure 3 shows the frequency response of the
proposed optical MEMS accelerometer. As shown in this
figure, the frequency‐response curve exceeds the frequency
range from 0 kHz to 7 kHz. Therefore, this range can be
defined as the operating BW of the proposed accelerome-
ter, as previously mentioned.

TABLE 1 Structural parameters designed for the proposed optical
microelectromechanical systems accelerometer

Parameter Symbol Value

Proof mass m 2.8548275 μgr

Length × width of
the proof mass

L × W 250 μm × 250 μm

Thickness t 20 μm

Length of the
graphene finger

Lf 20 μm

(C) (D)

(A) (B)

Eigenfrequency = 30,483 Hz
Surface: total displacement (μm)

Eigenfrequency = 32,217 Hz
Surface: total displacement (μm)

Eigenfrequency = 37,943 Hz
Surface: total displacement (μm)

Eigenfrequency = 15,553 Hz
Surface: total displacement (μm)
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FIGURE 2 First four resonance modes of the proposed optical
microelectromechanical systems accelerometer, simulated using
COMSOL Multiphysics: (A) First mode (fr = 15,553 Hz), (B) second
mode (fr = 30,483 Hz), (C) third mode (fr = 32,217 Hz), (D) fourth
mode (fr = 37,943 Hz)
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Another important functional characteristic of the pro-
posed microdevice is its mechanical sensitivity, which can
be translated as the displacement of the graphene finger
(and thus the changes of light transmission) with the
applied acceleration. Figure 4 shows the displacement of
the graphene finger for various applied accelerations based
on FEA. As shown in this figure, there is a linear relation-
ship between the displacement of the finger and the applied
acceleration in the whole measurement range (the percent-
age of this nonlinearity is 0.7%, which can be easily
neglected).

Note that the Brownian noise equivalent acceleration
(BNEA) is also another characteristic of a MEMS
accelerometer:

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4KbTR

p
; (2)

where Kb is the Boltzmann constant, T is the absolute tem-
perature, and R is the mechanical resistance, or most

commonly known as a damping coefficient. However, in
optical MEMS, thermal noise is the dominant noise source
[28,29]. This is because thermal energy induces motion in
optomechanical devices. This type of noise limits the spectral
resolution or the sensitivity of the mass detectors with optical
readouts. Because the thermal noise is largely dependent on
the quality of the light source and that of the photodetector
used for the proposed device, there is always a compromise
between the final cost of the proposed device and its mini-
mum noise density. This compromise should be made based
on the target application and its desired precision.

The functional characteristics of the proposed MEMS
accelerometer, which is summarized in Table 2, were
obtained using an analytical approach, and were then con-
firmed by FEA simulations using COMSOL Multiphysics.

3.2 | Optical design and analysis

As previously mentioned in Section 1, several researchers
have studied the properties of graphene in recent years
[22,23,30]. This material has attracted much attention
because of its exceptional properties, such as tunable band-
gap [31,32], extremely high in‐plane stiffness (Young's
modulus), superior (highest ever measured) strength [33],
high tensile strength [34], ultra‐lightweight, thin nature
owing to its 2D nature [17], tunable absorption, and many
other factors [35,36]. In this work, we focus on graphene
absorption in order to employ its properties in the proposed
microdevice. It is well‐known that the optical transmission
is directly dependent on the optical conductance of the gra-
phene stack for multilayer graphene, and the transmittance
of graphene films as a function of the incident light fre-
quency can be obtained by:

T ωð Þ ¼ 1þ 2π
c
G ωð Þ

� ��2

; (3)

where c and G(ω) are the speed of light and optical con-
ductivity of the graphene film, respectively [37]. By
neglecting the interlayer interaction, the optical conductiv-
ity of multilayer graphene is linearly proportional to the
number of layers (N). Considering G1(ω) as the conductiv-
ity of monolayer graphene at a frequency of ω, the above‐
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TABLE 2 Functional characteristics of the proposed microdevice

Parameter Analytical results
Numerical
results (FEA)

Total spring constant 28.59 N/m 27.93 N/m

Mechanical sensitivity
along sensing axis

1,000 nm/g 1,019 nm/g

Resonance frequency 15,742 Hz 15,553 Hz

Measurement range ±10 g ±10 g
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mentioned optical conductivity is G(ω) = NG1(ω). Thus,
the optical transmittance of multilayer graphene can be
written as [38]:

T ωð Þ ¼ 1þ 2π
c
NG1 ωð Þ

� ��2

; (4)

where G1(ω) = f(ω)G0, and f(ω) and G0 are the correction
coefficient and universal optical conductance, respectively.
f(ω) is used to compensate the deviation between G1(ω)
and G0. Therefore, (4) can be simplified to:

T ωð Þ ¼ 1þ f ωð ÞπαN
2

� ��2

; (5)

where α = e2/(ћc) is the fine‐structure constant [38].
As the last step of the optical MEMS concept and prior

to running the simulations on the light transmittance of the
proposed microdevice, the number of graphene layers (N)
used for the proposed structure (Figure 1) should be deter-
mined in order to optimize not only the performance of the
proposed accelerometer, but also the device cost. In this
context, the studies’ results with respect to the graphene
optical properties (ie, its transmittance and absorption) can
help to finalize the concept of the proposed device. For
instance, in [38], the authors studied the optical transmit-
tance of multilayer graphene based on the number of gra-
phene layers, which is summarized in Figure 5 [38].

As can be concluded from this figure, in order to
increase the light absorption in the proposed device, the
number of graphene layers should be increased. However,

there is always a compromise between the number of lay-
ers (ie, the device performance) and the final device cost.

In addition, as seen in Figure 5, the slope of the trans-
mittance curve decreases, while the number of graphene
layers is increased. This means that increasing the number
of layers by more than the threshold (ie, 20 < N < 40)
does not significantly affect the device transmittance (and
thus its optical absorption). Therefore, one can choose a
20‐layer graphene (N = 20) to design the proposed
accelerometer in order to make an appropriate compromise.

After determining the number of graphene layers, the
optical absorption of the graphene finger was studied for
various applied accelerations, resulting in different finger
displacements. Figure 6 demonstrates the results obtained
using the FDTD simulations (ie, transmission vs finger dis-
placement). Furthermore, the variation in the light transmis-
sion with the applied acceleration is illustrated in Figure 7.

Because the intensity and power of the optical source are
not specified, one can calculate the changes in the transmit-
tance of the output defect mode (ΔT) vs the applied accelera-
tion (Δa), which is the optical sensitivity of the proposed
accelerometer. Note that the transmittance of the output defect
mode is indicated as a percentage, which shows the ratio of
the intensity of the defect mode to the intensity of the optical
source. Simulation results (Figure 7) show that this optical
sensitivity is ΔT/Δa = 145.7 %/g for the proposed microdevice.

4 | DISCUSSION AND COMPARATIVE
STUDY

In this section, a comparative study is carried out between
the proposed graphene‐based optical MEMS accelerometer
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and several recently developed optical MEMS accelerome-
ters based on intensity modulation [15,27] and wavelength
modulation [12].

One of the advantages of the proposed microdevice
compared with the other recent works in the related
domain is that it provides a wide bandwidth and a large
resonance frequency, as seen in Table 3. This makes the
proposed device appealing for applications in which a
wide bandwidth is required, such as those mentioned in
Section 1.

Another important functional characteristic for this
comparative analysis is the operating measurement range.
As seen in Table 3, although the proposed device has a
smaller operating measurement range than in the other
studies, it can provide an appropriate range for various
applications such as consumer electronics, automotive,
energy, medical, and other industries. Besides, the pro-
posed graphene‐based device provides not only a large
mechanical sensitivity, but also a large optical sensitivity
from among other sensors that depend on the intensity
and wavelength modulation.

Moreover, EMI can have an undesired impact on
MEMS accelerometers that depend on capacitive

technology, which is the most popular sensing approach in
the MEMS literature. Thus, it makes them less suitable for
applications that are near strong EM fields, such as inside a
generator. In addition, owing to the nature of capacitive sens-
ing, the electronic read‐out circuits have to be placed nearby,
which is not suitable for use in harsh or EMI‐contaminated
environments. However, optical MEMS accelerometers are
immune to EMI‐contaminated environments because of the
intrinsic immunity of the core part of the sensor against EMI
as well as their capability to operate the optoelectronics cir-
cuitry remotely using optical fiber connections [15].

Because of these functional specifications, which are
summarized in Table 3, the proposed graphene‐based sen-
sor provides a reliable and accurate performance over a
broad range of frequencies, and can be used for various
applications.

5 | CONCLUSION

This paper proposed a novel graphene‐based optical
MEMS accelerometer that depends on intensity modula-
tion. FEA and FDTD simulations were performed to ana-
lyze the behavior of the proposed structure and the
optical sensing system, respectively. Based on the simu-
lation results obtained, the obtained functional character-
istics of the proposed microdevice were as follows:
mechanical sensitivity of 1,019 nm/g, optical sensitivity
of 145.7 %/g, linear measurement range of −10 g to
+10 g, first resonance frequency of 15.5 kHz, and thus
a bandwidth of 7 kHz. These functional characteristics
make the proposed device appealing for a wide range of
applications, from consumer electronics to inertial navi-
gation. Furthermore, the obtained functional specifica-
tions were compared with several important contributions
in the related domain in order to analyze the performance
of the proposed device. An ongoing work to fabricate the
proposed optical MEMS accelerometer has been carried
out using deep reactive‐ion etching (DRIE). In addition,
the built‐in self‐test (BIST) and built‐in self‐calibration of
fabricated devices such as those presented in [39,40] are
the focus of future works.

TABLE 3 Table showing comparison between the proposed graphene‐based accelerometer and several important recent contributions in the
literature

Proposed device [12] [15] [27]

Mechanical sensitivity Δx
Δa

� �
1,019 nm=g 3.18 nm=g 60 nm=g 119.21 nm=g

Optical sensitivity ΔT
Δa

� �
145.7 %=g Not reported Not reported 0.496 %=g

Measurement range ±10 g ±22 g ±20 g ±38 g

Resonance frequency 15,553 Hz 8,908 Hz 650 Hz 1,444 Hz

Operational bandwidth 7 kHz 2 kHz 100 Hz–200 Hz 1 kHz
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