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1. INTRODUCTION

The development of micro-electromechanical system (MEMS) technology has introduced numerous
new consumer and industrial applications, with inertial measurement being one of its most crucial application
areas [1], [2]. An inertial sensor serves as device that can measure inertia, which generally consist of two
types, accelerometers which is used to detect the exact magnitude of direction and acceleration (or g-force),
and gyroscopes which is used to measure angular speed [3]. Basically, accelerometer and gyroscope can be
modeled as a system consisted of a proof mass, spring and damper [4]. Capacitive accelerometer with
perforated proof mass structure has been widely used because it reduces air attenuation and significantly
improves sensor performance [5]-[7]. Vibrations of mechanical elements which is also formed in proof mass
are utilized by gyroscopes to detect rotation.

MEMS gyroscopes are classified into several structures, such as gimbal gyroscopes, tuning fork
gyroscopes, vibrating ring gyroscopes, and solid-state gyroscopes [8]. Among these, tuning fork gyroscopes are
mostly favored due to their superior performance, which is attributed to their planar structure facilitating large-
scale manufacturing, effective common-mode rejection, and low power consumption [9]-[11]. However, achieving
high sensitivity in tuning fork gyroscopes remains a significant challenge for optimal performance [12], [13].

Inertial sensors have been widely employed to deliver precise position and motion measurement
solution across numerous key sectors, such as aerospace, robotics, healthcare, power electronics,
neurotechnologies and portable devices [14]-[19]. The diversity of these applications results in different
requirements on inertial sensors regarding accuracy, size, power consumption, and cost [20]. With the
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increasing demand in MEMS technology, it is crucial to consider various factors affecting MEMS device
performance, such as surface tension, viscosity, squeeze film damping, and residual stress [21].

Stress on micro-electromechanical systems (MEMS) sensors can lead to reduced sensor accuracy
[21], [22]. MEMS sensors might undergo a shift in the output signal (offset) due to thermomechanical
stresses caused by the packaging assembly process and external loads applied during operation [23], [24].
Modeling and simulation to minimize stress-induces offset drift is critical to achieving high precision in
accelerometers, gyroscopes, and other MEMS devices [25]. Although thermomechanical stress is known as
the source of error in MEMS devices, the role of material and thickness variations in enhancing MEMS
device performances is not fully explored. This research aims to address the challenges by focusing on the
stress behavior in tuning fork gyroscopes inertial sensors. Specifically, it simulates and analyzes how
material properties and sensor dimensions affect stress distribution, with the goal of minimizing stress-
induced errors. By optimizing the design, particularly with the inclusion of a perforated proof mass to reduce
damping, this study contributes to enhancing the precision and reliability of MEMS sensors used across
various industries.

2. METHOD
2.1. Device design

Figure 1 illustrates the process of developing inertial sensor. The primary component of the inertial
sensor consists of three parts: the proof mass, the hole, and the arm, as shown in Figure 1(a). Table 1
demonstrates the structural dimensions of the inertial sensor. The total dimensions of this device are 150 in
length, 190 mm in width, and 10 mm in height. The device was designed using FreeCAD software, then
imported into Salome software to generate mesh. The design was categorized into several groups:
GroupGFix, GroupGTop, GroupGothers, and Group_all, as shown in Figure 1(b). GroupGFix, shown in
orange, represents the stationary part of the sensor. GroupGTop, shown in blue, represents the part of the
sensor where stress will be exerted. Meanwhile, the GroupGothers, shown in green, are groups other than
GroupGFix and GroupGTop. Once the mesh was created, all parts are grouped.

Table 1. Structural dimensions of inertial sensor
Sensor structure  LengthxWidthxHeight (mm)

Box (Proof Mass) 150x150%10
Hole box 6x6x10
Arm 145%20%10

Figure 1. The design of inertial sensor: (a) inertial sensor structure and (b) the mesh creation using salome

2.2. Simulation method

ElmerGUI is an open-source finite element software designed for multi-physical problems.
This software serves to provide treatment to inertial sensors. Figure 2 presents the design and meshing
process carried out in EImerGUI, which corresponds to the mesh generation conducted in Salome software.
Figure 2(a) illustrates the meshing of the sensor’s structural design, detailing various boundary groups:
GroupGTop represents the top and bottom part of inertia sensor, where stress will be exerted Figure 2(b),
GroupGothers include all regions except the top and bottom parts Figure 2(c), Group_all represents the entire
sensor Figure 2(d), and GroupGFix correspond to fixed area of the inertia sensor that remain stationary
Figures 2(e) and 2(f). The linear elasticity equation was set to calculate the stress value on the object.
The equation setting is shown in Table 2, the value of stress body force was formulated in (1), and thus,
the body force applied on the object is expressed in (2). The material used for the inertial sensor was silicon.
The parameters used for silicon materials are shown in Table 3. In order to arrange the object surface that
will be treated, the boundary condition need to be set.
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Figure 2. The design of the inertia sensor and meshing group: (a) the complete structure of the inertia sensor
(b) boundary GroupGTop, (¢) boundary GroupGothers, (d) group_all, and (e)-(f) boundary GroupGFix

Table 2. Equation setting in EImerGUI software

Equation Configuration in EImerGUI

Solver 1

Equation = Linear elasticity

Procedure = “StressSolve” “StressSolver”
Variable = -dofs 3 Displacement

Calculate Loads = True

Calculate Stresses = True

Exec Solver = Always

Stabilize = False

Bubbles = False

Lumped Mass Matrix = False

Optimize Bandwidth = True

Steady State Convergence Tolerance = 1.0e-6
Nonlinear System Convergence Tolerance = 1.0e-7
Nonlinear System Max Iterations = 1

Nonlinear System Newton After Iterations = 3
Nonlinear System Newton After Tolerance = 1.0e-3
Nonlinear System Relaxation Factor = 1

Linear System Solver = Iterative

Linear System lterative Method = CG

Linear System Max Iterations = 200

Linear System Convergence Tolerance = 1.0e-6
Linear System Preconditioning = ILUO

Linear System ILUT Tolerance = 1.0e-3

Linear System Abort Not Converged = False
Linear System Residual Output = 1

Linear System Precondition Recompute = 1

End
Table 3. Material parameter
Material Parameter Value
Silicon Density 2.330 g/cm®
Youngs modulus 190 Gpa
Poisson ratio 0.27
Stress body force  2.2834 x 1078 uN/um?
Germanium Density 5.323 g/cm®
Youngs modulus 103 Gpa
Poisson ratio 0.26
Stress body force  5.2165 x 1078 uN/um?
Galium Arsenide Density 5.318 g/cm®
Youngs modulus 85.5 GPa
Poisson ratio 031

Stress body force  5.2136 x 1078 uN/um?
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The value of stress body force was in (1).
Stress Body Force = Gravity Force x Density Q)
Thus, the body force applied to the object is expressed in the (2):

Stress Body Force = 9.8 m/s?x 2330kg/m3 )
Stress Body Force = 22834 kg/s?m?

Because the stress input was influenced by gravitational forces, the value of volume forces was
applied to the z-axis. The negative sign indicates the opposite direction. The pressure was set to 0 which
indicates no isotropic pressure on the body sensor.

3. RESULTS AND DISCUSSION

Von Mises stress is the stress level that leads to material failure when the material experiences
triaxial stress which produces strain energy. Failure occurs when the strain energy from the triaxial stress is
equal to the strain energy observed in a standard tensile test of the material’s yield point. Basically, stress is
defined as the force exerted per unit area, as shown in (3).

P12
o= C? (3)
G stress
C: constant
P: pressure

I: structure length
h: structure thickness

The linear elasticity equation can be used to determine the stress generated within an object. Elmer
software provides a graphic user interface (GUI) that allows users to view desired responses and capable of
demonstrating the solution of linear elasticity equation on a 3D object. In this case, the 3D object is an inertial
sensor commonly used in MEMS sensors. Mathematically, the stress equation can be described in (4) and (5).

Tl = Ciklg, — BU(T —T,) 4
) = AV. W+ u(V.u+ (V.u)) (5)

where ¢ is the strain and C is the elastic modulus. The parameters to be considered in the material selection
are density, Young’s modulus, and Poisson Ratio.

Yk
A= G ©
Y
H= St Q)

where Y is Young’s modulus, k is Poisson’s ratio, A and p are material forming parameters.

Based on the (6) and (7), it is evident that the stress level can be affected by both the type of material
and the thickness of different structures. Therefore, this paper will discuss how the material and thickness of
the inertial sensor impact the resulting stress.

According to simulation results using Elmer software, the maximum stress value (in red) was
9.35x10* MPa, the optimal stress value (in green) was 4.68x10* MPa, and the minimum stress was (in blue)
7.47x107 MPa, as shown in Table 4. Simulation results demonstrate in Figure 3 that the stress part was on
the arm. Once a force is applied to the sensor, displacement occurs and stress appears in the sensor. Since the
portion of the sensor that remains stationary is in the sensor arm, stress also appears in the sensor arm, as
shown in Figure 3(a). This occurs because the sensor arms experienced tension to prevent movement.
Moreover, the stress was concentrated at the ends of the sensor arm due to the fact that the smaller the cross-
sectional area, the greater the stress experienced. Figure 3(b) illustrates the convergence graph of simulation
results, it can be seen that to reach the linear state it takes up to the 6th iteration.
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Figure 3. Von Mises stress simulation of: (a) inertial sensor at 10 mm thickness and (b) convergence history
of silicon inertial sensor

3.1. Material modification simulation
In inertial sensors, the material used is the key factor that affects stress. Therefore, we tried to

simulate the inertial sensor using different materials, as shown in Figure 4. The von Mises stress simulation
results for different materials used in the sensor structure highlight the specific material stress distribution
that is concentrated in the sensor arms, as illustrated in Figures 4(a)-(c), respectively, for silicon, germanium,
and gallium arsenide. Table 4 and Figure 4(d) demonstrates the simulation results of material modification.
The minimum stress of silicon, germanium, and galium arsenide were 7.47x107, 2.41x105, and 2.50x10°,
MPa, respectively. Meanwhile, the maximum stress of silicon, germanium, and galium arsenide were
9.35x10%, 2.23x103, and 2.02x10-® MPa, respectively. The higher material density leads to greater stress,
resulting in an increase in von Mises stress. Thus, the stress produced by germanium was greater than
gallium arsenide and silicon, which was in accordance with (6) and (7).

Figure 4. Von Mises stress simulation of: (a) silicon, (b) germanium, (c) galium arsenide, and
(d) graph of von Mises stress with different materials

Table 4. Simulation results of inertial sensor with material modification
Minimum stress ~ Optimum stress ~ Maximum stress

Material Blue (MPa) Green (MPa) Red (MPa)
Silicon 7.47%x107 4.68x10* 9.35x10*
Germanium 2.41x10°® 1.12x10°% 2.23x10°°
Galium Arsenide 2.50x10 1.01x10° 2.02x10°°
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3.2. Thickness modification simulation

Besides the material used, the length and thickness of the structure can also impact the stress
produced by the inertial sensor. In this research, we adjusted the thickness of the sensor while keeping the
other dimensions constant. Figure 5 presents the von Mises stress simulations using various thicknesses,
highlighting the effect of thickness on stress distribution. Figure 5(a)-(e) illustrates the von Mises stress
distribution with different thicknesses of 5, 7, 10, 15, and 20 mm, respectively. As the sensor’s thickness
increases, the minimum stress value (shown in blue) decreases, which aligns with the formula in (3). For the
optimal (shown in green) and maximum (shown in red) stress, at thicknesses of 10, 15, and 20 mm, greater
thickness results in higher stress values. However, at 5 and 7 mm thicknesses, the optimal and maximum
stress values deviate from the formula.

The minimum stress of thickness variation were 2.31x10%, 9.44x107, 7.47x107, 7.20x107,
6.52x107 MPa, respectively, for 5, 7, 10, 15 and 20 mm. Meanwhile, the maximum stress of thickness
variation were 6.12x10%, 8.87x10*, 9.35x10%, 8.11x104, 5.26x10* MPa, respectively, for 5, 7, 10, 15, and
20 mm. The simulation results indicate that at 5 and 7 mm, the distribution of maximum stress values is
broader than at 10, 15, and 20 mm, as shown in Table 5 and Figure 5(f). This demonstrates that a thinner
sensor leads to a wider distribution of maximum stress, which can impact the sensor’s performance.

Figure 5. Von Mises stress simulation at: (a) 5 mm, (b) 7 mm, (c) 10 mm, (d) 15, (¢) 20 mm thicknesses, and
(f) graph of von Mises stress with different thicknesses

Table 5. Simulation results of inertial sensor with thickness modification
Thickness  Minimum stress ~ Optimum stress  Maximum stress

Blue (MPa) Green (MPa) Red (MPa)
5mm 2.31x10°® 3.07x10* 6.12x10*
7 mm 9.44x107 4.44x10"* 8.87x10*
10 mm 7.47x107 4.68x10"* 9.35x10*
15 mm 7.20x107 4,06x10"* 8.11x10*
20 mm 6.52x107 2.65x10* 5.26x10*

4. CONCLUSION

Stress emerges as a crucial parameter to be considered in MEMS sensors to maintain their accuracy
and performance. Our findings provide conclusive evidence that this phenomenon is associated with the
material composition and the thickness of the sensor, which incfluence the level of stress exerted. Recent
observations suggest that the higher material density correlates with heightened stress level, thus Germanium
has the highest stress level compated to Silicon and Galium Arsenide. Furthermore, thicker sensor
dimensions lead to a reduction in stress level. Inertial sensor with the thickness of 5 and 7 mm have broader
distribution of stress values than at 10, 15, and 20 mm thicknesses.
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