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ABSTRACT ARTICLE HISTORY
This paper presents the design, modeling and finite element model Received 28 June 2015
simulation of a micro-electromechanical system based on the ternary ~ Accepted 12 November 2015
ferroelectric compounds and paratellurite. The dynamic behavior of KEYWORDS

the sensor structure is described by the super position of its dominant Gyroscope; ferroelectrics;
vibration mode shapes. The resulting model still considers all the FEM

physical domains and is even able to capture nonlinear phenomena,

such as the stress stiffening of constraint structures or frequency and

stiffening caused by squeezed gas in the sensor cell. Process induced

and thermally induced residual stresses and the resulting deformation

of the transducer elements are considered.

1. Introduction

The Coriolis Effect is the main idea of micromachined gyroscopes, in which the rotation rate
will cause the Coriolis force to react in a direction perpendicular to the rotation axis. There
are many types of micro-electromechanical system (MEMS) gyroscopes that are commer-
cially available now. There are many differences in the individual MEMS devices; most of
them are vibratory-type gyroscopes. They include tuning fork vibration structures [6], ring
structures [9], rotational mass or gimbal structures [10], parallel vibration mass [11] and so
on. Recently, miniaturized gyroscopes have attracted a lot attention because of their several
applications such as automobile industry, satellite posture control, consumer electronics,
missiles, etc [2-8].

Maenaka (2006) introduced a novel gyroscope that consists of a rectangular prism bulk-
PZT (Lead Zirconate Titanate) with some electrodes placed on the surface [1]. This simple
and massive structure is the same as acceleration sensors. Because of such gyroscopes, an
unwanted movement of the mass, shock or acceleration is caused resulting in the detection
error and collisions of mass by electrodes or sensor body, springs failure, in which perma-
nent damage or the prevention of reference vibration will appear. Hence vibratory micro-
machine gyroscopes could not operate under shock or large accelerations.

In this study, we design novel structures that are sensitive to biaxial angular velocity and
are shock resistant. In addition, we discuss the fixing problem of the gyroscope, analyze the
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principle of operation, and find a resonance mode detecting point. Piezoelectric microma-
chined gyroscope (PMMG) is completely solid and has a simple structure [17]. When the
mode frequency AC voltage is applied, mode vibration of piezoelectric materials obtained
(as material we used BaTiO; and paratellurite as reference vibrations. MEMS devices are
based on physical mechanisms which are capacitive, piezoresistive, electromagnetic, piezo-
electric, ferroelectric, optical and tunneling. The most successful type is capacitive transduc-
tion [12-15].

2. Mems gyroscope structure, design and simulation

ANSYS is a multiphysics finite element analysis (FEA) software package [16]. FEA is a
numerical method for the deconstruction of a complex system by very small parts (user-
specified size) called elements. A mesh of 3D coupled-field solid element (Solid5 with 8
DOF) is used for analyzing the device within ANSYS. The software creates a comprehensive
explanation of how the system acts as a whole by solving all the implemented equations that
govern the behavior of these elements.

For BaTiO;, the 16th and 20th mode shapes are in-plane modes that occur at 514 kHz,
and 581 kHz, for TeO,, the 14th, 20th, 23" and 28th mode shapes are in-plane modes that
occur at 194 kHz, 274 kHz, 321 kHz and 357 kHz. The first mode is in the deriving, x-direc-
tion, which only affects the middle frame.

For BaTiO;, the 16th mode is in the sensing, x-direction, which exclusively affects the
proof mass since it is the only mass that has a DOF in that direction. The 20th mode also
vibrates in the driving direction but the middle and outside frames vibrate out of phase with
each other.

Maenaka etc., proposed a novel piezoelectric solid gyroscope in 2006 [1], which is called a
piezoelectric micromachined modal gyroscope (PMMG) [13]. Figure 1 shows the basic oper-
ation principle of the device. Primarily it is assumed to be a rectangular prism made of
BaTiO; and the polarized z axis.

Figure 2 shows the mode shape of the BaTiO; prism when we excite the high order reso-
nance mode where the differential vibration of the mass elements is almost along the x-axis
Figure 3(a) At this resonance mode, the device is ready for angular velocity detection. When
the angular velocity is applied along the y-axis, the Coriolis force occurs by the movement of
a mass element in Figure 3 (b) resulting in tensile and compressive stresses depending on
the position. As shown in figure 3 (c), these stresses generate the piezoelectric voltage on the
surface of the device differentially. As an output signal of device this voltage is proportional
with the applied angular rate. The substrate block is selected as the piezoelectric ceramic
material BaTiO;.

In figure 1, D4 and D— are the driving electrodes, R1 and R2 are the reference electrodes
that can be used for tracking and searching for the working resonance mode. A, B, C and D
are the sensing electrodes. Without any angular input, because of the symmetry of the piezo-
electric structure, the voltage of two adjacent electrodes, for example A and B or, C and D,
become equal. When an angular rotation is applied in any direction perpendicular to the
modal vibration, the voltage of the sensing electrodes is changed the Coriolis effect, and then
the voltage of the two adjacent electrodes are not equal. The rotation input can be quantized
via detecting the voltage difference of two adjacent sensing electrodes. The sensing and driving
electrodes are distributed in the corresponding positions on the bottom surface as on the top
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Figure 1. The structure of single-axis PMMG (a) Sizes of PMMG [mm] (b) The layout of electrodes.

surface. The simulation results for paratellurite in the main directions are very close to
BaTiOj’s results, but the efficiency of paratellurite based PMMG is lower than the same param-
eters for BaTiOs. Therefore below we will only discuss BaTiO5’s simulation results hereunder.

3. Result and discussions
A. Material selection

As an electro-mechanic transducers, piezoelectric materials are commonly used wherein the
requirements for the performance of piezoelectric material vary for different conditions and
applications. In this study the piezoelectric material has been used as both the excitation
source and the sensing element at same time, and so the piezoelectric material must have
larger piezoelectric constant ds; and electromechanical coupling constants k33 and k;s. Based
on these conditions, we selected BaTiO; and TeO, during the following simulation. Piezo-
electric properties of the BaTiO; and TeO, obtained from literature [18]. Table 2 shows
material parameters of BaTiO; and TeO..
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Figure 2. 16th mode. Mass elements almost vibrate parallel to the x-direction.

B. Modal analysis

In this section, to find the operation mode the finite element analysis of the piezoelectric body
of the PMMG was conducted first. Then to evaluate these modes quantitative indicators were
introduced and then best operation mode and the corresponding size of the device were given.

It can be concluded that, from the operation principle, PMMG should have the following

characteristics at the working resonance mode.

1. The movement of points in the piezoelectric block should be almost in one direction,
x-axis, in this paper.

2. The moving direction of the points should be perpendicular to the polarization direc-
tion of the piezoelectric block.

3. The moving direction of a point on one edge is the same as that of the corresponding
point on the diagonal edge and is opposite to that of the corresponding point on the
adjacent edge.

4. Moving edges should be in a state of tension or compression. To get this special modal
shape, we used ANSYS to perform modal analysis and list the corresponding frequen-
cies under which the modal shapes meet these characteristics.

From the numerical study we obtained the following results: Figure 2 shows 16.th mode
shape of BaTiO; PMMG at 514 kHz. It is seen from this figure that maximum stress is occurs
at the part of the edges of the PMMG. This shows the location of electrodes placing on sur-
face of the PMMG for the obtaining maximum sensitivity of the sensor. The corresponding
results for all BaTiO; PMMG are listed in Table 1.
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Figure 3. Operation principal of PMMG (a) Reference vibration: BaTiO; mass element’s movement in the x-
direction (b) Coriolis Force generated by applied angular rate on moving mass element (c) Compressive/

expansive forces induced in surface potential by piezoelectric effect.

Table 1. Obtained mode frequencies via modal analysis of BaTiO; made PMMG.

MODE 1 2 3 4 5 6 7 8 9
BaTiOs 0 0 0 0.0367 0.0419 0.0538 333349 338684 358824
MODE 10 1N 12 13 14 15 16 17 18

BaTiO; 410679 444349 446610 467936 475407 509696 514191 517759 519432
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Table 2. Material parameters of BaTiO; and TeO..

BaTiO; TeO,
en 2920 229
£33 168 247
) 6020 5990
€31 —2.69 0
e 3.65 0
es 213 0
n 27.5 x 10" 5.7 x 10"
i 17.9 x 10" 2.24 x 10'°
i3 15.2 x 10"° 535 x 10'°
33 16.5 x 10"° 5.7 x 10"
Cas 543 x 10'° 2.65 x 10'°
Ces 11.3 x 10" 6.68 x 10'"°

4. Harmonic analysis

A driving voltage should be applied to actuate the device in real applications. To verify the
mode shape we excite the 16th mode frequency from the modal analysis, and to perform
harmonic analysis we used ANSYS®. The placement of the driving electrodes is shown in
figure 1. The driving electrodes D+ and D- excited by 10 Vpp AC voltages with 180° phase
difference. The damping constant of the piezoelectric material was assumed as the value of
0.02. The frequency of the driving voltage was scanned 350 kHz to 850 kHz. Figure 5a show
the harmonic excitation analysis result in which the x-axis refers to the frequency of the driv-
ing voltage and the y-axis refers to the piezoelectric voltage amplitude on the reference
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Figure 4. Node displacement vectors on top surface of the 16th mode (514 kHz) for BaTiOs.
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Figure 5. (a) Harmonic analysis results of the PMMG (frequency of the working resonance mode is 514
kHz) (b) Harmonic excitation analysis result of the BaTiO; PMMG.
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Figure 6. Output voltage vs. applied angular rate for BaTiOs.

electrode, R1 or R2. From the figure, we can see that there are three peaks of the voltage of
the reference electrode (BaTiOs). The peak corresponding to the resonance mode is in the
position of around 514 kHz. The frequency of the working resonance mode is 514 kHz for
BaTiOs.

In addition, from Figure 4 we can observe the node displacement directivity of our model.
The figure shows that there is more kinetic energy stored in the effective vibration. Figure 5.b
shows the mode shape at the exciting frequency of the working resonance mode for BaTiOs.
It is observed that the exciting vibration of the piezoelectric block is the same as the vibrating
shape of the working resonance mode.

When we applied the working resonance mode frequency driving voltage to the driving
electrodes, the vibration of the working resonance mode can be the actuated account of the
Coriolis force. The reason for the raw result of the output voltage for the applied angular
velocity is differential with respect to x = 0, we implemented the subtraction of the poten-
tials at symmetric points, that is, Vsub; = VB — VA and Vsub, = VC — VD. Figure 6 gives
the relation between the angular velocity applied to device and the Vsub1l+ Vsub2.

It is clear that, in Figure 6, Vsubl+Vsub2 have a liner relation with angular velocity,
which agrees with the working principle of PMMG and verify that the rotation input can be
quantized by detecting the voltage difference of two adjacent sensing electrodes. In order to
optimize the size of the additional driving electrodes, we introduced three variables that
should be changed: the length of the driving electrodes, the voltage applied on the driving
electrodes, and the distance between two adjacent electrodes.

5. Conclusion

In this paper, to determine the best operation mode of PMMG modal analysis we first devel-
oped a set of quantitative indicators to evaluate the various operation modes.

For heavy acceleration and shock environment, the longitudinal vibrating gyroscope pre-
sented here will be one of the candidates for the next generation of gyroscopes. Furthermore,
according to the analysis result, it is concluded that the model with integrated masses has a
better vibration quality of the resonance mode and higher sensitivity to the rotation.
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