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Abstract: Microelectromechanical Systems (MEMS) vibratory gyroscopes are one of the integral in-
ertial sensors of the inertial measurement unit (IMU). The usage of MEMS vibratory gyroscopes as
inertial sensors have risen enormously in many applications, from household to automotive,
smartphones to space applications, smart gadgets to military applications, and so on. This paper
presents the mathematical modelling and initial development of the starfish structure with C-
shaped springs for MEMS vibratory ring gyroscope (VRG). The symmetric design methodology of
VRGs corroborates higher sensitivity, mode-matching, good thermal stability, better resolution, and
shock resistance in extreme conditions. The proposed VRG has been designed and investigated us-
ing ANSYS™ software. This novel design incorporates two rings structure, inner and outer, with 16
C-shaped springs. The outer ring radius is 1000 um and the whole VRG structure is supported by
outer 8 small square pillars. The gyroscope structure’s wine glass mode driving and sensing reso-
nant frequencies were recorded at 51.50 kHz and 52.16 kHz. The mode mismatch between driving
and sensing resonant frequency is measured at 0.66 kHz, which is relatively low as compared to the
other structures of vibratory gyroscopes. The proposed design provides high shock absorption with
higher sensitivity for space applications to the controlling and maneuvers of the mini-satellites for
space applications.
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1. Introduction

Microelectromechanical system (MEMS) vibratory gyroscopes [1,2] have gained a lot
of popularity in the research domain of inertial sensors, and it is one of an integral part of
the inertial measurement unit (IMU) [3,4]. The development of MEMS vibrating gyro-
scopes thoroughly discussed [5]. The usage of the MEMS gyroscope is quite demanding
in many smart devices. MEMS vibratory gyroscopes have been used for a variety of ap-
plications in smartphones as an inertial sensors. It provides better angular movement de-
tection in digital cameras, transportation of the microscale drug containers in biomedical
applications, maneuver control and stabilization of the mini satellites in spacecraft tech-
nologies, control and hit the target in missile technology and many more applications [6].

MEMS vibratory ring gyroscopes provide symmetric design, high precision, mode
matching and robustness in extreme environments [7], making them ideal candidates for
IMU in space applications. Kou et al. developed a new S-shaped spring based MEMS vi-
bratory ring gyroscope with twenty-four electrodes surrounded the ring structure inter-
nally and externally [8].
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This paper presents the modelling results of a novel design of starfish-shaped MEMS
vibratory ring gyroscope for higher sensitivity to harsh environments. The paper dis-
cusses the comparison and advantages of the MEMS vibratory gyroscope of a single ring
to double ring gyroscope. The concept of adding one more ring to increases the overall
sensitivity of the gyroscope. The C-shaped spring’s symmetric design introduced higher
compliance needed for high shock applications. The C-shaped springs absorb a good
amount of energy during high-intensity vibrations and support the ring structure.

2. Basics of Gyroscopes

The MEMS vibratory gyroscopes operate at two vibrational modes, driving and sens-
ing modes, respectively. In the driving mode, the gyroscope vibrates at a continuous os-
cillation in the driving axis. The sensing mode detects the gyroscope vibration in the sens-
ing axis when the external rotation is presented.

MEMS vibratory gyroscopes have proof masses “m” that operates with two degrees
of freedom. In operation, the gyroscope continuously oscillates in one axis direction. There
is no oscillation in the other axis direction. However, when the gyroscope experience an
external rotation, the primary oscillation starts shifting on the secondary axis with the
Coriolis effect. The two-degree spring-mass system is shown in Figure 1.
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Figure 1. A schematic diagram of a simple proof mass of two degrees of freedom.

The basic motion equations of a vibratory gyroscope are written below. Equation (1)
gives the motion equation in the driving axis, Equation (2) is about the sensing axis, and
Equation (3) is the Coriolis force that is produced by the external rotation and the primary

«_»

oscillation. Here “m” is the proof mass, “c” is the damping coefficient, “k” is the stiffness

w1 w7

constant, “x” is the displacement along the driving axis, “y” is the displacement along the
sensing axis, and “Q” is the external rotation. Here Fp, Fs, and F, are the driving, sensing
and Coriolis forces.

miX +cx+ kx = Fp (1)
my +cy+ky= Fs—F¢ (2)

Fe = —2mQi 3)
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MEMS Vibratory Ring Gyroscope

MEMS vibratory ring gyroscopes possess many advantages over the other gyro-
scopes as they have better thermal stability, design symmetry, high precision, high scale
factor and better mode matching [9]. The basic design features include a resonator ring,
support springs, centrally placed circular anchor, and electrodes for actuation and sensing
purposes [10]. The schematic view of the basic vibratory ring gyroscope is shown in Figure

sensing

Figure 2. A schematic view of vibratory ring gyroscope.

The gyroscope operating mechanism is described from step 1 to 4 in the Figure 3. The
ring structure is generally surrounded by eight electrodes, driving and sensing. The driv-
ing electrodes provide a continuous perturbation to the ring structure at the given reso-
nant frequency. The wine glass mode shape can be seen along the driving electrodes when
the device oscillates in the driving axis. Also, there is no movement along the sensing
electrodes. However, when the gyroscope is subjected to rotation, the wine glass mode
shape transfer towards the sensing electrodes because of the Coriolis force. The change in
movement is now sensed by the sensing electrodes.
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Figure 3. Shows operation mechanism of a vibratory ring gyroscope from step 1 to 4.
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3. Design Methodology of Starfish-Shaped Vibratory Ring Gyroscope

The starfish-shaped gyroscope consists on two resonator rings, sixteen C-shaped
springs, and eight small cube shape anchors. There are two sets of C-shaped springs
placed in the structure. The outer set has eight springs attached to the outer ring and eight
small anchors. The inner set of springs is attached to the internal and external ring struc-
ture. The design features of the proposed gyroscope are listed in Table 1.

Table 1. Design features of starfish-shaped MEMS vibratory ring gyroscope.

Design Parameters Value (um)
Outer ring radius 1000
Inner ring radius 650

Ring thickness 15

C spring length 520

C spring arc radius 160
Anchor area 80 x 80

The C-shaped springs are excellent energy absorbers in the gyroscope structure. The
compliance property of spring is the rate of energy absorption. In harsh environments,
especially in high shock or turbulence areas, a gyroscope structure needs to be robust
enough to perform with higher sensitivity [11]. The more compliance of the springs pro-
vides better performance in high shock environments. The proposed C-shaped and star-
fish structure offers high performance with higher sensitivity and increases the inertial
sensor’s reliability in harsh environments. The proposed gyroscope design is shown in
Figure 4.

Figure 4. The design structure of a starfish-shaped MEMS vibratory ring gyroscope.

The design of the gyroscope will be fabricated with a simple single wafer silicon-on-
insulator (SOI) process. This microfabrication process utilizes four masks to pattern the
structural layer by deep reactive ion etching (DRIE) process. The structural layer thickness
will be 25 pm and will be suspended on 400 pum thick substrate.
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4. Starfish-Shaped Vibratory Ring Gyroscope Finite Element Analysis
4.1. Modal Analysis

The modal analysis demonstrates the fundamentals of vibrations based on their
structures. It gives a detailed analysis of the natural frequency, vibration mode shape, and
vibration stability. The initial design modelling of the proposed gyroscope is done on the
ANSYS™ssoftware. The vibration modes and the resonant frequencies for modes n=1 and
n =2 are presented in Figure 5. The wine glass mode shape can be observed inn =1 in-
plane flexural mode. The triangular circle shape mode can be observed in n =2 in-plane
flexural motion. The n =1 flexural modes resonant frequencies for driving and sensing are
51.50 kHz and 52.16 kHz, respectively. The mode mismatch of 0.66 kHz was measured
between driving and sensing frequencies.
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Figure 5. Modal frequencies for mode number n=1 and n=2.

4.2. Harmonic Analysis

To know the displacement response of the gyroscope resonator structure up on elec-
trostatic force is quite important. A harmonic analysis study is done on the ANSYS™ soft-
ware to obtain frequency amplitude response when a certain perturbation force is applied
to the structure. The two peak values are observed for driving and sensing frequencies,
respectively.

In the directions of 0° and 180°, a 1uN force of simple harmonic applied to the ring
structure in the driving direction. The amplitude response after applying harmonic force
is shown in Figure 6. A resonant peak can be seen at 51.50 kHz frequency with a vibration
amplitude of 0.17 um in the driving direction.

A harmonic response in the sensing direction was investigated by providing an ac-
tuation force of 1uN in the sensing directions of 45° and225°. The resonant peak at 52.16
kHz frequency with an amplitude response of 0.019 um in the sensing direction is ob-
served in Figure 6.
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Figure 6. A harmonic response for the amplitude-frequency response.

There are two MEMS vibrating ring gyroscope designs are compared in Table 2. with
the proposed vibrating ring gyroscope. The initial result of mode mismatch is quite high.
However, the mode mismatch issue will be resolved with parametric analysis of design
parameters.

Table 2. Comparison with similar vibrating ring gyroscope designs.

i i Driving Fre- Sensing Fre- Mode Mis-
References Institution Design Ring Radius, Driving Fre ensing rre ode Vs

pm quency, kHz quency, kHz matchHz
Curtin Univ.ersity, starfish shaped two 1000 51.50 516 660
Australia rings
[12] North .Umver'sﬁy of Double .U—Be-am vi- 1500 9.61 9.62 16
China, China brating ring
Khalifa University of . oL
[10] Science and Technol- (00) Silicon vibrating ) 21.443 21.438 5

ogy, UAE e

5. Conclusions

We have successfully developed a starfish-shaped MEMS vibratory ring gyroscope
with high robustness for higher sensitivity. The two ring resonators and the inclusion of
sixteen C-shaped springs corroborate higher compliance for high shock environments.
The 160 pum arc radius and 520 pm length of the C springs are best to absorb energy in
high shock vibrations, and their symmetric design also provides good thermal stability.
The vibratory ring gyroscope with a ring radius of 1000 um has wine glass mode frequen-
cies at 51.50 kHz for driving and 52.16 kHz for sensing. The mode mismatch of 0.66 kHz
is measured between driving and sensing resonant frequencies. The harmonic amplitude
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response for driving is 0.017 pm and for sensing is 0.019 pm. The starfish-shaped MEMS
vibratory gyroscope’s symmetric design methodology initially provided excellent results
for vibratory gyroscopes with higher sensitivity in harsh environments.
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