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Abstract: The micro-electro-mechanical systems (MEMS)-based sensor technologies are considered
to be the enabling factor for the future development of smart sensing applications, mainly due
to their small size, low power consumption and relatively low cost. This paper presents a new
structurally and thermally stable design of a resonant mode-matched electrostatic z-axis MEMS
gyroscope considering the foundry constraints of relatively low cost and commercially available
silicon-on-insulator multi-user MEMS processes (SOIMUMPs) microfabrication process. The novelty
of the proposed MEMS gyroscope design lies in the implementation of two separate masses for the
drive and sense axis using a unique mechanical spring configuration that allows minimizing the
cross-axis coupling between the drive and sense modes. For frequency mismatch compensation
between the drive and sense modes due to foundry process uncertainties and gyroscope operating
temperature variations, a comb-drive-based electrostatic tuning is implemented in the proposed
design. The performance of the MEMS gyroscope design is verified through a detailed coupled-field
electric-structural-thermal finite element method (FEM)-based analysis.

Keywords: MEMS; mechanical design; FEM analysis; resonant gyroscope; electrostatic tuning;
microfabrication

1. Introduction

With the constant evolution of micromachining technology, the vibratory micro-electro-
mechanical systems (MEMS) gyroscopes have emerged as an innovative solution for the
measurement of angular velocity in inertial sensing applications due to their light weight,
small size, less power consumption and ease of integration with electronics. The operation
of a z-axis MEMS gyroscope involves oscillation of a proof mass in a given axis and
generation of Coriolis force orthogonal to the axis of oscillation and angular rotation. These
Coriolis vibratory-rate MEMS gyroscopes have shown significant potential in the past
decade for fulfilling the needs of many applications such as guidance systems, industrial
robotics, tactical-grade navigation systems and in the automotive industry [1-3]. The
performance of vibratory MEMS gyroscopes is, however, still behind the conventional
bulky gyroscopes due to their mechanical instability, microfabrication process uncertainties
and robustness against the operating environmental variations. Thus, improvement of the
mechanical design of MEMS gyroscopes to achieve better performance is an area of interest
for MEMS designers [4,5].

The MEMS gyroscopes are generally designed to operate in resonance with the match
of drive- and sense-mode resonant frequency values. This allows achieving high mechani-
cal sensitivity and minimizing the long-term drift in performance, i.e., bias instability [6].
However, matching the drive- and sense-mode resonant frequency in a MEMS gyro-
scope becomes challenging in the presence of microfabrication process tolerances and
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high-temperature operating conditions. To minimize the effect of external factors on the
performance of MEMS gyroscopes, complex multi-degree of freedom (multi-DoF) mechan-
ical structures, based on nonresonant operation, have been reported in the literature [7-9].
In addition to the structural complexity, the issue of low mechanical sensitivity is inherent
to nonresonant MEMS gyroscope designs. Another method of reducing the frequency dif-
ference between the drive- and sense-mode resonant frequency values in MEMS gyroscopes
is to implement the additional feedback control electronics for the error compensation,
which leads to the addition of electrical noise and operational complexity [10-12].

As discussed earlier, resonant MEMS gyroscopes usually operate in a closed loop
in order to maintain the performance characteristics over a wide range of environmental
conditions. There are multiple errors that have to be mitigated in order to obtain optimal
performance, and for this reason some design choices have to be made that can help reduce
the errors and avoid overly complex feedback electronics. A major error source is the
mismatch in the frequencies of drive and sense modes. This can cause the performance of
the gyroscope to reduce drastically since even a slight mismatch can reduce the amplitude
response of a mode matched gyroscope significantly. To mitigate this error, frequency
tuning is required, and for this purpose a phenomenon called electrostatic spring softening
is used to change the stiffness of the structure electronically and therefore change the
frequency. This method allows the designer to reduce the mismatch and to get the optimal
performance of the MEMS gyroscope [13,14]. The number of proof masses in resonant
MEMS gyroscopes can affect the common mode errors and therefore the performance of
the gyroscope. The designs utilizing multiple proof masses operate in the antiphase mode,
which assures minimization of the net reaction forces and moments on the anchors and
thus mitigates the energy loss through the substrate [15]. This design approach results
in a larger overall size but better performance. Another approach is to use a single proof
mass, which leads to a smaller device footprint but with worse performance. Consequently,
tradeoffs have to be made between better performance and keeping the size of the device
to a minimum [16-18].

In this paper, a new mechanically stable design of an electrostatically actuated z-axis
resonant MEMS gyroscope is presented that utilizes two separate masses for the drive and
sense axis. The two separate-masses-based configuration allows minimizing the cross-axis
coupling and achieves high thermal stability. The proposed MEMS gyroscope sensor is
designed to be used in industrial automation based IoTs and has the main advantage of im-
proving the reliability of the measurement with respect to environmental and constructive
imperfections. Moreover, the design is developed and optimized considering the micro-
fabrication process limitations of the commercially available low-cost silicon-on-insulator
multi-user MEMS processes (SOIMUMPs) microfabrication process. The working of the
proposed design is verified through coupled field electro-mechanical-thermal finite element
method (FEM) simulations with the demonstration of the electrostatic tuning effectiveness
for the mode-matching between the drive and sense modes of the MEMS gyroscope.

2. Mechanical Design and Working Principle

Figure 1 shows the schematic diagram of the proposed dual-mass MEMS gyroscope
design. The design consists of two separate masses for the drive and sense axis, which are
fully decoupled. The drive mass m is nested inside the sense frame m; through four folded
beams (ky), which allow motion of the mass m in the drive axis but limit its displacement
in the sense axis. Another set of eight folded spring beams (ky) connects the sense frame to
the anchors and allows its displacement in the sense direction only. An oscillatory motion
along the drive direction (x-axis) is achieved through a set of interdigitated combs-based
electrostatic actuators attached to the drive mass m,.
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Figure 1. Schematic diagram of the proposed dual mass resonant micro-electro-mechanical systems (MEMS) gyroscope

design with single proof mass and a decoupled sense mass: (a) Tuning-comb, (b) Comb-drive and (c) Sensing plate pairs.

When the gyroscope is subjected to an external angular velocity in the z-axis, a Coriolis
force is developed that leads to consequent displacement of the sense mass in the sense
direction (y-axis), which is orthogonal to both the drive direction and angular rotation axis.
The mechanical suspension beams attached to the drive mass do not allow its oscillation
in the y-axis. However, since the drive mass is nested inside the sense frame, both the
drive and sense frame move in the y-axis as a result of developed Coriolis force. The
displacement of the sense mass is measured by using sensing parallel plates, which act as
a capacitive transducer. The parallel sensing plates are designed in a gap-antigap-based
differential layout and are attached to the sense frame such that their relative motion along
the drive direction is restricted, thus minimizing the cross-axis coupling in the proposed
MEMS gyroscope design. Finally, to control the resonant frequency difference between the
two modes, due to foundry process tolerances or thermal variations, electrostatic tuning
combs based on the electrical spring softening concept are attached to the sense frame.
Table 1 shows the design parameters and their corresponding values for the proposed
MEMS gyroscope. One of the main design constraints attributed to the SOIMUMPs
microfabrication process is that the mechanical anchors or fixed parts of the MEMS device
must be designed at the periphery since this process does not allow anchor regions in
the center owing to the limitations of the etching step of the microfabrication process [19].
Accordingly, all the fixed parts are moved on the periphery. In addition to respecting the
limits imposed by the microfabrication process, the design process has required ensuring
the matching of the drive- and sense-mode resonant frequency values. Moreover, it is
necessary to consider that electrostatic tuning will be implemented to compensate for the
frequency mismatch. This means that the sense frequency value must be slightly greater
than the drive one.
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Table 1. Design parameters and their values for the proposed dual mass resonant MEMS gyroscope.

Parameters Value Unit
Device size 1557 x 1816 um X um
Structural layer thickness (¢) 25 pm
Mass value of the drive mass (m,) 3.0625 x 1078 kg
Mass value of the sense frame (1) 24338 x 1078 kg
Sensing plates length (Is) 65 pum
Sensing plates width (ws) 4 um
Number of sensing plates pairs (N;) 100 -
Moving and fixed sensing plates
overlap length (xq;) 5 i
Smaller sense gap size (dq) 3 pm
Larger sense gap size (d;) 9 pm
Drive comb pairs (Ny) 74 -
Drive combs width (wy) 4 pm
Drive combs length (/) 50 pum
Moving and fixed drive combs 40 m
fingers overlap length (xg,) H
Gap between drive combs (y,) 3 pm
Drive tuning comb pairs (N) 84 -
Width of tuning combs (w;) 4 pm
Length of tuning combs (I;) 50 pm
Overlap length between the moving 40 m
and fixed tuning combs fingers (xo;) H
Gap between tuning combs (1) 3 pm

3. Mathematical Model of the Proposed MEMS Gyroscope

The lumped-parameter model of the MEMS gyroscope design is shown in Figure 2.
The drive mass mj is nested inside the sense frame m; through the mechanical spring k
and is free to oscillate along the drive direction, while the sense frame is anchored to the
substrate by means of the mechanical spring k;, and is constrained to oscillate only in the
sense direction. The air viscous damping between the comb-drive-based actuators attached
to the drive mass m, tuning combs and sensing parallel plates attached to sense frame 1,
are represented by cy and ¢y, respectively. When an angular velocity (2; is applied along
the z-axis, the equations of motion for the MEMS gyroscope design can be written as:

mdj(.f + Cx.').C + kxx = Fd (1)

(mg +ms)y + cyy + kyy = —2myQ;x )

where F; = Fysin(wt) is the electrostatic actuation force applied to the mass m; and
—2m 402, x is the Coriolis force acting on the one degree-of-freedom oscillator in the sense
direction.

m, Sense (y)
k,
Lna .. BN
—:Q— QZ Drive (x)

Figure 2. Lumped-parameter model for the dual mass MEMS gyroscope design.
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3.1. Stiffness Calculation for the Mechanical Beams

Mechanical spring beams in the design are modeled as fixed-guided beams that
are connected in parallel. The overall stiffness in the drive axis ky is due to four folded
microbeams that are compliant in the x-axis and connect the drive mass to the sense frame.
The drive direction stiffness can be calculated as:

Etw?
kx - u;x
2L%

®)

where E is the Young’s modulus, ¢ is the thickness of the microbeams, and w, and Ly are
the width and length of the folded microbeams, respectively. In the sense direction, the
mechanical suspension consists of eight folded microbeams that connect the sense mass to
the anchors. The sense direction mechanical stiffness can be calculated as:

E twi
3
2Ly

4)

y

where wy, and L, are the width and length of the folded microbeams, respectively, in the
sense axis.

3.2. Electrostatic Tuning for Mode-Matching

The configuration scheme of electrostatic tuning combs implemented in the MEMS
gyroscope design to achieve the resonant frequency match between the drive and sense
axis is shown in Figure 1. The interdigitated combs are varying-gap structures with an
equal air gap and attached to both sides of the sense frame. Since the movable combs
can move only in the sense direction, the comb-drive-based tuning structures only affect
the sense-mode dynamics. Considering a single tuning-comb structure, the sense frame
displacement in the positive y-direction leads to an increase in the upper capacitance Cy;
and a decrease in the bottom capacitance Cy; created between fixed and moving comb
fingers. This capacitance variation can be expressed as:

Crely) = 24
o ey ©)

G () = Gy

where €y is the free space permittivity, A; is the overlap area and yo is the nominal
gap between the fingers. When a DC tuning tension V; is given to the anchored comb,
the moving comb finger is subjected to two electrostatic forces, namely Fj; and Fp; and
expressed as nonlinear functions of the y-displacement:

9Cyt 172 1_€A 2
Fi; = 10Cy; —1_ed vy
20y TE T2 (g ©)
Fy = 190G y2 1 ek 2
Z oy Ut 2 (yorty) !

Considering N moving fingers, the comb-drive-based electrostatic tuning structures
can be modeled as a series of capacitors. Accordingly, the total electrostatic tuning force F;
can be obtained as:

N;V? €A €A
Ft:Nt(F1t+F2t): tzt ( 9t 2 . 2) )
(ot — v) (yor +y)

The electrostatic spring constant k;, due to the force nonlinearity can be calculated by
taking the derivative of the total electrostatic force F; with respect to the y-axis displacement:

key = o _ —NtVt2< ol 3+ o 3) ®)
dy (or—y)°  (vor +v)




Appl. Sci. 2021, 11,1129 6 0f 20

Considering v < yot, Equation (8) can be simplified as follows:

aFt 2 GOAt

The electrostatic tuning force acts only in the y-direction and does not cause a
shift in the drive resonant frequency (2;, while the sense resonant frequency (25 al-
ways decreases with increasing DC tension across the tuning electrodes, according to the

following expression:
_ 2 ( €0As
Q = ky + kt}/ — ky ZNtVt (yOtS ) (10)
s (ﬂ”ld + ms) (md + ms)

According to Equation (10), the sense resonant frequency can be tuned by adjusting
the tuning voltage V; applied to tuning electrodes in order to achieve the mode-matching
condition, i.e., (25 = (2; at a certain voltage.

3.3. Air Damping Model for MEMS Gyroscope

In resonant MEMS gyroscopes, the accurate estimation of the viscous air damping
is crucial since it affects the overall quality factor and hence sensitivity. In the proposed
gyroscope design, both the slide and squeeze film air-damping factors result in the en-
ergy dissipation.

In the drive axis, the slide film air damping is the sole energy-loss mechanism since
the comb-drive fingers slide parallel to each other with an application of actuation voltage
in the x-direction. The movement of the sense frame and drive mass in the y-axis results in
the squeeze film air damping [20]. With the displacement of the sense mass in the y-axis,
the air between the oscillating and stationary parallel plates is compressed. The same
damping effect occurs in the interdigitated drive and tuning comb fingers. The damping
coefficients in the x-axis and y-axis, for the gyroscope design, due to slide and squeeze film
damping can be obtained as:

2Ny pefr Xoa t

11
Yod an

Cx(slide film) =

Cy(squeeze film) = Heff t3(bd + b + bs) (12)

where b; = 2];];’)(30‘1 , by = 21\&’;0’, bs = Nsxps (dl? + d%)’ Hesy is the effective viscosity of air,
N;, Ny and N; are respectively the total number of comb-drive fingers attached to the drive
mass, electrostatic tuning-comb fingers and sensing parallel plates both attached to the
sense frame, x4, xor and xg, are the corresponding overlap lengths, yo; and v are the gap
between the comb-drive fingers and tuning-comb fingers, respectively, while d; and d, are
the smaller and larger gap sizes of the sensing parallel plates, respectively. The effective
air viscosity at given temperature and pressure in the case of slide film damping can be
expressed as [21]:

_ "
Heff = 172K, + 0.2K, 0788 K /10 13)

while the effective air viscosity in squeeze film damping is given as [22]:

u
I 14
Heff = 11 9.638K,11 (14)

where K, is the Knudsen number and y is the air viscosity at room conditions. The Knudsen
number is an estimate of the gas rarefaction effect and it can be defined as;

Ky =~ (15)
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Sense Quality Factor Qg

32.5

where A is the mean free air path at a fixed temperature and d is the air gap thickness in the
drive combs, tuning combs and sensing parallel plates, respectively equal to yg4, yor and d;.
The A value can be estimated as [23]:

nKgT
A= B 0B (16)
p me‘,
where m,;, is the mass of air, P and T are the air pressure and temperature, respectively,
and K3 is the Boltzmann constant.
Figure 3 shows the effect of temperature and pressure variations on the sense Quality

Factor value for the proposed MEMS gyroscope, equal to Qs = % The variation
of the sense Quality Factor can be considered as negligible when the ambient pressure is
fixed at 101 kPa and the operating temperature increases in the range of —40 °C to 100 °C
(Figure 3a), while for a fixed temperature at 25 °C the sense Quality Factor drastically

decreases as the operating pressure increases (Figure 3b).

800

700
:}’; 600 H
g
< 500 b
&
=
2400 |
E
C 300
<
%
5 200 |
100 +
—40 -20 0 20 40 60 80 100 10 20 30 40 50 60 70 80 90 100
Temperature (°C) Pressure (kPa)

(a) (b)

Figure 3. Sense Quality Factor variation: (a) effect of change in temperature in the range of —40 °C to 100 °C and ambient
pressure of 101 kPa (b) effect of change in pressure the range of 1 kPa to 101 kPa and ambient temperature of 25 °C.

4. Multiphysics FEM Model of the Proposed MEMS Gyroscope

The performance of the proposed MEMS gyroscope design is verified through FEM
based simulations in ANSYS™. Figure 4 shows the meshed model of the MEMS gyroscope
design. The adopted mesh has been designed to optimize as much as possible the required
computational resources. The structure is meshed using 2D SHELL181 elements for the
drive mass and sense frame, while BEAM188 elements are adopted to model the suspension
systems, the comb-drive fingers, the tuning-comb fingers and the sense parallel plates.
Since the rotational stiffness around the z-axis (ROTZ stiffness) of SHELL181 elements is
an artificial value, it is inconsistent to connect only one node of a BEAM188 element to a
SHELL181 element such that a rotational degree of freedom (DOF) of the beam element
corresponds to the rotational around the z-axis (ROTZ) of the shell element. Accordingly,
constraints equations are used to couple the rotational degree of freedom around the z-axis
(ROTZ-DOF) of the single nodes shared by the BEAM188 and SHELL181 elements with
the in-plane translations DOFs, namely UX and UY, of adjacent shell element nodes. Fixed
supports are added at the end of sense spring beams connected to the external anchors.
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T

Figure 4. Meshed finite element method (FEM) model of the proposed MEMS gyroscope design.

Air viscous damping effects in the drive and sense direction are included in the
FEM model based on the analytical estimation of damping coefficients cx and c,. These
coefficients are specified directly as input and the corresponding values as real constants of
the special element type having viscous damping characteristics, i.e., COMBIN14 element.
Relying on the lumped mass-spring damper model representation shown in Figure 2,
at least two COMBIN14 elements should be used: an element oriented according to the
x-axis and connecting the drive mass and sense frame is used for model damping in the
drive direction, while sense damping is represented by an element oriented according to
the y-axis and connecting the sense frame with the external anchors. In order to obtain
a reliable modeling of damping effects, COMBIN14 and SHELL181 elements are bound
together by coupling the corresponding DOFs of the two contact nodes using CP command
in ANSYS™.

The comb drives and tuning combs are modeled as a series of capacitors, as each
couple of moving fingers forms a pair of parallel plates. The one-dimensional transducer
(1-D) TRANSI126 elements are used to model the capacitance of comb-drive-based actuators
and tuning-comb fingers [24]. As shown in Figure 5, two elements are connected at the
end of each moving finger, while the mechanical degrees of freedom of nodes connected to
the stationary fingers are fixed. An electromechanical coupling is thus achieved between
the distributed mechanical and lumped electrical domains. The TRANS126 element has
two DOFs at each node, i.e., the translation in the nodal x, y or z-direction and an electric
potential. This allows modeling the capacitive response of a mechanical microstructure to a
movement in a fixed direction. Since the fringing field along the lateral edges of the comb
drive and tuning-comb fingers is neglected, indefinite capacitor theory is adopted. The
capacity characteristics of the elements connected to the comb-drive fingers is a function of
the x-displacement and it is set as a real constant, by imposing the coefficients obtained
using the following equation:

Clx) = M eot(+) 2 ept (17)
Yod Yod
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where the sign + or — respectively depends on whether the capacity increases or decreases
according to the displacement in the x-direction. Similarly, the capacity characteristics of
the elements attached to the tuning-comb fingers is a nonlinear function of the gap distance
between their corresponding nodes, which depends on the y-displacement and is also set as
real constant, by using the value of the coefficient Cy; obtained with the following equation:

Cot = xor€ot (18)

The actuation and tuning voltage are applied to the nodes connected to the fixed
actuation and tuning combs, respectively, and the electrostatic potential is set to zero for
nodes attached to the moving fingers.

ELEMENTS

Fixed fingers: not modeled

X
| N

TRANS126 == ™
Fixed

_ Fixed
TRANS126

T+

Figure 5. Setup of TRANS126 elements for the FEM-based electrostatic analysis of the proposed MEMS gyroscope.

5. FEM Simulations
5.1. Static Analysis

A FEM-based static analysis is carried out in ANSYS APDL module to estimate the
stiffness of the overall MEMS gyroscope structure, and a comparison between the analytical
and FEM-based mechanical stiffness values in the drive and sense direction is performed.
Table 2 shows that the FEM-based mechanical stiffness values both in the x and y-directions
are slightly lower compared to the analytical ones due to the compliance of the drive mass,
sense frame and microbeams in a direction different from the one considered, assumed as
negligible in the analytical model.

Table 2. Comparison between the analytical and FEM-based mechanical stiffness values.

. . Analytical Model FEM Model
Mechanical Stiffness (N/m) (N/m)
Drive mode (ky) 160.2 153.2

Sense mode (ky) 320.5 298.6
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5.2. Modal Analysis

With the objective of determining the drive- and sense-mode resonant frequencies
and eigen mode shapes for the proposed gyroscope design, a FEM-based modal analysis
is performed in ANSYS APDL module. The effect of electrostatic tuning on the MEMS
gyroscope dynamic behavior is investigated by performing two different simulations:
The first one is performed without applying any bias tension on tuning electrodes, while
the second one is performed by applying an increasing bias tension until compensating
the frequency difference between the two modes. Figure 6 shows the first four mode
shapes of the MEMS gyroscope obtained without considering the electrostatic tuning effect.
The first mode of the structure (Figure 6a) is related to drive mode, in which only the
drive mass is moving along the x-direction and the spring beams, which connect it to
the sense frame, are bending in the same direction. This mode implies a purely in-plane
deformation of the structure. Similarly, the second mode is described by an in-plane
motion and is related to the sense mode (Figure 6b). When the device is subjected to
an external angular velocity in the z-direction, the sense frame moves together with the
drive mass in the y-direction due to the Coriolis force. The third out-of-plane (Figure 6¢)
and fourth in-plane (Figure 6d) modes are associated with the tilting of the mass and
do not affect the operation of the gyroscope. The slight difference between the resonant
frequency values related to the two modes is necessary to apply the electrostatic tuning
for the compensation of the frequency mismatch due to foundry process uncertainties
and environmental device operating variations. Table 3 shows the comparison of modal
analysis results obtained through the analytical model and FEM analysis, and show a close
agreement, which demonstrates the accuracy of the developed analytical model for the
proposed gyroscope design.

The electrostatic tuning application is considered performing a FEM-based modal
analysis in ANSYS by applying an increasing tuning DC voltage on the tuning-comb
structures. In this case, the followed first step is to proceed with a static analysis of
the MEMS gyroscope with a DC voltage applied to the TRANS126 elements attached
to moving tuning-comb fingers, and then perform a pre-stressed modal analysis on the
MEMS gyroscope structure. The included pre-stress captures the effects of the applied
voltage on the system frequency characteristic [25,26]. The program outputs are mechanical
displacements and eigen frequencies with incorporated electrostatic effects. Figure 7 shows
the frequency tuning characteristic of the drive and sense resonant modes of the proposed
MEMS gyroscope structure as a function of the tuning voltage applied on the tuning
electrodes. As expected, by increasing the DC tuning voltage applied to the fixed electrodes,
the drive-mode resonant frequency remains constant at 11014 Hz, while the sense-mode
resonance frequency is adjusted due to DC voltage-based tuning of the electrostatic spring
constant. The resonant mode frequencies are perfectly matched at the DC tension of
14.903 V.

Table 3. Comparison of natural frequency values for the drive and sense modes obtained through
analytical model and FEM model.

Analytical Model FEM Model Error
Mode Shape (Hz) (Hz) (%)
Drive axis 11,348 11,014 —2.94

Sense axis 11,757 11,511 —2.09
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Figure 6. Eigen frequencies and the mode shapes for the proposed dual mass MEMS gyroscope (a) 1st mode (11,014 Hz) (b)
2nd mode (11,511 Hz) and (c) 3rd mode (34,022 Hz) and (d) 4th mode (42,860 Hz).
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Figure 7. FEM-based resonant frequency tuning of the drive and sense resonant modes of MEMS
gyroscope with applied tuning tension V;.
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5.3. Dynamic Analysis

To study the dynamic frequency response of the MEMS gyroscope structure, a FEM-
based harmonic analysis is performed in ANYS APDL module. The drive mass is excited
by applying a DC voltage, superimposed on a small-signal AC voltage, to the comb-drive-
based actuators, while an electrostatic DC tuning voltage is applied to tuning electrodes
for the compensation of the frequency difference between the two modes. For frequency
behavior simulation, a pre-stressed static analysis with actuation and electrostatic tuning
DC voltage followed by a pre-stressed full harmonic analysis with an AC excitation is
carried out. When the device is subjected to an angular velocity in the z-axis, the sense-
mode frequency response can be obtained activating the Coriolis effect in ANSYS. Figure 8
shows a comparison between the FEM-based and analytical frequency-based displacement
amplitude of the gyroscope structure in the drive axis, obtained with a drive comb voltage
of 50 V DC and 5 V AC. The results show that the FEM-based frequency response is slightly
shifted in frequency compared with the one obtained analytically. At the corresponding
drive resonant frequency (2, the FEM-based and analytical frequency response amplitude
are 46.93 pm and 44.03 pm, respectively.

Figure 9 shows a comparison between the FEM-based frequency response ampli-
tudes in the sense direction, obtained without and with the electrostatic tuning-voltage
application and considering an angular velocity of (2, = 300°/s.

When no tuning tension is applied to tuning electrodes, the sense response has two dis-
tinct peaks due to the frequency mismatch between the modes, which results in a maximum
oscillation amplitude of 0.0411 pm. When the tuning tension V; = 14.903 V guaranteeing
the perfect match between resonant frequencies is applied, the sense response has only
one peak with the maximum oscillation magnitude of 0.13930 um. By considering a linear
relation between the input angular velocity and the displacement in the sense direction,
the mechanical sensitivity for the proposed MEMS gyroscope increases from 1.370 x10~*
t0 4.643 x10~* pm/ deg/s, meaning that the tuning application allows an increase in the
mechanical sensitivity by 238.9%. Figure 10 shows a comparison between FEM-based and
analytical frequency response magnitude of the MEMS gyroscope structure in the sense di-
rection obtained without (Figure 10a) and with (Figure 10b) the electrostatic tuning-voltage
application. In both cases, the FEM-based and analytical frequency response amplitude
are slightly shifted in frequency. The analytical drive and sense frame displacement in the
sense direction corresponding to the rotation-induced Coriolis force is 0.0440 um and the
mechanical sensitivity is 1.467 x10~% um/deg/s without the electrostatic tuning applica-
tion, while in the case of a perfect match between modes the sense oscillation amplitude
and mechanical sensitivity become 0.1205 um and 4.017 x10~% um/deg/s, respectively.
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Figure 8. Comparison between the FEM-based and analytical frequency response amplitudes in the
drive direction for the proposed dual mass MEMS gyroscope (logarithmic scale), obtained with 50 V
DC and 5 V AC actuation voltage.
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Figure 9. Comparison between the FEM-based frequency response amplitudes in the sense direction
for the proposed dual mass MEMS gyroscope (logarithmic scale) obtained with a tuning voltage
Vi =0and V; = 14.903 V, with 50 V DC and 5 V AC actuation voltage and (2, = 300°/s.
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Figure 10. Comparison between the FEM-based and analytical frequency response amplitude in
the sense direction for the proposed dual mass MEMS gyroscope (logarithmic scale), obtained with
50 V DC and 5 V AC actuation voltage and (2, = 300°/s, (a) without electrostatic tuning, (b) with
electrostatic tuning.
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NODAL SOLUTTON

5.4. FEM Analysis of Temperature Variations on Structural Stability

The performance of the proposed MEMS gyroscope can be affected by operating-
temperature variations because they can cause resonant frequency shift [25] of drive and
sense modes, which may result in a drastic decrease in the output signal gain.

The Young’s modulus of the silicon structural material, which was used to design the
proposed MEMS gyroscope, changes with temperature and this results in changes in the
resonant frequency values. The analytical expression for the effect of operating temperature
on Young’s modulus value of the silicon material is given as [27]:

E(T) =Ey— BTexp(—?) (19)

where Ej is the Young’s modulus at reference temperature, T is the temperature, and
B and Tj are the constants that are calculated as 15.8 MPa and 317 K, respectively. The
silicon Young’s modulus value varies from 169.03 to 168.93 GPa only in the MEMS gyro-
scope operational temperature values between —40 °C to 100 °C. Accordingly, the effect of
temperature variation on Young’s modulus and, thus, on stiffness variation is in practice
negligible over the desired operating temperature range. However, the device operat-
ing temperature from —40 °C to 100 °C may lead to thermal deformations, which are
expansions and contractions in the microstructure. For the MEMS gyroscope design, these
thermal deformations may eventually lead to a change in the air gap and structural pla-
narity of the comb-drive actuators, electrostatic tuning combs and parallel plate-based
capacitive sensors. In addition, temperature variations may result in thermal stresses.
A FEM-based thermal analysis is performed in the ANSYS APDL module to analyze the
resonant frequency changes due to thermal deformations and thermally induced stresses.
First, a uniform temperature, varying in the range —40 °C to 100 °C, is assigned to all the
structural nodes in the FEM model. A static analysis is then performed with pre-stress
effects [26] turned on and considering the ambient temperature Ty = 25 °C as a reference
temperature. Figure 11a,b shows the thermally induced localized stresses resulting from
the FEM-based static analysis, at —40 °C and 100 °C, respectively. In the region where
the sensing spring beams are connected to the structure, there is a large concentration of
thermal stress, while nearly no thermal stress is induced in the regions of driving spring
beams and in the rest of the structure.

NODAL SOLUTION
STEF=1

SUB =1

TIME=1

SEQV (AVGY
DMX =.545032
SMN =.242E-03
SMX =46.4154

.210E-03 8.9394

4.46983 13.4081

8787 2
22.3483 31.2876 40.2268

(a) (b)

— —
26.818 35.7572 -242E-03 10.3147 20.6292 30.9437 41.2582
5.1574 15.472 25.7864 36.1009 46.4154

Figure 11. Thermally induced Von Mises stress in the proposed dual mass MEMS gyroscope (a) at —40 °C, (b) at 100 °C,
with reference temperature Tr of 25 °C.

Figure 12a,b shows structural thermal deformation results at —40 °C and 100 °C,
respectively. The thermal deformation at —40 °C results in a structural contraction with
a maximum value of 0.47 pm in the sensing microbeams, while at 100 °C the gyroscope
structure expands with a maximum expansion 0.545 um in the sensing microbeams. These
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results show that although the mechanical thermal deformation in the sensing microbeams
is high, the mechanical deformation in the drive and sense frame and in the driving
microbeams is negligible, with a maximum value of only 0.104 um at —40 °C and 0.121 pm
at 100 °C.

NODAL SOLUTION
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Figure 12. Structural thermal deformation in the proposed dual mass MEMS gyroscope (a) at —40 °C, (b) at 100 °C, with
reference temperature Tr of 25 °C.

The static analysis is followed by a modal analysis. Prior to performing the modal
analysis, in the FEM model the nodal coordinates are updated with the deflections from
the previous static analysis and hence the pre-stress effects with the stresses stored from
the static analysis are applied to the modal analysis. Figure 13 shows the FEM-based pre-
stressed modal analysis results. The results show that the drive- and sense-mode resonant
frequency values do not change in the same way as gyroscope operational temperature
values between —40 °C and 100 °C, i.e., the drive-mode frequency (Figure 13a) always
descends while the temperature increases, while the sense-mode frequency (Figure 13b)
changes with a parabolic trend due to temperature operating variations. This is mainly
due to the different thermal effects on drive and sense spring beams. The thermal analysis
has shown that the sensing spring beams are subjected to a stress gradient while the stress



Appl. Sci. 2021, 11, 1129

16 of 20

N

kH:

=

Cy

Frequen

11.017

11.016 +

11.015

11.014 +

11.013 -

11.012 +

11.011 -

11.010 +

11.009

—40

is nearly negligible in the drive spring beams and in the rest of the structure. In addition,
sensing spring beams are subjected to the highest thermal deformation.

11.517

11.516 +

< 11515 |

Z

11.514 +

Frequency (kH

11513 +

11512 +

L L L 11.511 . . n . . L
20 40 60 80 100 —40 -20 0 20 40 60 80 100

Temperature (°C) Temperature (°C)

@) (b)

Figure 13. Resonant frequency variations in the gyroscope operational temperature values between —40 °C and 100 °C (a)

Drive mode, (b) Sense mode, with reference temperature Tr of 25 °C.

5.5. FEM Analysis of Fabrication Process Tolerances on Structural Stability

In addition to temperature variations, the microfabrication process tolerances can
induce a frequency mismatch between drive and sense modes, which contributes to the
decrease of the proposed MEMS gyroscope mechanical sensitivity. The SOIMUMPs is
a relatively mature microfabrication process with tolerances of £1 um for the device
thickness layer. A FEM-based modal analysis is performed in ANSYS APDL module
considering a change in structural layer thickness with 25 pym =+ 1 um, i.e., the thickness
of the mechanical spring varies between 24 pm and 26 pm. Figure 14 shows that the
variation of the drive and sense resonant frequency values due to the thickness tolerances
is nearly equal to 1.92% from the nominal values. The sense frequency remains higher
than the drive one due to the initial mismatch with which the proposed MEMS gyroscope
structure has been designed and, thus, the electrostatic tuning can be performed for the
frequency compensation.
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Figure 14. Drive and sense resonant frequency variations due microfabrication process tolerances.
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5.6. Compensation of Thermally Induced Frequency Mismatch through Electrostatic Tuning

The mismatch between the drive- and sense-mode frequency can cause the perfor-
mance of the MEMS gyroscope to reduce drastically since even a slight mismatch can
reduce the amplitude response of the resonant gyroscope significantly. As previously
demonstrated in this paper, this error can be mitigated through the electrostatic frequency
tuning, which allows tuning the sense-mode frequency to match the drive-mode one,
guaranteeing the maximum possible mechanical sensitivity. Because thermal deformations
induce air-gap variation between tuning-comb fingers that clearly influences the electro-
static tuning force generated by each fingers pair, a FEM-based modal analysis is performed
in ANSYS APDL module to determine the exact value of tuning tension V; to compensate
the mismatch between drive and sense modes for the desired operating temperature range.
The exact tuning-voltage value V; is determined by applying the iterative approach of
bisection method. At each iteration, the tuning voltage applied to the fixed electrodes is
gradually increased and the drive- and sense-mode resonant frequencies are computed. If
the driving frequency value is lower than the sensing one, it is concluded that the applied
voltage is below the necessary voltage value to compensate the frequency mismatch. On the
other hand, if the driving frequency is higher than the sensing one, it is concluded that the
applied voltage is higher than the necessary voltage value. The interval between these two
limits is continuously decreased until the voltage interval is smaller than a predetermined
accuracy. Figure 15 provides the tuning voltage V; compensating the difference between
the drive- and sense-mode resonant frequency in the gyroscope operational temperature
values between —40 °C and 100 °C. As expected, the temperature increase with respect
to the room temperature leads to an increase in the frequency mismatch and, thus, in the
necessary tuning-voltage value V;.

15

14.98

14.96

1494

14.92

14.86 L L L L L L
—40 —20 0 20 40 60 80 100

Temperature (°C)

Figure 15. Tuning voltage V; compensating the mismatch between drive and sense modes for a
temperature variation in the gyroscope operational temperature values between —40 °C and 100 °C,
with a reference temperature Tr = 25 °C.

A mechanical sensitivity analysis is performed to investigate the effect of electrostatic
tuning on the proposed MEMS gyroscope performances in the gyroscope operational
temperature values between —40 °C and 100 °C. A FEM-based full harmonic analysis
is performed neglecting the effect of temperature variation on the viscous damping co-
efficients. This means that mechanical sensitivity is only influenced by the frequency
mismatch between the modes. Two different harmonic analyses are performed: the first



Appl. Sci. 2021, 11,1129 18 of 20

with no tuning voltage applied on the tuning electrodes, and the second with the tuning
voltage V;, which compensates the frequency mismatch between the modes. The proce-
dure is first to assign a uniform temperature varying in the range of —40 °C to 100 °C
to all structural nodes in the FEM model. The tuning voltage V; and the DC actuation
voltage are respectively applied to TRANS126 element nodes connected to the tuning and
drive combs” moving fingers. A static analysis is performed with the pre-stress effects
turned on and considering the ambient temperature Tr of 25 °C. A full harmonic analysis
is then carried out by applying an angular velocity (2, = 300 °/s in the z-axis and the
AC actuation voltage with pre-stress effects due to applied DC voltages and temperature
variations. Figure 16 shows the sensitivity percentage change computed with respect to
the reference temperature. The results show that the compensation of frequency mismatch
allows increasing the mechanical sensitivity and achieves high performance over the entire
operating temperature range.

300 T T T T T T

C

200 + .

—o0— With electrostatic tuning
—0— Without electrostatic tuning

150 4

100 | 1

50 -

Sensitivity percentage change (%)
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Temperature (°C)

Figure 16. Mechanical sensitivity percentage change of the proposed dual mass MEMS gyroscope in the gyroscope
operational temperature values between —40 °C and 100 °C, with and without the electrostatic tuning application.

6. Conclusions

In this paper, a new structurally and thermally stable design of resonant mode-
matched electrostatic z-axis MEMS gyroscope that utilizes two separate masses for the drive
and sense axis has been presented. The device, with an overall size of 1557 x 1816 um?, is
designed following the foundry process limitations of relatively low cost and commercially
available Silicon-on-Insulator (SOI)-based SOIMUMPs microfabrication process. The per-
formance of the MEMS gyroscope design has been verified through detailed coupled-field
electric-structural-thermal FEM-based analysis. The results have shown operating temper-
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ature variations and microfabrication process tolerances may cause a frequency mismatch
between modes, which can cause the performance of the proposed MEMS gyroscope to
reduce drastically since even a slight mismatch can reduce the amplitude response of the
resonant gyroscope significantly. For the compensation of the frequency mismatch between
modes, comb-drive-based electrostatic tuning has been implemented in the proposed de-
sign, which allows tuning the sense-mode frequency to approximate the drive-mode one,
guaranteeing the maximum possible mechanical sensitivity. For a linear relation between
the input angular velocity and the displacement in the sense direction and between the in-
put angular velocity and the net capacitance change, in the case of a perfect match between
drive and sense resonant frequency values, the mechanical sensitivity and the capacitance
sensitivity values are 4.6433 x10~* um/deg/s and 0.0560 fF/deg/s, respectively. The com-
pensation of the initial frequency mismatch of 497 Hz due to the electrostatic tuning-voltage
application of 14.903 V has resulted in an increase in the mechanical sensitivity of 238.9%.
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