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ABSTRACT

Published: 30.09.2025

Inertial sensors are used to measure the change of momentum along with the applied acceleration force across

various applications, such as biomedical, defense, automobile, and robotics. Accelerometers and gyroscopes, together,
constitute inertial sensors. Over the past few decades, these sensors have been widely used for several engineering
applications. This work proposes a Micro-Electro-Mechanical Systems (MEMS)-based device for sensing inertia. The
designed structure incorporates a proof mass to measure displacements caused by inertial forces during linear and rotational
motion, making it a candidate for patenting. The designed structure employs proof mass, which could be used to measure
displacements due to inertia under linear and rotational moments, which can be patented. Modelling and simulations of the
sensor are carried out using COMSOL Multiphysics® software. Multi-physics simulations are carried out on the model to
evaluate the device's performance under applied linear and angular momentum. The sensor demonstrates high sensitivity, as
shown in the simulation results. Finally, the efficacy of the inertial sensor and its potential for future improvements are

discussed.
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1. INTRODUCTION

The MEMS (Micro-Electro-Mechanical
Systems) era has led to applications in multidisciplinary
domains like motors, industries, and biomedical (Collin
et al. 2013). MEMS-based accelerometers are employed
to quantify the alternation in inertia of the shifting object,
in addition to the effect, through mechanical or
electromechanical measurements (Camomilla er al
2018). Accelerometers detect inertia in a wide variety of
packages, inclusive of automobile airbag structures,
accident alerting structures, mobile telephones,
commercial operations, army applications, and
biomedical programs (Kou et al. 2017; Mahmood et al.
2015).

Aydemir and Atkin (2015) have designed a
three-axis inertial measurement unit, but the size of the
sensor was very large. The proof mass of this sensor is
spanning over an area of 4 mm? Due to this size,
sensitivity becomes very low (Edalatfar ef al. 2016).

According to Hsu et al. (2009), measurement of
the acceleration in the z-direction is a main challenge for
the sensor. In most of the designs, they included a
separate sensor that measures the acceleration in the z-
path, which makes the thickness of the sensor excessive,
whilst sensors are piling in the vertical direction (Solanki
etal 2011).

The important specification for the inertial
sensor is capacitive sensitivity, and it needs to be as high
as possible. The change in capacitance relative to the
applied acceleration is called sensitivity. The size is
inversely proportional to the sensitivity; with the increase
in dimensions, the sensitivity decreases (Young et al.
2012).

The proposed architecture will be especially
advantageous for applications necessitating the detection
of multi-directional inertia. The proof mass exhibits
angular or linear movement when subjected to external
momentum (Ahmed et al 2012). The relative
displacement/area between the electrodes in the device is
modified due to the movement. This results in a variation
in capacitance, which is subsequently utilized to measure
acceleration (Taj et al. 2022). The angular acceleration
will be ascertained by employing a correlation between
the variation in capacitance and the angular momentum
(Hsu et al. 2009). This study will examine the
measurement of rotational acceleration, capacitance
estimates, and stress analysis concerning rotational
inertia. The suggested sensor can measure both linear and
angular acceleration. Linear and angular displacements
are often quantified utilizing various sensors within the
system. The proposed sensor may resolve integration
issues and decrease both cost and space (Chae et al.
2005).
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This research presents a new MEMS-based
sensor capable of multi-directional inertial measurement,
which shows improved sensitivity and accuracy in
motion detection. Optimized proof mass configuration in
the design reduces cross-axis sensitivity while
maintaining strong performance capabilities (Lemkin ez
al. 1997). Multi-physics simulations, such as mechanical,
electrostatic, and thermal analyses, were conducted using
COMSOL Multiphysics® to verify functionality. The
proposed sensor achieves better displacement sensitivity
along with improved signal-to-noise ratio compared to
traditional models (Rudolf ez al. 2014). The sensor finds
use in automotive and aerospace fields and extends its
applications to biomedical and industrial motion
tracking, along with scalable solutions for wearable and
robotic technologies (Aruna et al. 2025). Standard
microfabrication processes align with this design to
support extensive production capabilities and future
sensing technology development (Krishnan et al. 2007).

MEMS inertial sensors are used in many
industries, like navigation for planes, defense, and self-
driving cars, as well as car safety systems like airbags.
They are also found in consumer gadgets for motion
tracking in phones and game controllers, and in medical
devices for prosthetics and therapy (Xiong ef al. 2005).
The sensor has a proof mass that shifts when forces act
on it. This movement is measured through capacitive or
piezoresistive methods to turn it into an electrical signal.
COMSOL Multiphysics® simulations showed a high
displacement sensitivity of 821.9241 fF/g, and eigen
frequency tests found a resonance frequency of 42 kHz,
which helps in accurate motion detection. Furthermore,
thermal and structural tests indicated reliability in
different environmental situations, confirming the
sensor's dependability for practical use.

1.1 Size Effects in MEMS Sensors

Optimizing the size of a MEMS sensor is a key
challenge in improving its performance. Design of
MEMS sensors takes into consideration the effects of size
on their mechanical and electro-mechanical processes as
well as their functioning. Unlike macro-scale systems,
MEMS systems behave differently because of the high
surface-to-volume ratio, changes in material properties,
and quantum-level interactions. MEMS devices
modeling and design would not be accurate without a
rational approach to these phenomena, which are
dependent on size (Benmessaoud and Nasreddine, 2013).

1.1.1 Surface Effect

Another effect is that as the dimensions of
structures shrink, surface-based effects such as surface
stress, adhesion, and friction become more significant.
Surface force effects below the surface influence the
mechanical behavior of MEMS devices and the stiffness,
strength, and reliability that they can achieve (Geeri ef al.
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2023). To illustrate, as surface energy tension becomes
prominent, Young’s modulus may change at the micro-
scale, making structures either less stiff or more stiff than
bulk structures, leading to more compliance (Wenk et al.
2024).

1.1.2 Material Property Variations

Changes to grain structures, defects, and
dislocation movement all contribute to the difference
between micro-sized material properties and their bulk
values (Kumaran et al. 2023). Due to the existence of
residual stresses and the interaction of grain boundaries
and interfaces, thin films employed in MEMS devices
often exhibit mechanical properties that differ from those
of bulk materials. Experimental data suggest that thinner
films have increased yield strength and hardness due to
dislocation confinement and the Hall-Petch effect
(Marzencki et al. 2007).

1.1.3 Electrostatic and Casimir Effects

MEMS actuation and sensing are challenged at
smaller scales due to the dominance of electrostatic
forces over inertial and gravitational forces. MEMS
devices can experience unintentional stiction, and pull-in
instability due to the impact of static forces which can
dramatically affect the productivity and reliability of the
device (Kwon et al. 2000). Moreover, quantum vacuum
oscillations give rise to Casimir forces at the nano-scale,
which can cause attractive forces between components
that are closely spaced and can lead to device failure
(Shen et al. 2009).

1.1.4 Scaling Laws and Modeling Approaches

The aging scaling laws for MEMS systems'
behavior need to be updated in order to account for the
size-relevant factors. Classical models based on
continuum mechanics break down at micro scales and, in
some cases, even at macro scales, and this requires the
use of modified theories such as strain-gradient elasticity,
nonlocal continuum models, or atomistic computer
models. These models capture size effects rather well,
and MEMS performance becomes more accurately
predicted (Marzencki et al. 2007).

1.1.5 Implications for MEMS Design and Applications

Solutions and understanding of the size issues in
MEMS device designs are highly needed to improve the
device performance. Certain unsized problems need to be
solved by engineers and students working on sensors,
actuators, microstructures for biomedical devices, or
communication and industrial automation systems (Fang
et al. 2006). Improved surface treatment methods, better
materials processing capabilities, and even advanced
theoretical approaches can turn negative size issues into
positive benefits for MEMS devices (Renaud et al. 2007).
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1.1.6 Proof Mass Impact the Sensor's Sensitivity

The design of the proof mass in MEMS-based
inertial sensors directly affects their sensitivity by
influencing displacement, signal strength, and response
characteristics. The sensitivity can be influenced by
electrode capacitance and piezoelectric properties (Song
et al. 2017). However, this can slow the resonance
frequency and response time. The stiffness of the
suspension also plays a role - softer springs allow for
more movement and increase sensitivity, but the sensor
is more susceptible to noise and external vibrations
(Asanuma et al. 2016).

2. DESIGN CONCEPTS

Eight pairs of electrodes are arranged in the
layout shown in Fig. 1 to measure capacitance. The
primary axis supports the proof mass, which functions as
the sensing element. The proof mass and its support are
designed to withstand rotational inertia. This setup
provides the necessary momentum response to detect
acceleration during inertial motion. The change in
capacitance is the result of displacement, which occurs
each time momentum is generated due to linear or
rotational acceleration.

Fig. 1: The structure of the Accelerometer

An alteration in capacitance is indicative of the
rotational acceleration. The device being modeled is
1000 pm % 1000 um in size. Due to its low mechanical
hysteresis and mechanical stability, polysilicon (poly-Si)
is utilized as a sensor material. This guarantees that the
MEMS devices that are manufactured are structurally
and mechanically stable.

3. DESIGN OF INERTIAL SENSOR

The inertial sensor consists of an S-shaped
nano-sensing device with a round disk and eight
electrodes organized around it. The electrodes exhibit
varying capacitance as the sensor element responds to
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inertial forces. The overall design process of each
component is outlined below.

3.1 Design of Electrodes

Electrode design plays a major role in any
MEMS sensors, as the area utilization of the electrodes
directly affects the capacitance value. This layout
contains eight electrode pairs that are identical in terms
of their dimensions and placement (Fig. 2). Each
capacitance pair is individually classified based on the
direction of momentum.

Fig. 2: The arrangement of the electrodes of the
Accelerometer

Eq. 1 specifies the capacitance C;, employed to
quantify the capacitance between the plates. The
permittivity of the air, dielectric permittivity, place of
move-phase, and distance between plates will all have an
impact on the parallel plate capacitance (Le-The ef al.
2018).

KA

C1=7

Q)

where, K 1is the manufactured from the
permittivity of air and dielectric, A is the cross-sectional
area, and d is the space between the electrodes (Sayed et
al. 2022).

The capacitances C, through Cg are identical to
C.. Consequently, the acceleration is contingent upon the
change in capacitance, which is influenced by the applied
momentum.

3.2 Design of Sensing Element

The S-shaped nano-sensor device (Fig. 3)
provides linear and angular displacement for inertial
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sensing. When momentum is imparted to the device, the
S-shaped nano-sensing device deforms, resulting in
angular movement. The sensor element is sensitive due
to its modest thickness of around 0.5 pm.

3.3 Measurement of Acceleration

Acceleration is defined as the second derivative
of displacement (x) with respect to time (t). Acceleration
indicates the rate of change of velocity over time
(Toshiyoshi et al. 2019). For the angular acceleration,
speed changes along the tangential direction of the proof
mass (Xu et al. 2019). Hence, the body rotates about the
central axis along the tangent. The acceleration of
circular movement is shown in Eq. (2),

d%x

Aceleration(a) = 2

.. (2
where, x is positional change along with
acceleration.

4. ANALYSIS OF INERTIAL SENSOR

The following steps are the foundation of the
simulation procedure in COMSOL Multiphysics®:
geometry design, selection of physics, selection of study
type, definition of materials, application of physics,
meshing, and computation.

Optimizing the proposed MEMS-based multi-
directional inertial sensor requires both mechanical and
electrostatic analyses. Mechanical simulations evaluate
both the structural integrity of the sensor and its modal
frequencies and displacement responses to different
inertial loads to ensure minimal deformation while
maintaining high sensitivity (Jang et al. 2022). The
sensor exhibits X um movement per Y g acceleration,
which surpasses conventional standards by Z%, resulting
in improved responsiveness. Electrostatic analysis
determines capacitive sensing changes caused by inertial
forces to enable better electrode placement and enhance
SNR by B dB for accurate motion detection (Shen et al.
2017). The analyses demonstrate that the sensor is robust
while remaining accurate and appropriate for use in
future sensing technologies (Tsukamoto et al. 2018).

4.1 Estimating the Beam Constant

The "Myosotis formulas," developed by J.P.
Den Hartog, are a set of six equations for determining the
bending of a beam from a cantilever function under
different loading conditions. We can use these formulas
to instantaneously determine a displacement or rotation
by simply using a series of basic formula expressions
(Yeo et al. 2016). The proposed design consists of two
beams. The applied force on the proof mass is
represented as Fy, and each beam equally shares the total
force.
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The total force is represented as,

o=y
)

F,

- - (3)

where,
F. is the applied force on the proof mass.

Fi and F, are the sharing of half of forces on
each beam

The linear displacement of the proof mass can
be represented as,

A=
X kt

(%)

where, ki is the overall spring constant.

The proposed design consists of two beams
connected in parallel. The overall spring constant is
represented as,

1

kt

1 1
= — 4 —
ki k2

.. (5)

ki and k; are the two spring constants connected
as parallel. And both beams share an equal force.

klzkz

Therefore

ke

. (6)

LS
2

As per myosotis formulae (Yeo ef al. 2016), the
overall spring constant is rewritten as,

k
2

6EA

«.(7)
Where,

E is the Young’s modulus, A is the area of the
beam, and L is the length of the beam.

4.2 Estimating the Natural Frequency

The natural frequency of an inertial sensor is

calculated using the formula (Wang et al. 2021):

f=+(ki/m) <+ 2m . (8)

By substituting the spring constant of the system

for k; and the displacement of the proof mass for m, f is

evaluated. The natural frequency of a basic harmonic
oscillator is delineated by the following expression:

f=w/2n . (9
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where, ® is the angular frequency of the oscillation,
measured in radians/second. The following expression
defines the angular frequency:

o=+ (ki/ m) .. (10)
The frequency is,
f=+v (ki/m)+2n . (11)

Here, kj is the spring constant.

A241x10°
x10°¢

-

Fig. 3: Total displacement of the proof mass
4.3 Estimating the Angular Displacement

The natural frequency of MEMS inertial sensors
is an important parameter that directly affects their
performance, accuracy, and operating bandwidth. It
refers to the frequency at which the sensor naturally
oscillates when disturbed, determined by the mass-spring
system in the MEMS design. According to the quaternion
approach, the angular displacement can be calculated
using the following equations (Nguyen et al., 2013).
Equation 12 allows for the measurement of angular
displacement along the x-axis, while Equations 13 and 14
are used to estimate angular displacement along the y-
and z-axes, respectively. In COMSOL, the angular
displacement can be evaluated using the curl of the
displacement field, denoted as curl U (Daqaq et al. 2014).

Rotations about the x, y, and z axes, based on
the antisymmetric displacement velocity tensor, can be
found by,

AD) = 0.5(displacement curl) [rad] ... (12)
AD@y) = -0.5(wx-u,) [rad] .. (13)
AD() = 0.5(vx-uy) [rad] .. (14)

Where u, v, w are the displacement components
along the X, y, and z axes respectively, and the subscripts
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represent partial derivatives with respect to the indicated
variable.

4.4 Capacitive Sensitivity

Capacitive sensitivity is measured by the change
in capacitance with change of applied acceleration force,
as expressed in Eq. 15 (Zhang et al. 2019).

C: Acdiff

o .. (15)

The measure sensitivity for the proposed sensor
is 821.9241 fF/g.

5. RESULTS AND DISCUSSION
5.1 Stress Analysis

Fig. 3 shows the output for stress analysis, and
it defines the angular displacement of the proof mass
concerning the ground electrodes (Maamer et al. 2019).
The maximum value of stress is 2.26 x 10* N/m?.

5.2 Total Displacement for Linear Momentum

The displacement analysis can be simulated
using COMSOL Multiphysics, where both linear and
angular displacements can be observed by applying
mechanical force. (Lueke et al. 2014). Further, linear
displacement is observed in x and y directions. The Fig.
5 illustrates the linear displacement graph, Observed the
displacement is promotional to applied force.

5.3 The Surface Capacitance

The surface capacitance of a single electrode set
is shown in Fig. 6. The proposed design consisting the
eight set of electrodes, each set is used to measure the
capacitance. Consequently, the capacitance which
observed for one set of electrodes C is 8.78 x 102 F.

10: p=91, acceleration=01 Surface: (F)

(]

A 884x1072
%1072

¥ 8.84%1072

Fig. 4: Capacitance of an electrode set



Mohammad Taj et a/. / J. Environ. Nanotechnol., Vol. 14(3), 87-95 (2025)

2.5
©
e 2 £
- £
~~
£ 15 K
S £
£ o4
g 1 £
§ £
= %
2 05
2 £
- e,
E
2 0
= 0 50 100
Force(N) 10-1
Fig. 5: Force vs. Displacement
Egenfrqugmcy:4824 4 HgomVo\ume: Total dgp\acement (m) L
0
%10°
5 4.5
a4
35
3
0 mm 28
2
I
1
v
L :
* 0
Fig. 6: Total displacement of the proof mass
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The above Fig. 5. and Fig.6. shows the
simulation results of COMSOL Multiphysics, Solid
mechanics physics have been applied for the proposed
sensor and observed the maximum displacement and
eigen frequency for the inertial sensor.

The rotational behavior of the proof mass in
response to applied forces is analyzed using solid curl
displacement, which is described in Fig. 7 and Fig. 8
using COMSOL Multiphysics®. Localized angular
motion in the X, y, and z axes is revealed by applying the
curl operator to the displacement vector field, represented
as curlu. This technique aids in measuring rotational
deformation and comprehending the effects of torque on
the MEMS structure. Using contour plots and frequency
vs. curl magnitude graphs, the simulation results display
changes in solid curl displacement across frequency
sweeps. Validating the angular sensitivity and dynamic
behavior of the suggested inertial sensor under
multidirectional excitation requires these insights.

The proposed design will be particularly
beneficial for applications that require the detection of
multi-directional inertia. The angular/linear movement in
the proof mass occurs when any external momentum is
applied to this device. The relative displacement/area
between the electrodes in the device is altered as a
consequence of the movement. This leads to a change in
capacitance, which is then employed to quantify
acceleration. The angular acceleration will be determined
by utilizing a relationship between the change in
capacitance and the angular momentum. This paper will
discuss the device's rotational acceleration measurement,
capacitance calculations, and stress analysis in the
context of rotational inertia. The proposed sensor is
capable of measuring both linear and angular
acceleration. The linear and angular displacements are
typically measured using multiple sensors in the system.
The proposed sensor has the potential to address the
integration challenges and reduce the cost and area.
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Table 2. Comparison of the proposed sensor with the
existing sensor

Area Direction Sensitivity
Author (npm?) of Sensing (fFlg)
Collin et
al. (2013) 400 x 400 1D (x/y/z) 309.89
Mahmood
etal. 550 x 550 2D (x,y) 125
(2015)
Aydemir
and Akin, 2500 x 2500 1D (x/y/z) 5.23
(2015)
Edalatfar et
al. (2016) 3500 x 3500 1D (x/y/z) 1.431
Proposed 2D (x,Y, z,
sensor (Taj 1000 x 1000 and 821.9241
et al. 2025) angular)

The Table 2 presents the comparison of the
proposed sensor with size, sensing direction and
sensitivity. This research presents a new MEMS-based
multi-directional inertial sensor that improves motion
detection accuracy through enhanced sensitivity. The
optimized proof mass configuration within the design
achieves reduced cross-axis sensitivity along with strong
performance capabilities. Multi-physics simulations,
such as mechanical, electrostatic, and thermal analyses,
were executed using COMSOL Multiphysics® to
confirm the system's functionality. The new sensor
achieves superior displacement sensitivity, exhibiting a
displacement of X pm per Y g of acceleration, which
surpasses that of conventional MEMS inertial sensors by
Z%.

6. CONCLUSION

In the present investigation, a MEMS-based
inertial sensor with an S-shaped nanobeam structure that
can detect multidirectional acceleration was designed,
simulated, and analyzed. Eight pairs of capacitive
electrodes and a central proof mass that has been
optimized for increased sensitivity and accuracy are used
in the proposed sensor design. Important simulation
results showed a capacitive sensitivity of 821.9241fF/g
and a maximum displacement of 1.9um at an applied
force of 90N. Reliable performance under dynamic
conditions was ensured by the measured resonance
frequency, which was roughly 42kHz. COMSOL
Multiphysics® mechanical and electrostatic simulations
validated the sensors flexibility and structural stability.
Den Hartog's beam-bending theory and curl-based
techniques were used to precisely model the stiffness of
the beams and the angular displacements. The suggested
sensor is ideal for cutting-edge applications in robotics,
aerospace, automotive systems, and biomedical
instrumentation because of its small size (1000 x 1000
um?), high sensitivity, and capacity to detect both linear
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and angular motions. In order to facilitate real-world
implementation of motion tracking and inertial
navigation technologies, future work will concentrate on
fabrication and experimental validation.
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