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(MEMS) capacitive accelerometer designed for airbag applications. Most of the designs Revised - 09" Oct. 2025
presented in the literature have complicated designs, lower sensitivity, and large device areas. Accepted 04" Nov. 2025

Moreover, most literature studies design accelerometers to measure acceleration up to 10g. In
this connection, this research work presents a simple, compact, and lightweight accelerometer
capable of operating in a wide range of accelerations from -50g to 50g. Moreover, the present KEYWORDS
design introduces small holes over the proof mass to reduce weight, and these etch holes MEMS
facilitate the release of the proof mass during fabrication. To analyze the performance of the
proposed design, Finite Element Modeling (FEM) was performed to evaluate the resonant
frequency, mode shapes, stress, and deformation under applied acceleration/deceleration, as
well as during a car crushing test. Study results found that the proposed accelerometer has a
dominant resonant frequency of 8.3 kHz. This result was confirmed through complementary
analytical calculations, demonstrating a strong agreement between experimental and theoretical
findings. To evaluate the durability and stability of the accelerometer, stress analysis was
conducted over the applied range of acceleration values. It was found that the stresses
produced within the designed accelerometer are significantly below the material’s yield strength.
The maximum ZVM (Von-Mises stress) and Tmax (maximum shear stress) experienced by the
proposed accelerometer are approximately 3.05 MPa and 1.64 MPa, respectively.
Consequently, the proposed accelerometer demonstrated safe operation within the acceleration
envelope of -100g to 100g without incurring mechanical failure. The accelerometer exhibits
exceptional sensitivity, achieving a displacement sensitivity of 0.00363 um/g and a capacitive
sensitivity of approximately 0.000339 pF/g. Moreover, the shock test and the effect of
environmental conditions, i.e., temperature, are also carried out to understand the designed
accelerometer's behavior in real-world applications. It was found that the stresses produced
under impact conditions and at elevated temperature were lower than the yield strength of the
material, therefore, the designed accelerometer will remain safe.
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1. INTRODUCTION

Advancements in microelectromechanical systems (MEMS) technology have facilitated the large-scale production of
compact and affordable accelerometers. MEMS-based accelerometers are now extensively utilized across various
industries, including consumer electronics, automotive systems, and seismic data acquisition [1-3]. Moreover, MEMS
accelerometers are now widely used in various technological fields, including wearable technology [4, 5] and structural
health monitoring systems [6, 7]. The accelerometer is designed to achieve several objectives, including a minimal
footprint, low nonlinearity, and high sensitivity [8]. The primary classifications of accelerometers encompass several
distinct types, including those based on piezoresistive, capacitive, optical, thermal, and tunneling principles, due to their
distinct transduction mechanisms. Nevertheless, capacitive accelerometers provide substantial advantages over alternative
accelerometer technologies due to their superior accuracy, uncomplicated fabrication, reduced thermal sensitivity, low
power consumption, and enhanced integration capabilities [9].

The accelerometer consists of an elastic beam, serving as the potential energy storage element, and a proof mass,
which stores kinetic energy. These components together create a vibrating system with one degree of freedom. The
movable proof mass is coupled to the comb structure in order to achieve a significant capacitance change. In general, the
movement of the comb structure can be quantified by measuring either detecting changes in the overlapping conductive
area (common in area change accelerometers) or sensing variations in the gap between adjacent finger structures (typical
of gap closure accelerometers) [10, 11]. The capacitance changes linearly with movement when using the area change
sense technique, however, the sensitivity is limited. On the other hand, due to its high sensitivity, the gap change sense
technique is frequently employed.
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The design objectives of the accelerometer include a small footprint, large bandwidth, minimal nonlinearity, and high
sensitivity. Additionally, large numbers of fingers, low-stiffness springs, and a short finger gap are all beneficial for
achieving high sensitivity. However, incorporating more comb fingers into the design demands a correspondingly scaled-
up proof mass, resulting in a larger footprint. On the other hand, the low-stiffness springs limit the bandwidth. Hence,
designing a sensor with both high sensitivity and a wide bandwidth is a challenging task. This trade-off can be simplified
by using a very small finger gap. For instance, Chaudhuri [1] obtained a broad 3dB bandwidth of 10 kHz and enhanced
sensitivity with a gap of 500 nm.

Ramakrishnan et al. [12] designed a single-axis MEMS capacitive accelerometer for automotive airbag deployment
applications. Structural and modal analyses were conducted to evaluate the resonance frequencies and internal stress
distribution of the device. The optimized accelerometer possessed a compact device footprint of 4 mm? and demonstrated
a displacement sensitivity of 0.653 um/g, ensuring stable and reliable operation under acceleration levels of up to 15 g.
Koochaksaraie et al. [13] designed a dual-spring MEMS capacitive accelerometer for a high acceleration range from 12
to 75g. The proposed accelerometer has a device area of 2.72 mm?, a mechanical sensitivity of 0.0092um/g and a resonant
frequency of 1774 Hz. Moreover, the various commercial accelerometers from STMicroelectronics and Bosch were
carefully studied to design a MEMS capacitive accelerometer for real-world automotive airbag applications. The
accelerometers designed by STMicroelectronics and Bosch have an acceleration range of +8 to £120g for automotive
airbag applications; however, the device area and weight of these accelerometers are significantly higher compared to the
proposed accelerometer design. Moreover, the operating temperature range of these accelerometers is typically between
-50 °C and 140 °C. In contrast, the proposed accelerometer design is safe under various environmental conditions,
including temperatures of up to 150 °C.

A comprehensive literature review indicates that the design, analysis, and manufacturing of MEMS accelerometers
remain a dynamic research field due to their widespread applications in various sectors, including the automotive industry,
robotics, consumer electronics, navigation, healthcare, and seismic surveys [14-18]. Besides, more Contemporary
research has focused on improving the accuracy of these devices [19-22]. There has been minimal research conducted on
the development and evaluation of MEMS accelerometer technology specifically for automotive airbag applications. The
major challenges of these studies are the complicated design, low range of acceleration force, large size, and lower
mechanical as well as capacitive sensitivity [12]. Recently, several studies analyzed the system-level operation of MEMS
accelerometers for automotive applications. [23-27]. Moreover, Modern optimization algorithms have been deployed to
enhance the airbag design in automotive applications[28-30]. In addition, numerous studies examined the thermal effects
[31-33], shock and impact [34-37], and other considerations [38-41].

To overcome the aforementioned challenges, this study presents the design and analysis of a simple, lightweight, and
easy-to-manufacture and maintain MEMS capacitive accelerometer. The proposed accelerometer exhibits enhanced
sensitivity, a compact form factor, and excellent structural resilience. Once the design parameters are finalized, a three-
dimensional Computer-Aided Design (CAD) model of the MEMS accelerometer was developed and subsequently
analyzed to determine the resonance frequency. An additional distinctive feature of the proposed design is the utilization
of etch holes in the proof mass to simplify the release process of the thin structure during manufacturing. Moreover, the
results for the resonance frequency are calculated analytically and using simulation. FEM is also performed to determine
the deformation, stresses, mechanical sensitivity, and capacitive sensitivity of the designed accelerometer.

2. METHODOLOGY
2.1 MEMS Accelerometer: Structural and Operational Fundamentals

The MEMS structure illustrated in Figure 1 is that of a single-axis, in-plane accelerometer, featuring a differential
capacitive design with comb finger electrodes. The characteristics of MEMS capacitive accelerometers, including their
simple design, ease of manufacturability, and high sensitivity, offer the advantages of a transduction mechanism that is
not significantly affected by temperature, exhibits low drift, and demonstrates low noise levels, making them suitable for
numerous applications. A differential MEMS capacitive accelerometer is comprised of several parts: anchors, what is
termed a 'beam' (realized as a folded spring), the proof mass, and sets of movable and fixed fingers. The comb drive
capacitive accelerometer operates on the following basic principle: first, if the accelerometer experiences no external
acceleration (a=0), there is no change in capacitance because the distance between the movable and fixed fingers remains
constant. The second scenario involves subjecting the accelerometer to an external acceleration. This input acceleration
is then imparted to the proof mass, causing the proof mass and its associated movable finger structures to move in
response, following the direction of the applied force. Because the fixed fingers remain in place, the spacing between the
fingers varies, resulting in a change in capacitance. Acceleration is measured using the change in capacitance in this
framework [42-45]. As depicted in the middle and right portions of Figure 2, the second condition is shown.

Under zero-acceleration conditions (a=0) for the MEMS accelerometer, Figure 2 (left) illustrates the movable finger
resting in the midpoint between the fixed fingers. In this state, the left and right capacitances (C,) are equal, representing
the rest capacitance (Cy), and are calculated as follows:

_ €A _ eolNslyt

=C, = 1
C=Co=— == M
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whereas in Equation (1) € and N denote the air permittivity along with the count of sensing fingers, respectively. The
movable finger length and the MEMS accelerometer thickness are represented by Lrand t, respectively, whereas d denotes
the distance between the movable and fixed fingers. Let us assume a non-zero acceleration is applied to the MEMS
accelerometer; the fingers will move to the left or right by a non-zero displacement x, as shown in Figure 2 (left and
right). Due to the movement of the fingers, the distance between the fingers on one side becomes d + x, and subsequently,
the capacitance at this side becomes C;. On the other side, the distance will be reduced by x to become d-x, and
subsequently, the capacitance becomes C,. The values of C; and C, can be determined using equations 2 and 3,
respectively [46, 47].

EONSLft
T4t x 2
! d+x ()
€oNsLst
(=S o
Beam Fixed fingers

NI
L

Movable fingers

Figure 1. Single-axis MEMS accelerometer structure showing the proof mass, suspension beam, anchors, movable and
fixed fingers [7]

To maintain linearity, as one of the key requirements of an effective design, the displacement (x) needs to be
considerably less than the spacing (d) between the fingers. Moreover, maintaining the accelerometer's linear response
necessitates that the displacement induced by the applied acceleration remains within a 20% tolerance of the inter-finger
gap, denoted as 'd’. Simplified forms of the previously mentioned equations 2 and 3 can be expressed as:

€oNsLet  €oNgLst x

1:05f:05f(1__) (4)
d+x d d
€oNgLet  €9NgLst x

L = olVskf — olVskf (1 _) (5)
d—x d d

— Applied acceleration
a=0 a+0
Movable proof mass Movable proof mass —_ X

HH HH i

Cq Cy Cq Cz

-\ /- = /- ....... >
do+X  dy-X
Fixed fingers Movable fingers
(a) (b) (c)
Figure 2. Illustration of the working principle for a single-axis MEMS accelerometer. (a) Movable finger position at

zero acceleration. (b) Movable finger position under non-zero acceleration impacting the proof mass. (c¢) Displacement
of the movable finger resulting from applied acceleration [7]

Thus, when the accelerometer is subjected to a non-zero acceleration, a disparity arises between the capacitances C; and
C,. The resulting difference in these capacitances can then be calculated based on the equation provided below:
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AC =, -, ZWO_%_EON;W(HE) B
=26, %

where C, is the static capacitance.
2.2 Dynamic Modelling of MEMS Accelerometer

Vibratory transduction is the fundamental principle underlying the operation of the single-axis MEMS differential
capacitive accelerometer. The MEMS accelerometer comprises a single-degree-of-freedom vibrating system in which
anchor-fixed beams act as the supporting springs for the proof mass. The elastic beam serves as a spring, storing the
potential energy of the system, while kinetic energy storage primarily occurs in the proof mass. Neglecting the
aerodynamic drag, the vibration analysis of the accelerometer is conducted by considering it as a single DOF vibrating
system, where the proof mass is allowed to move in one direction [7, 45-47] (Figure 3).

When the single DOF vibrating system is subjected to external excitation, then different internal forces are generated
inside the system, such as inertial force due to acceleration of mass, spring force due to compression or expansion of
spring, and damping force produced as a result of material damping or viscous air damping. Mathematically, the force
balance in the x-direction will be written as

mi 4+ bx + kx = mg (8)

In the above equation, m represents the proof mass, b refers to the damping coefficient, and k represents the spring
stiffness. Moreover, the displacement of mass is denoted by X, and the external acceleration is represented by % . The
equivalent spring stiffness of the folded springs is computed by applying the following equation [7, 45-47].

| | |
(kg + k2 )x
k4 k, ky + ky |
y
T T T I
V4

X
k3 k4 k3 + k4
| | | | (s ha)x

Figure 3. The formulation of a mathematical framework for the vibrational analysis of a 3-axis capacitive MEMS
accelerometer [7]
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eq — L3
b
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In Equation (9), E and Wb represent the beam material's Young’s Modulus along with the beam's width, respectively.
Furthermore, t and Lb refer to the thickness and beam folded length, respectively. Once the beam stiffness is computed,
the sensing mass of the beam m is calculated by applying the following relationship

mg = pt[Wp Ly, + N WiLs] (10)

where p represents the density of the poly-silicon material. W, denotes the width of the proof mass in the single-axis
MEMS accelerometer. L., refers to its length. Also, Ny , W , and Ly the quantity of movable fingers along with the
specific width of each individual finger, and the movable finger length, respectively. To compute the resonant frequency
of the specific single-axis MEMS capacitive accelerometer design, the following formula is applied:

1 [Keq
fo 2w | mg an

In which f; is the frequency at resonance for the accelerometer, K, is the total spring constant, and mg is the sensing
mass. The displacement sensitivity of the single-axis MEMS accelerometer in the sensitive direction s4 can be determined
by the following relationship:

_ pt[Wi Ly + NeW, L] L5,

12
AEtW2 (12)

Sa

Two primary damping mechanisms affect MEMS structures. Structural damping arises from internal friction within
the material [48], while viscous damping results from air interaction at ambient conditions, depending on the fluid
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properties and device geometry [49, 50]. Squeeze-film damping occurs when pressure variations develop in the air gap
between closely spaced plates. The damping coefficient of a comb-type capacitive accelerometer is given by Equation

(13) [51].

3

bNitgd(5) (13)

whereas in the above equation (13), Hepr effective viscosity, /, represents the overlapping length, t denotes device
thickness, and d represents the gap between fixed and movable fingers. Two distinct damping components are associated
with the gap and anti-gap regions, and their cumulative effect is taken into account in the subsequent analysis.

2.3  CAD Modelling and Meshing of the Accelerometer

To achieve the set objectives of compact design, lightweight, and highly sensitive design, a comb-type single-axis
differential capacitive MEMS accelerometer is designed after a thorough literature review regarding the dimensions of
the beam, the gap between fingers, and the proof mass dimensions. Table 1 outlines the design specifications for the
MEMS accelerometer. The CAD model designed and simulated for the single-axis MEMS capacitive accelerometer
excluded fixed fingers. However, it featured four folded springs and a proof mass that included movable fingers.
Moreover, the presence of etch holes facilitates the timely release of the proof mass during its fabrication process. The
sensor's footprint and fabrication constraints are decreased by its straightforward design, which eliminates the need for
intricate wire bonding and electrical isolation. A different approach to this research is to create a MEMS accelerometer
using just one lithography stage. This strategy can lower expenses while improving process reliability.

Table 1. Design specification of the accelerometer

Parameter Value
Width of the beam (W) 2um
Length of the beam (L) 250um
Width of the mass (W,,) 70um
Length of the mass (L) 400um

Width of the movable finger (#)) 4um
Length of the movable finger (Ly) 680 um
Total number of sensing finger (N) 33

Thickness of the device () Sum

Anchor size 20 pm %20 pm
Outside device area 500 pm x 520pum
Hole diameter 10 um

Sensing mass (mg) 1.39 ng

Static capacitance 0.187 pf

Figure 4 (a) illustrates the CAD representation of the differential capacitive MEMS accelerometer design. Once the
CAD model is designed, the accelerometer's domain is meshed using the ANSYS Meshing tool, a process that divides
the complete, continuous geometry into a finite set of discrete elements. The Cubic mesh elements were used to generate
the mesh, and the impact of mesh element size was also analyzed, where the mesh element size was varied from Spm to
1 um. Figure 4 (b) and (c) display the meshed model of the differential capacitive MEMS accelerometer. Figure 4 also
provides a close-up illustration of the meshed model (b), showing that cubic mesh elements are used. Moreover, further
mesh details such as the total number of elements, total number of mesh nodes, and mesh orthogonal quality are shown
in Table 2.

(a) (b) (¢
Figure 4. (a) The isometric view of the three-dimensional CAD model of the single-axis MEMS capacitive
accelerometer (b) Meshed model of the MEMS capacitive accelerometer (¢) Zoomed view of the meshed model
showing the type of elements used to generate the mesh
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Table 2. Meshing parameters, specifying an element size of 1pm

Domain Solid
Type of element Cubic
Quality of orthogonality ~ 0.99383
Element quantity 611160
Node quantity 3022688

The present work considers that the single-axis MEMS differential capacitive accelerometer is made of polysilicon,
as numerous studies have utilized this material. Moreover, the mechanical properties of poly-silicon are presented as
follows [46]:

* Polysilicon's Young’s Modulus (E) =160 GPa
* Polysilicon's density (p) =2330 kg/m3
* Polysilicon's Poisson’s ratio = 0.22

2.4  Applying Loads and Constraints for Modal Analysis

Elastic structures vibrate under applied loads in the form of special shapes called mode shapes, each of which
corresponds to a natural frequency. In the current research, the natural frequencies for the first ten mode shapes are
identified through modal analysis. For modal analysis, after the material has been chosen and the meshing procedure has
been executed, the most important step in the FEM is to apply constraints and loads according to the problem's physics.
Before determining the natural frequencies of the differential MEMS accelerometer, it is necessary to calculate the
structural mass and stiffness. Once the design is completed and the material is selected, the parameters will be calculated.
The modal analysis doesn’t require any external load. The MEMS accelerometer is fixed at its anchors. Additionally, the
impact of air and material damping is neglected due to their negligible effect on the resonant frequency. The applied loads
and the constraints on the MEMS differential accelerometer are presented in Figure 5.

C: Modal
Modal

Frequency: N/A
1/23/2024 7:46 PM

Figure 5. Illustration of the constraints imposed for the accelerometer's modal analysis

2.5  Grid Independence Test

A grid independency test is carried out to evaluate how mesh element dimensions affect the element size on the FEM
results at the resonant frequency. For this purpose, different element-size meshes have been generated to obtain a mesh-
size-independent solution. The mesh element size ranges from 5 to 0.5 um, with an insignificant effect on resonant
frequency when reduced from 1 um to 0.5 um. Moreover, the results of GIT are plotted and presented in Figure 6, where
the number of elements is plotted on the x-axis and the resonant frequency on the y-axis. From the graph, a reduction in
mesh size is observed to correlate with a decrease in resonant frequency, leading to improved convergence towards the
theoretically computed value. Additionally, the effect of grid size on stress and deformation is examined. A reduction in
element size from 1.5 um to 1 um was implemented for this analysis. It is found that stress and deformation don’t show
significant variations; therefore, only the results of resonant frequency are presented here.

2.6  Static Structural Analysis

An analysis of the stress and deformation of a single-axis MEMS differential accelerometer is conducted to assess its
structural integrity. The stress analysis is performed, in which polysilicon material is selected for fabricating the MEMS
accelerometer. Moreover, the same mesh element size is employed in stress analysis. In the case of stress analysis, the
MEMS accelerometer was constrained at its anchor points, and acceleration loads of -50g and 50g were applied with an
interval of 5g. The study involves analyzing both ovm (Von-Mises stress) and tmax (maximum shear stress). Details
regarding the applied constraints and loads utilized can be found in Figure 7.
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3. RESULTS AND DISCUSSION
3.1 Modal analysis

This section presents the modal analysis and stress analysis to design a lightweight, compact and mechanically safe
accelerometer. The outcomes of the modal analysis, including resonant frequencies and their corresponding mode shapes,
are introduced first. To begin, the proposed accelerometer undergoes modal analysis to determine its resonant frequency.
Furthermore, the resonant frequency is also computed analytically according to Equation (2). The numerical simulation
results and analytically computed values of resonant frequency are presented in Table 3.

13000

4
12000 4

11000 —o— Resonant Frequency (Hz)

10000 +

9000 4

Resonant Frequency (Hz)

8000 +

7000 4

6000 T T T T
34362 57984 78904 224730 611160 722846

Number of Elements

Figure 6. Relationship between resonant frequency and number of elements (i.e, element size)

The comparison of numerical versus analytical values of the resonant frequency reveals that FEM overestimates the
resonant frequency; however, the percent error is estimated and found to be quite low. The deviation between analytical
and numerical values may be due to the assumption considered in the development of the vibration analysis model, the
discretization of the continuous domain into the discrete domain, and the applied constraints.

Three different patterns of motion for the elastic structure, known as mode shapes, are depicted in Figure 8 (a) - (¢).
The particular mode shape corresponding to the initial resonant frequency is shown in Figure 8 (a). An analysis of this
first mode shape indicates that during its resonant state, the single-axis MEMS accelerometer structure vibrates
predominantly in the x-direction. Figure 8 illustrates the mode shape corresponding to the y-axis (b), where the
accelerometer structure vibrates along the horizontal plane or oscillates along the y-axis. The corresponding frequency is
also presented in a contour. Moreover, the random mode shape is presented in Figure 8 (c) along with its corresponding
frequency.

Table 3. Comparative Data: Resonant frequencies determined from simulation and analytical computation

Parameter Analytical value  Simulation value % Error
Resonant frequency 7123 8332 14%

D: Static Structural
Static Structural
Time: 10.5
73072024 6:24 PM

[ Fised Support
|8 Fixed Support 2
[€ Acceleration: 981 m/s*

Figure 7. The boundary conditions employed for stress analysis of a single-axis MEMS accelerometer. The fixation of
the accelerometer occurred at two anchors, while the acceleration input was aligned with the length of the proof mass

The accelerometer experiences both structural damping and viscous damping during operation. To analyze the impact
of damping on the natural frequency of the system, the damping factor is calculated using Equation (13). Moreover, by
adding a damping effect, the resonant frequency of the damper decreases the acceleration by approximately 3% as
compared to the undamped resonance frequency.
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024 756 7

[ Pybna

[ Prsotnia

(b)

Figure 8. (a-c) First three consecutive vibration modes of the accelerometer

Table 4. Effect of damping on the resonance frequency

Undamped Damped Resonant % decrease in
Parameter
Resonant frequency frequency resonance frequency
Resonant frequency 8332 8096 3%

3.2 Stress Analysis

In this section, the results of stresses and deformations are presented and discussed for different values of applied
acceleration. The applied acceleration value varies within the range of -50g to 50g with an interval of 5g. The stresses
produced within the single-axis differential MEMS accelerometer don’t depend on the direction of applied acceleration;
therefore, the results of 6VM (Von Mises stress) and tmax (maximum shear stress) are presented only for accelerations
from 0 to 50g. Figure 9 plots the changes in ovm (Von-Mises stress) and tmax (maximum shear stress) as a response to
the applied acceleration. From the stress analysis results, it is found that both ovm (Von Mises stress) and tmax (maximum
shear stress) exhibit a linear relationship with acceleration. Moreover, the maximum cvm (Von-Mises stress) and tmax
(maximum shear stress) are approximately 3.05 MPa and 1.64 MPa, respectively, which are considerably below the
material's yield strength. Hence, the proposed accelerometer will remain safe at the applied acceleration value of 50g. In
addition, the designed accelerometer was also tested at an applied acceleration of 100g, and it was found that the stresses
were within the yield limit. Thus, the designed accelerometer is able to withstand higher applied accelerations and is safe
from the perspectives of strength and rigidity.

Additionally, the Von Mises stress distribution and maximum shear stress distribution are examined and presented in
Figure 10. The deformation contour is also investigated at the location of maximum deformation. From the Von-Mises
stress analysis results, it is found that the maximum stresses are produced within the folded beam of the MEMS differential
capacitive accelerometer. However, the magnitude of the maximum stresses produced within the proposed MEMS
accelerometer is considerably lower than the material’s yield limit. Moreover, the minimum Von Mises stresses are
generated within the proof mass and at the anchor points. The regions with the highest stress value are presented in the

zoomed view.
35

3 4 —+—\Von_Mises Stress (Mpa)
25 4 —— Max: Shear stresses (Mpa)

2 4

1.5 4

Stresses (MPa)

1 4

0.5 1

0

1] 5g 10g 15g 20g 25g 30g 35g 40g 45g 50g
Applied acceleration (g)

Figure 9. Stress distribution in the MEMS accelerometer at various applied acceleration magnitudes

3.3  Deflection and Mechanical Sensitivity Analysis

The variation of the deflection with the applied acceleration for the single-axis MEMS differential capacitive
accelerometer is depicted graphically in Figure 10. A plot has been generated showing the MEMS accelerometer's
deflection in its three principal axes (x, y, and z) versus applied accelerations spanning from -50g to +50g. The graph
clearly indicates that the greatest deflection occurs along the axis, which is attributable to the acceleration being applied
primarily in that same direction. Also, it can be observed from the graph that the deflection produced is in a linear
relationship with the applied acceleration; thus, it is confirmed that the applied load is within the elastic limit and the
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material follows Hook's law. On the other hand, the maximum deformation of approximately 181 nm is produced in the
x-axis direction. In comparison, a relatively low deformation of about 0.0145 nm is produced in the y-axis direction, and
approximately 1.03 nm deformation is produced in the z-axis direction. Besides, both theoretical methods and numerical
simulations are employed to analyze the accelerometer's displacement sensitivity.

[ Feosn

. 5.69260-8 Min

(@) (b)

©: Staic Structural

(c) (d)
Figure 10. Stress distribution over the MEMS accelerometer under applied acceleration (a) Von-Mises stresses
(b) zoomed view of stress concentration region (¢) Maximum Shear stress distribution
(d) deformation of the accelerometer in the x-direction

The sensitivity’s analytical value is determined via Equation (11). In contrast, the numerical value displacement
sensitivity is quantified as the proof mass's displacement relative to each unit of applied acceleration, i.e, the slope of the
displacement versus applied acceleration graph as presented in Figure 11. From the displacement versus applied
acceleration graph, it can be observed that a significant deformation occurs along the x-axis, while a very small
deformation is produced along the lateral axis. Moreover, the displacement sensitivity of the designed MEMS

accelerometer, as computed using equation (11), is 3.27 nm/g, whereas the slope of the deformation graph against applied
acceleration is 3.63 nm/g.

a00
£

—+—deformation (x) nm 150 1

deformation (y) nm
100 4

Deformation (nm)

¢ deformation (z) nm

* & 4+ *
10 20 30 40 E 4

acceleration in terms of (g)

200

Figure 11. Displacement traveled by the proof mass of the single-axis MEMS accelerometer as a result of applied
acceleration in the x-direction
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3.4  Capacitive Sensitivity Analysis

The proposed single-axis differential MEMS accelerometer is, in fact, a capacitive accelerometer. This section of the
study examines the capacitive sensitivity of the designed accelerometer, as illustrated in Figure 12. Similar to the
displacement sensitivity, the term 'capacitive sensitivity' refers to the slope of the graphical representation showing
capacitance alteration versus applied acceleration. This study, moreover, utilizes numerical simulation techniques to
approximate the capacitive sensitivity of the designed accelerometer. The following equation is used to calculate the
change in capacitance at various positions of the moving fingers.

e
AC = 2C, [— (13)
do_

pf)

Change in capacitanceinx- 0.015 4

direction
0014 £
@
oo
c
2
0.005 4 ©
5
T T T T T T T T T T
35 45 35 -25 15 5 5 15 25 35 45 55
-0.005 Applied acceleration (g)

-0.01 A

-0.015 A

002

Figure 12. Applied Acceleration vs. Capacitance Change (pF)

According to Equation 13, Cy represents the rest capacitance of the accelerometer at zero applied acceleration, do signifies
the capacitive gap, and x corresponds to the displacement resulting from the applied acceleration. The linear correlation
between the applied acceleration and the change in capacitance is evident from the corresponding plot. Thus, the slope
measured between any two points on this line reflects the capacitive sensitivity of the designed accelerometer, determined
to be 0.000339 pF/g.

3.5 Analysis of Cross-Axis Effects in Accelerometers

The proposed accelerometer's performance characteristics are determined through a comprehensive analysis of
multiple parameters, including its sensitivity, the upper limit of its operational range, nonlinearity, cross-axis sensitivity,
and resolution capabilities. In this context, the present study introduces a compact and lightweight single-axis MEMS
accelerometer for airbag application with an operating range of -50g to 50g. The displacement and capacitive sensitivity
were presented and discussed. This subsection details the analysis and presentation of the cross-axis sensitivity for the
designed accelerometer. Cross-axis sensitivity constitutes a crucial parameter in the performance analysis of a sensor. It
is defined as the displacement produced in the sensing direction resulting from acceleration applied along an orthogonal
axis [47]. The design objective for single-axis MEMS accelerometers is to accurately detect acceleration in a single,
specific axis, concurrently providing substantial stiffness against movements in the other two perpendicular directions.
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Figure 13. Cross-axis sensitivity performance of the proposed single-axis MEMS accelerometer under varying levels of
applied acceleration (g)

journal.ump.edu.my/ijame 13052



Quran et al. | International Journal of Automotive and Mechanical Engineering | Volume 22, Issue 4 (2025)

The accelerometer's substantial stiffness in transverse directions ensures that any applied load induces only minimal
displacement along these off-axis directions, leading to a negligible corresponding change in capacitance. To assess the
cross-axis sensitivity of the designed accelerometer, Figure 13 plots the displacement in all three axes resulting from
acceleration applied sequentially along each axis. As clearly illustrated by the graph, acceleration applied along the x-
axis generates significant displacement. Conversely, when acceleration is applied along the y or z axes, the resulting
displacements are very small, confirming the proposed accelerometer's high stiffness in directions orthogonal to its
primary (x-axis) sensing direction.

3.6  Shock Test Analysis of the MEMS Capacitive Accelerometer

To ensure the safety of the passenger's automobile, a shock test using an accelerometer is carried out by explicit
dynamics through the finite element method. To perform a shock test, a wall is positioned in front of the accelerometer,
and the accelerometer is set to impact the wall at a velocity of 1 x 10% um/s. Stresses and the deformation produced as a
result of the shock were determined. The applied boundary conditions for the shock test analysis are presented in Figure
14 (a). Moreover, the deformation and stresses produced within the designed accelerometer were presented in Figure 14
(a) and (b). The stress analysis results showed that maximum stresses were produced within the folded beam near the
anchors, with a value of approximately 294 MPa. Moreover, it was also found that the stress distribution within the
accelerometer was highly nonlinear in nature, and the stresses produced were lower than the yield strength of the material.
Thus, under this shock/impact velocity, the designed accelerometer will remain safe.
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(a) Applied boundary conditions in shock test (b) Deformation produced as a result of impact
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Figure 14: Shock test analysis at the impact velocity of 1x10® um/s (a) Applied boundary conditions in shock test
(b) Deformation produced as a result of impact (¢c) Von-Mises stresses produced as a result of impact

3.7 Effect of Environmental Conditions on the Structural Performance of Accelerometer

To analyze the effect of environmental conditions, i.e., temperature, on the performance of the MEMS capacitive
accelerometer, an initial thermal analysis was performed. Then, temperature variations within the accelerometer and heat
flux were transferred to the mechanical model for thermal stress analysis. The designed accelerometer was tested under
environmental conditions ranging from -50°C to 150 °C. The convection is applied to the upper side of the accelerometer
with a film coefficient of 15 W/m? °C under natural convection conditions. The MEMS acclerometer models with applied
boundary conditions and heat flux distribution are presented in Figure 15(a) and (b), respectively. Once the thermal
analysis is completed, the thermal loads are transferred to ANSYS Mechanical for stress and deformation prediction as a
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result of the applied environmental conditions. To determine stresses, the computational domain is discretised with a
similar element type and element size as used for thermal analysis to achieve higher mapping of imported loads. Then the
boundary conditions were applied to the MEMS acclerometer, where the acclerometer is fixed at both anchors to restrict
thermal expansion. The governing equations were solved using the FE method, and then stresses and deformation were
computed with the MEMS capacitive acclerometer. The poly-silicon material is used as a manufacturing material for the
MEMS capacitive acclerometer. From the stress analysis results, it can be observed that maximum stresses are produced
at the anchors due to the restriction of thermal expansion. Moreover, it was also observed that at approximately 150 °C,
stresses of approximately 170 MPa were produced within the designed accelerometer. Additionally, the stresses produced
within the designed accelerometer were lower than the yield strength of the material; thus, the designed accelerometer
will remain safe from a structural point of view up to 150 °C.
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Figure 15. Stresses produced due to environmental conditions, i.e., temperature (a) Applied boundary conditions in
thermal analysis (b) Total heat flux (c) Applied boundary conditions in thermal stress analysis (d) Von-Mises stresses
produced as a result of applied environmental conditions

Table 5. Comparison of the designed single-axis MEMS capacitive accelerometer with other reported MEMS

accelerometers
Reference Range (g) Sensor ?rea Mass Resonant Me.cl.lanical C.apa.citive
(mm?®) (ng) frequency (Hz) sensitivity (nm/g)  sensitivity (fF/g)

This work +50 1 1.4 8332 3.63 0.339

[13] 12-75 2.72 -——- 1774 9.2 7

[52] 10 2.48 60.44 4270 13.9 80

[53] 10 1 32 2870 29.8 15.51

[54] 5 13.35 99 1500 121 225

[55] 5-10 4 59 4255 13.6 35

[56] +8 16 60mg 100 — e

4. CONCLUSION

This study presents the design methodology and subsequent performance evaluation of a single-axis capacitive MEMS
accelerometer. The accelerometer is designed for airbag applications, where the operating acceleration usually ranges
from -50g to 50g. The accelerometer design parameters were selected after a detailed literature review to design a
compact, lightweight, and highly sensitive single-axis MEMS accelerometer. The proposed compact MEMS capacitive
accelerometer has a compact footprint of less than 1 mm % 1 mm and weighs about 1.4 pg. The accelerometer's weight is
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reduced by introducing small holes in the proof mass; these etching holes help in the manufacturing process, allowing the
proof mass to be released at the appropriate time.

Modal analysis indicates that the designed accelerometer exhibits a resonant frequency of approximately 8.3 kHz.
When compared, the simulation and analytical results show a deviation of no more than 15%. To evaluate the structural
integrity of the designed accelerometer, a stress analysis is conducted, revealing that the stresses produced for the applied
envelope of acceleration values are substantially below the yield strength of the constituent material. The maximum cvm
(Von-Mises stress) and tmax (maximum shear stress) experienced by the designed accelerometer are approximately 3.05
MPa and 1.64 MPa, respectively. The designed accelerometer has a mechanical sensitivity of 0.00363 pg and a capacitive
sensitivity of approximately 0.000339 pF/g. Stress analysis results indicate that the proposed accelerometer can withstand
accelerations between -100g and 100g without structural failure. Moreover, the study also tested a designed accelerometer
under collision conditions, i.e., impact velocities of 1x10° um/s, and the results found that the designed accelerometer
remained safe under these conditions. The study also investigated the impact of surrounding temperatures on the
performance and structural integrity of the designed accelerometer up to 150 °C. It was found that the designed
accelerometer will remain safe under the aforementioned conditions.

Table 5 presents a comparison of the key performance parameters of the designed accelerometer with those of
commercial and academic MEMS-capacitive accelerometers. From the table, it can be seen that the designed
accelerometer is highly compact, lightweight, and capable of measuring acceleration over a wide range with comparable
sensitivity. Another key advantage of the proposed MEMS-capacitive accelerometer is its simple design, holes over the
proof mass significantly increase manufacturability and reduce the manufacturing cost of this miniature-sized device. In
contrast, the recently reported literature on MEMS-capacitive accelerometers has a significantly large device area, weight,
and a low acceleration measurement range. Moreover, the sensitivity of the proposed accelerometer is low; it may be
enhanced in the future. Moreover, in future studies, fluid-structure interaction analysis will be used to understand the
interaction between air and the device structure, enabling the precise prediction of the damping characteristics of air.
Furthermore, optimization methods may be employed to optimize the performance of the MEMS-capacitive
accelerometer.
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