Proceedings of the 11th WSEAS International Conference on SYSTEMS, Agios Nikolaos, Crete Island, Greece, July 23-25, 2007 389
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Abstract: - In this paper a MEMS vibrating rate gyroscope design based on previous work [1] was analyzed to
get its mechanical characteristics. In this design, bended beams were used for the inner and outer structures.
Electrostatic force is applied on the comb drive electrodes of the gyroscope to create motion in the drive mode
direction. The excitation of the gyroscope’s drive mode and the deflection of the inner mass due to Coriolis
force is simulated using ANSYS FEA software. The simulation results show resonance frequencies of 3769 Hz
for the drive mode and 3661 Hz for the sense mode, maximum displacement of 5.07 um in drive mode and
6.89nm in sense mode, the mechanical sensitivity is 0.00689 um/ (“/s), and the frequency mismatch of 2.86%.
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1 Introduction

Micromachined inertial sensors are a very versatile
group of sensors with applications in many areas.
Until recently, medium to high performance inertial
sensors were restricted to applications in which the
cost of these sensors was not of crucial concern,
such as military and aerospace systems. Commercial
applications already exist, mainly in the automotive
industry for safety systems such as airbag release,
seat belt control, active suspension, and traction
control. Inertial sensors are used for military
applications such as inertial guidance and smart
ammunition. Recently various types of MEMS
gyroscope fabricated with new microfabrication
technologies which use separate oscillation modes
for drive and sense, have been developed [2-10]. In
these gyroscopes, the sensitivity improves as the
frequency mismatch between the two modes
decreases. Several prototype gyroscopes have been
tested and have shown promising results in a range
of £700 deg/s [5].

In this paper a simulation of MEMS vibrating rate
gyroscope design is demonstrated using FEA
software (ANSYS) to measure different mechanical
characteristics. The structure of the Gyroscope is
shown in Figure.l. The material used is silicon and
it is driven by means of comb electrodes [6]. The
main sources of errors of comb driven gyroscopes
are mechanical and electromechanical coupling
effects and the small deflections which are to be
measured. The inner mass and outer mass are

suspended using four beams. The mass oscillates
along the x-direction (drive mode). An externally
induced rotation about the y-axis (angular rate Q)
produces a deflection in the z-direction due to the
Coriolis force (sense mode). This deflection is
detected as a change in the capacitance between the
mass and the detection electrodes.

2 Gyroscope Design

2.1 Structure
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Fig.1 Physical dimensions of the MEMS Gyroscope
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The dimensions of the gyroscope investigated are
shown in Fig.l. The inner mass is 400umx>400
um*40 um in size. The support beams of the inner
mass have a width (w) of 4um and height (k) of
9.25um. The size of the outer mass is 600um>600
um x40 um. The outer support beams have each a
width (w) equal to 2 um and height (%) 40 um. Two
electrodes lie beneath the inner mass for detection.
The gyroscope is designed in a way such that little
deflection occurs in the inner beams when the outer
beams are bent due drive mode. In sense mode, the
inner beams are deflected while the outer beams
experience little bending. Any change in the position
of the inner mass changes the capacitance between
the mass and detection electrodes [7]. This indicates
that the outer and inner beams are rigid with respect
to the z- and x-directions, respectively. Thus, the two
pair of beams move independently in the two modes.
Drive mode oscillations have little effect on the
beams used in the detection mode because the
coupling between the modes is very weak.

2.2 Design

A simple model of the MEMS gyroscope is shown
in Fig.2. In drive mode, a force (F()=F, sinwt)
vibrates the mass along the x-axis. A Coriolis force
(Fe) is induced in the z-direction when the mass is
subjected to a constant angular rate (). The
equation of motion that describes this behavior is

[1]:

mx +c X +k x =F,sinat (1)

mz +c,z =2mQx +k_z =0 (2)
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Fig.2 Simple model of vibrating gyroscope [1]

where m is the mass; ¢, and ¢, are the resistances due
to damping, and k, and £, are the spring- constants

for the x- and z-directions respectively. The spring-
constants are calculated by [8]:

3
k. = Ehw3 (4L, xL,) 3)
L (L, +L,)

L j (4)

where E is the Youngs Modulus and # is the height
of the structure.

A schematic of the crab-leg suspension is shown in
Fig.3. The force resulting from the electrostatic
actuation of the comb-drive is equal to [9]:
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When the mass is driven such that it oscillates at the
resonance frequency, the oscillatory motion derived
from Egs. (1) and (2) is [1]:

x(t)=-x, coswm.t (6)
2mQw 1
Z(t): k xxm 232 2
- i-@leyPHelay
X sin@t—@

where x,, is the amplitude at resonance for the x-
direction and is equal to:

x,;% ®)
= n”#
y 0, (I-2) ©)
a) X
A= p (10)
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The resonance quality factor for the x- and z-
directions respectively is given by:

0, =—-, Q.=— (a1

where , and w, are the resonant frequencies.

a)x = kx . (()Z = kz (12)
me sz

The Coriolis force (£ ) is equal to:

F =2m Qx =2mQZxQde (13)

X

For matched mode operation, this force results in a
sense mode displacement at resonance of:

0, F.,
- (14)

y
If the drive amplitude is constant, then the amplitude
of the resulting oscillatory motion is proportional to
the angular rate (Q2). Furthermore, the sensitivity of
the gyroscope (|y/Q2|) is higher when the frequency
mismatch (|[dw|=|w,~w.|) is small.
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Fig.3 Parts of vibrating gyroscope (a) Crab-leg beam
(b) part of the comb-drive

3 Results and Discussion

Simulation of the gyroscope was done in ANSYS
FEA. Similar gyroscope wore simulated using
ANSYS [10].The structure was meshed as shown in
Fig.4 and boundary conditions and constraints were
applied on it. The motion of the structure in drive
mode and sense mode are shown in Fig.5 and Fig.6
respectively. Fig.7 shows the frequency response of
the drive and sense modes. At resonance, the drive

mode reaches a maximum displacement of 5.07 um
in the x-direction while the sense mode reaches a
maximum displacement of 6.89nm in the z-direction.
These values are computed for an input rotation rate
of 1 %/s. The mechanical sensitivity is 0.00689 wm/
(/s). The frequency mismatch between the drive and
detection modes is equal to 2.86%. A summary of
the gyroscope analytical and simulated results are
listed in Table 1. Good agreement between the
analytical and the simulated results was established.

Table 1
Parameters and Results of the gyroscope structure
MEMS Gyroscope Parameters

Quality Factor (Q) 100
Drive Force (Fy) 0.885 uN
Mass (m,) 34x10” kg

Mass (m.) 16.64x10° kg

Results Measured Simulated

Natural
frequency

(wx :27l'f drive )
rad/sec

27(3485.23) | 27(3769)

Natural
frequency

(0; =27f sense )
rad/sec

27(3484.95) 272(3661)

Drive Amplitude
(Xon) um

Mechanical
Sensitivity
(s Q) um/(7s)

5.44 5.07

0.00791 0.00689
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Fig.4 Meshing of the structure in ANSYS
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DISPLACEMENT A.N
sTEp=l MAR 28 2007
SUE =1 22:31:03
FREQ=3661
DI =7772
POSTZE AN
ANPLITUDE HARI 222007
vz 7 20:45: 56
(=10%-3)
7602
6895
Fl
g s
]
]
E sam
H
8
% e
RN 1)
g a.310
§
H
g e
]
T 1876
&
o
A 1se
.aaz
2520 2600 2680 2760 2040 2920
ass0 3620 2720 3800 380

Frequency in{Hz}

POSTZE AN

MAR 29 zDO7
20:44:06

AMPLITUDE
ux_z

4.608
4.182
2878

7.218

2,288
1822

1258

Displaceusnt in (micrometer)

ez

asz0 2800 2680 2760 2840 2920
2580 2540 220 as00 2880
Frequency in(Hz)

(b)

r0sTZE AN

MAR Z9 Z0O7
20:50:14

ANPLITUDE
ux_z

uz_7
- (x10%#-3)

Displacemsnt in {micromster)

-45 3520 2600 2640 2780 2840 2920
2560 260 2720 3800 2880

Frequency in(Hz)

(c)
Fig.7 Displacement vs. Frequency response (w, and w,)
for (a) Drive mode (b) Sense mode (¢) Drive and Sense
modes.

4. Conclusion

A MEMS Gyroscope with independent beams for
the drive mode and sense mode was investigated.
Good precision between the simulated and the
analytical results was obtained. The mechanical
resonance frequency and sensitivity were enhanced.
Applications that could benefit from this gyroscope
include but not limited to space and maritime
navigation systems, guided missiles, submarines,
etc.
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