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This study primarily covers the design and development of an MEMS based accelerometer. Frequency, displace-
ment sensitivity, and capacitance are the subject of analytical modelling; the corresponding values are found to
be 7.41kHz, 4.5096∗10−9 m/g, and 0.289pF respectively. COMSOL Multiphysics is used to design the structure
of accelerometer and the MATLAB simulator tool is used to analyse the accelerometer. In order to obtain precise
results, simulations are done and theoretical calculations are compared. Silicon-on-Insulator Multi-User MEMS
Processes (SOIMUMPS) technology is employed to fabricate the accelerometer structure at MEMSCAP foundry,
United State. The characterization of the fabricated device is done at CENSE, IISc, Bangalore. The capacitance
values on either side of the device obtained from the test results are 0.36pF and 0.85pF when 5 V is applied to
the electrodes. The proposed accelerometer is employed in the actuating parts of the sensor due to its properties
like linearity and low sensitivity.
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1. Introduction

MEMS inertial sensors are very commonly used in num-
ber of ranges of applications which require motion sensing
such as, in automobiles for air bag deployment, aerospace
applications for navigation, smart phones etc [1]. Capaci-
tive technology is favoured over other existing mechanisms
such as piezoresistive and piezoelectric for sensing applica-
tions because of its benefits, including good linearity, low
power dissipation, less sensitive to temperature and noise,
and simplicity of readout circuitry [2]. Silicon on Insulator
(SOI) based MEMS accelerometer which ensures low power
consumption, high resolution, high performance and minia-
turization is the need of the day. High quality etch profile
can be attained using Deep Reactive Ion Etching (DRIE),

the gap between sensing fingers can be realised using DRIE
process where larger capacitive sensitivity can be achieved
by increasing the number of the sensing fingers and its
overlap area [3]. Due to the efficient isolation of the active
and bulk layers, SOI wafers have improved mechanical
and electrical performance, resilience, and parasitics. Fur-
thermore, they work well with the DRIE process. Because
DRIE-SOI process has greater performance and good con-
trol over the high-aspect-ratio (HAR) structure geometry, it
is chosen over other techniques, such as surface microma-
chining, LIGA process, and wet micromachining [4]. Hence
the accelerometer structure presented in this paper is SOI
based and fabricated using DRIE technique. SOIMUMPS
process is used for the fabrication of the proposed device
at MEMSCAP foundry, and it uses Bulk Micromachining
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and DRIE process. It is essential to take the residual stress
into account while running simulations and mathemati-
cally modelling the device when the SOI wafer is wafer
bonded.

However, the impact of residual stress is not considered
in this work. A MEMS accelerometer contains a seismic
mass which is supported by beams. While modeling mass
is typically added to a dashpot, which provides the nec-
essary damping effects. The spring and dashpot are each
linked to the frame in turn. An accelerometer at rest on the
surface of the earth will measure the acceleration caused
by gravity (g = 9.81 m/s2), whereas an accelerometer in
free fall will measure zero [5]. To analyse the characteristics
of the device, the mathematical analysis was conducted in
accordance with damping. The capacitive based MEMS ac-
celerometers evaluate the capacitance fluctuation between
an anchored conductive electrode and a proof mass that is
separated by a very narrow distance. Here, the accelerom-
eter’s sensitivity is a measurement of displacement with
reference to acceleration. COMSOL multiphysics tool is
used to simulate the proposed structure. The organization
of the paper is as follows: section 2 and 3 showcases the
structure and design of the accelerometer. The simulation
results and the testing of capacitive type, single axis in-
plane SOI-MEMS accelerometer fabricated in SOIMUMPs
is discussed in 4 and 5 sections respectively. Results and
discussion in section 6 and the work is concluded in section
7.

2. Device structure

The capacitive accelerometer is composed of 2 parts, mov-
able and fixed. The movable part comprises of two proof
masses of area 200 × 400µm and are symmetrically sus-
pended by folded beam to the central anchor on one side
and has comb fingers ( 13 numbers) of dimension 250 × 10
µm on the other side. These comb fingers are interleaved
between the anchored outer fingers (14 numbers) of dimen-
sion 250 × 10µm of the fixed electrodes (100 × 400µm) as
shown in the Fig. 1. The proposed accelerometer is de-
signed in a total area of 1400 × 400µm. The gap between
the driving and the sensing fingers is 5µm and the overlap
area between the two is 245µm as shown in the Fig. 2.

Some of the common characteristics that determine the
performance of the accelerometers are capacitance sensi-
tivity, electrostatic force, electrostatic spring constant, max-
imum operation range, frequency response, resonant fre-
quency, resolution, full-scale nonlinearity, offset, off-axis
sensitivity, and shock endurance [6]. Some of these charac-
teristics will be important in terms of design considerations
depending on the type of application.

Fig. 1. Proposed accelerometer structure.

Fig. 2. Positioning of the combs in the accelerometer.

Likewise, the movable fingers interleaved with the fixed
fingers establish the differential capacitance C1 and C2 on
either side of the proof mass as shown in Fig. 3a and Fig. 3b.

The amount of force applied to the proof mass and its
direction can be found by measuring the differential capac-
itance on either side of the accelerometer structure. This
differential, and the voltage associated with it can be calcu-
lated from the following Eq. (1) [7]

VS = Vout =
(C1 − C2)

(C1 + C2)
Vm (1)

Where Vm is the applied voltage and Vs is the output
voltage.

3. Electromechanical design aspects of the pro-
posed accelerometer

The analytical calculations of the proposed accelerometer
structure is presented in Table 1 [7].
Where E = Young’s modulus of elasticity (silicon) = 170 ∗
109 N/m2, t = thickness of beam = 25µm, W = Width of
beam = 10µm and L = length of beam = 245µm.Pa is
Ambient pressure

(
1.01 × 10−5 Pa

)
, σ = compression ratio

of air, u = coefficient of dynamic viscosity
(
1.85 × 10−5).

(a) (b)

Fig. 3. (a)Accelerometer lateral view & (b) Accelerometer
working principle
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Table 1. Analytical calculations of the accelerometer.

Natural
frequency fn = 1

2π

√
k
m fn = 7.41kHz

Stiffness of beam = K = EtW3

4L3 K = 31 N/m
Total mass, m=mass of (proof mass+ Sensing fingers) m = 1.42651∗10−9Kg

Damping Ratio ζ = b
2mwn

ζ = 0.0549
Damping Co efficient, b = 7.304 ∗ 10−6Ns/m

Wn = 2π f Wn = 14820πHz
σ = 12uw2wn

pa g2 σ = 0.19576
B = L/W B = 24.5

Static capacitance C0 =
EN f l f t

do
C0 = 0.28199pF

Displacement
sensitivity Sd = x = m

K ∗ a Sd = 4.5096∗10−9 m/g

comb finger length (lf) = 245µm, total movable fingers
(Nf) = 13, finger thickness (t) = 25µm, distance between
two adjacent fingers (do) = 5µm.

The nature of the system response is directly influenced
by the value of the damping ratio. According to the data in
Table 1 , the suggested accelerometer has a damping ratio
of less than 1 , making it an under damped system.

4. Simulation and results

Simulation studies are performed to understand the effect
of frequency, acceleration, and stress on the displacement of
the proof mass. COMSOL Multiphysics tool is used for per-
forming simulation study on the proposed accelerometer
[8].

(A) Frequency simulation: The structure is simulated to
examine the deformation of the accelerometer at res-
onant frequency. The simulated frequency obtained
using single crystal silicon as the base material is 7.074
kHz, as illustrated in Fig. 4.

(B) Displacement simulation: In Fig. 5, we see the proof
mass being displaced in response to an applied force
on the accelerometer. The overall shift is estimated to
be 6.03 × 10−9 m.

(C) Stress simulation: Stationary analysis in COMSOL
Multiphysics is performed to learn the device’s stress
tolerance at 1 g. As can be observed in Fig. 6, the
upper half of the device may fail with a stress of over
6.84X103 N/m2.

(D) Capacitance Simulation: The proposed structure’s ca-
pacitance is determined by an electrostatic study per-
formed in the COMSOL software. Fig. 7 displays the
accelerometer’s static capacitance and is found to be
0.275pF.

Fig. 4. Frequency simulation of the structure.

Fig. 5. Total Displacement measurement of the comb.

Simulations on proposed accelerometer is carried out to
comprehend the effect of frequency, stress and acceleration
on the displacement of the proof mass from the reference
when external force is applied on it. From the frequency
response of the accelerometer shown in Fig. 8, it is noted
that the band width is 1kHz. The stress analysis of the
beams shows that the springs are under the maximum
pressure at the point where they are connected to the proof
mass (see Fig. 8b). As can be seen in Fig. 9, the proof mass’s
displacement is linear with the change in acceleration.

4.1. Step response of the proposed system

In this system, output voltage is used for the measurement
analysis of the device after the electrical output signal is
interfaced to the analog circuit for capacitance to voltage
conversion. The dynamic behavior of the accelerometer is
administered by Newton’s second law of motion [9].

The value of the damping ratio has a direct impact on
the nature of system response (ζ) [10]. The system has
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Fig. 6. Stress evaluation in springs.

Fig. 7. Capacitance simulation of the structure.

(a) (b)

Fig. 8. (a) Frequency response & (b) Stress analysis

undergone a dynamic study, and its behavior has been
analyzed. COMSOL Multiphysics is used to study the dy-
namic performance of the capacitive accelerometer in Time
dependent domain. The simulations were conducted by ex-
erting a lateral force on the proof mass at different damping
values. As may be seen in Fig. 10a, the settling time with
zero damping is 3 seconds. Fig. 10b shows that when the
theoretically calculated value of ζ = 0.05 was used, both
the oscillation and the settling time were drastically de-
creased to 1 second. So, it is understood that the damping
value has an impact on the accelerometer response. Further,
the behavior of the device was recorded after the damping
coefficient value was changed to 0.1, as shown in Fig. 10c.

The system response at ζ = 0.5 is shown in Fig. 10d.
Increase in damping resulted in further decrease in oscilla-
tions after first overshoot and increase in the displacement
value of the proof mass. This increased value of displace-
ment will also dictate the possible maximum output of the
accelerometer for the in-plane sensing. Hence it is con-
cluded that the proposed accelerometer is underdamped,

Fig. 9. Displacement analysis

(a) ζ = zero (b) ζ = 0.05

(c) ζ = 0.1 (d) ζ = 0.5

Fig. 10. Response of accelerometer with different damping
values

and the performance can be improved by increasing the ζ

value.

5. Fabrication and characterization of the ac-
celerometer

The fabrication of the accelerometer is carried out through
the SOIMUMPS process at MEMSCAP foundry. This Pro-
cess serves as the foundation for the accelerometer design
addressed in this work. For high aspect ratio micromachin-
ing, a SOI wafer with structural layer thickness of 25µm
silicon, 2µm oxide layer and a 400µm base or handle layer
is employed. This SOI wafer is dry etched to fabricate the
proposed structure. However, the higher comb overlap
area caused by the thick structural layer combined with a
narrow gap between fingers (achieved using DRIE) results
in high capacitance values [11]. It is possible to design and
implement longer beams using SOIMUMPs for enhanced
sensitivity, but with significantly reduced cross-axis sen-
sitivity and virtually no friction. The cross section of the
proposed structure fabricated using SOI MUMPs process
is shown in Fig. 11 . The SEM image of the fabricated
accelerometer is as shown in Fig. 12.
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Fig. 11. Cross section of Accelerometer of SOIMUMPS
wafer.

Fig. 12. SEM image of accelerometer .

To verify the performance of the fabricated accelerome-
ter, the characterization of the device is carried out at Micro
and Nano Characterization Facility (MNCF) at Centre for
Nano Science and Engineering (CeNSE), IISc, Bangalore.
The accelerometer is tested at probe station (Agilent 4294A)
and is observed that, the device actuated when a voltage
of 10V was applied to the electrodes as shown in the Fig
13.a. The frequency is measured from Laser Dopler Vi-
brometry (LDV- Polytec MSA 500) shown in Fig. 13.b. and
it was noted that the first resonant frequency obtained is
10.55kHz as shown in Fig. 13.c.

C − V measurement is carried out at probe station to
understand the capacitance-voltage relationship. The ca-
pacitance values of C1 and C2 obtained from the test results
are found to be 0.36pF and 0.85pF. Fig. 14.a and Fig. 14.b
shows the C − V measurement test results for C1 and C2
when a voltage of −10v to +10v was applied at 12kHz.

Dynamic study on the fabricated device was carried out
using Laser dopler vibrometer and the transient analysis
was performed. Fig. 15 is the screenshot of the device which
indicates the position where the transient analysis is being
conducted and Fig. 16 shows the displacement vs time plot.
Also, a test was performed to obtain frequency response
and the bode diagram was plotted as displayed in Fig. 17.

6. Results and discussion

The SOI MEMS capacitive single axis accelerometer is de-
signed and simulated using COMSOL Multiphysics and
fabricated using SOIMUMPs process. Characterization of
the device is done to understand the frequency response

(a) (b)

(c)

Fig. 13. (a) Accelerometer at probe station & (b) Device
under test (LDV) & (c) Frequency response from LDV

(a) (b)

Fig. 14. (a) C-V measurement for C1 & (b) C-V
measurement for C2

and the capacitance is measured on either side of the proof
mass. Table 2 gives the comparison of the analytical and
simulated values of the performance parameters of the ac-
celerometer. It is observed that the simulated values are in
the near range of the calculated values.

The frequency of the fabricated device measured from
LDV is 10.5kHz whereas the simulated value of the ac-
celerometer is 7.41kHz. This mismatch in the frequency is
due to the change in the fabrication environment which
may not be considered in simulations. From the C − V
measurement, the capacitances C1 and C2 are found to be
0.36pF and 0.85pF when 10 V is applied to the electrodes
whereas the differential capacitance obtained from the sim-
ulation is 0.298pF. This difference in the capacitance is due
to the fabrication process error, parasitic capacitance and
the residual stress which is neglected while performing the
simulations and analytical calculation.

However, this offset shall be taken care of while measur-
ing the acceleration. In addition, as can be seen in Fig. 18a
and Fig. 18b, the image of the accelerometer captured from
the optical profilometer; the proof mass of the accelerom-
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Table 2. Comparison of the performance parameters of the accelerometer.

Performance Parameter Analytical value Simulated value
Natural frequency 7.41kHz 7.07kHz
Static capacitance 0.28199pF 0.298pF

Displacement sensitivity 4.5096∗10−9 m/g 6.03 ∗ 10−9 m/g

Fig. 15. Transient analysis on the device

Fig. 16. Displacement of the sensing comb with time

eter is not uniformly suspended on the springs due to its
huge size. It can be observed that the proof mass is bulking
and therefore the capacitance on either side (C1 and C2)
cannot be the same and hence the differential capacitance
of the fabricated device is different from the simulated one.

Since this design exhibits a linear force-displacement
characteristic, an electrostatic spring constant cannot be
formed. Additionally, it exhibits a very low sensitivity
because it uses variable overlap area topology. This ar-
rangement is typically employed in the actuating parts
of the sensor due to its properties like linearity and low

Fig. 17. Magnitude and Phase plot of the fabricated device

(a) (b)

Fig. 18. (a) Bulking of proof mass (top view) & (b) Bulking
of proof mass (front view)

sensitivity.

7. Conclusion

MEMS accelerometers are inertial sensing devices that meet
the demands of numerous applications for high perfor-
mance, low power, integrated functionality, and small size.
In this study, an effort is made to thoroughly design, model
and perform sensitivity analysis and simulation of a single
axis MEMS-based capacitive accelerometer. The results
of the COMSOL simulations are nearly identical to the
calculated analytical values. The key problem with these
simulations is that the capacitance is essentially constant
with varying acceleration, so a change in output voltage
cannot be predicted using the two capacitances C1 and C2
in differential mode as obtained from the C-V measure-
ment of the fabricated accelerometer. The proposed device
is found to resonate at a frequency of 10.5 kHz, which is
appropriate for condition-based monitoring applications.
With application-specific functionality, thorough factory
calibration that reduces costs and production test time,
and a straightforward programmable interface that ensures
highly precise integration that is simple to implement, intel-
ligent sensor accelerometers offer further integration and
improved performance.
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