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Student: Shih-Chuan Chiu Advisor: Dr. Tony Chen

Department of Mechanical Engineering
National Chiao Tung University

Abstract

The preliminary design and performance evaluation of a radio frequency
MEMS gyroscope, based on a surface acoustic wave resonator (SAWR) and a
surface acoustic wave sensor (SAWS) is presented in this work. In addition, the
method to convert the transmitted power into exact particle displacement is
introduced to predict the sensing resolution of this MEMS gyroscope.
Microelectromechanical systems (MEMS) sensors have received more attention
over the last decade. They generally have the advantages of being lightweight,
small in size, low power consumption and low cost, due to standard IC
fabrication techniques. The gyroscopes, operated on the surface acoustic wave,
are expected to have a better performance limitations over current MEMS
vibratory gyroscope designs, for example, low cost, better robustness and

reliability.



R

A @Bl A o g AR RS il R M R B B andg i
EERFRGE o AR T > RN R Y gt TR R AiTE A 4
FARPF ) - A BB GE T e D A E kL O

FE
FRETS o AR BRSO P

)

FRERHT AR TR R T 2REE AR B R
o R B R HN TR R L sl e MR

EHEIREEELEIHEFFL L i FERBR  F 252
PR EE B HFdn s fhdtp > B R_RAGTAP I A P R ALk E 2 Y
I EE iR iT o At - EH R

VR AR IR S F R0 A P A
%i& 1 T'F'fqz ST A EE O T o

BB rAA e BB AE A o RHE P aRdhaRd o &
BenmewET o AL A3 SRRk F R BR AR S PR
TR R A ik #sb%y:@ﬂ i# ’r—‘g* ‘IS Z BT B8 % ;‘E_'t‘*)r%j B 35

Bt -



Table of Contents

ADSLFACT (CHINESE) ....iivieiiii et e e I
ADSLrACt (ENGHISN) e ]
ACKNOWIBAGEMENT......ciiiiieee e 1
Table OFf CONENTS ..o e v}
LISt OF FIQUIES ..ttt et et nne e VI
Chapter 1 IntroducCtion ...............coooiiiiiiiiiii e 1
1.1 ViIDratory GYrOSCOPE ......cccueieriieiiieaieesiesteesteeseeeieesseesseesseeseeenseesees 1
1.2 Surface ACOUSEIC WaVE (SAW) ....oooieiiiieiie et 2

1.3 Comparison between conventional MEMS vibratory gyroscope and
SAW QYTOSCOPE. .. eveeeiiriieiitieesitee sttt e sttt e e s ib e et e e e snbeee e e 2
1.4 LItErature SUIVEY ........ccooiiiiiii et se et 3
Chapter 2 Interdigital-Electrode Transducers for Surface Waves ............ 5
2.1  Coupling-0f-Modes ThEOIY ........ccccvevieiieiiece e 5
2.1.1  The 2x2 Reflector MatrixX [G] ........ccocevvviiiiiiciccie e, 6
2.1.2  The 3X3 IDT MatriX [T] ..ccccooereriiiiieeiienee e 6
2.1.3  The 2x2 AcoustiC SPacing [D] .....cccevveereeriiriieiiisieeiee e 9
2.2 Crossed-Field Model ... 10
2.2.1  Electroacoustic EQUIValENCES ..........ccevvevieiiiiiecee e 11
2.2.2  Admittance Matrix for IDT .......cccceviveiinnie e 11
2.3 Electromechanical INteraction...........ccccccveviveiiiiiviivenie e 13
Chapter 3 Design and Simulation of SAW Gyroscope.................coovvrennn. 19
3.1  Surface AcoustiC Wave GYIOSCOPE........cueieerveerieerieesieeseesneasseanses 19
3.2 Preliminary Design of SAW GYroSCOPE......cccveveerieeriesiiesieenieennenns 20
3.2.1  Operating FrEQUENCY .......ccciiueiieerieeiieeseesieesie e siee e see e 20
3.2.2  SUDBSIIALE.....coivieieiiee e 21
3.2.3  Interdigital TranSAUCET.........c.covveeiieiie e 21
324  REFIECION.....ciiiiiiciee e 22
3.2.5  SPACING.....iiiiiiieiiiee e 22
3.2.6  Metallic DOt AITaY......cccoiiueiiiiiieiie e 22
3.3  Transformation of Coriolis fOrce.........ccocvviiiiiininiese e, 23

v



3.4  Estimation of Sensing Resolution for SAW Gyroscopes ................ 24

TR T I 1T 0111 o o PSS 24
Chapter 4 Conclusion and Future Work...............c.ccoooiiiii, 26
4.1 CONCIUSION....coiiiiiiicie e e 26
4.2 FULUIE WOTKS ..o s 26
REFEIENCE .......ccoiiiiiiii i 28



Fig.

1

Fig.2a

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

2b

3

© 00 N O

10
11

12

13

14

15
16
17

List of Figures

The Coriolis effeCt........cccoviiiiiiie e 31
Displacement of particles on the surface of half space due to the
RaAYIEIGN WaVE ... 32

Interdigital transducer, formed by patterning electrodes on the
surface of a piezoelectric crystal, for exciting surface acoustic wave:
(@) SAW electrical potential, (b) plan view, (c) side view ............... 32

Configuration of the IDTs, the reflectors and the perturbation
] Lot 1 (00 L= SUPRSRO 33

(a) Basic elements of gyroscope: IDT, acoustic spacing and reflector.
(b) Schematic representation of a SAW devices using transmission

IMALTIX 1ttt ettt b et et b e b s 33
The SAW reference planes at the ith element of a SAW reflection

grating of 1eNgth L.........ccoooieiii e 34
Schematic representation of electrical and acoustic ports................ 34

Schematic matrix representation of a two-port SAW resonator ...... 35
An instantaneous E-field direction in the crossed-field model........ 35

(a) Representation of the SAW IDT as a three network, Port 1 and 2
are normally assigned to the “ acoustic” ports, while Port 3 is the
electrical port. (b) In the crossed-field model, acoustic signals at
Port 1 and 2 are converted to equivalent electrical transmission-line

PAFAIMETEIS ...ttt bb e bne e enes 36
Crossed-field model of equivalent circuit representation................ 36
(a) The ABCD matrix representation of a transmission-line section
of length d, with characteristic impedance ...........cccccevvvviviieeninenn 37
Transducer composed ~N, number of fingers, acoustically in

cascade and electrically_in parallel.........c.cooooeiiiiei 38
Block diagram of receiving transducer configurations. Transducer
with acoustic generator at POrt 1........ccccoveeiieninniinie e, 38
Layout of the system for the excitation of surface Rayleigh waves in
a Piezoelectric MediUM ... 39
Coriolis forces acting on particles.........cccvvvvieevievin v 39
Working principle of the MEMS SAW gyrosCope .......c.cccceevvernnenn. 40
Design OFf SAW gYIOSCOPE .....vevveiieeiiieiieeseesieeseeeieesieesteesneeeeeeeees 40

VI



Fig. 18
Fig. 19
Fig. 20
Fig. 21

Fig. 22

Fig. 23

The design of interdigital transduCer ...........cccccoevvevvee e, 41
Result of the numbers of RIDT electrodes vs. transmitted power... 41
SIDT output voltage vs. number of electrodes of SIDT .................. 42

The transmitted power with different fingers of reflector of SAW
reSONALOr ON TWO BNAS.......ccviiiiiiiie e 42

The sensing resolution of the proposed SAW gyroscopes with 90
fingers of sensor IDT and calculated data by Varadan ez al. ........... 43

The sensing resolution of the proposed SAW gyroscopes with 89
fingers of sensor IDT and calculated data by Varadan ez al. ........... 43

VIl



Chapter 1

Introduction

Recently, there have been increasing needs for smaller and inexpensive gyroscope (or
angular rate sensors) due to the emergence of new consumer and automotive products that
demand angular velocity information. Currently, the existing technologies for gyroscope
including: rotating wheel gyroscopes, fiber optic gyroscopes, laser gyroscopes, vibratory
gyroscope, and etc. Although, they are expensively, they have been used extensively in
navigation and guidance systems. The SAW gyroscope is an MEMS device with the moderate
performance. It can be made cheap and thus can have a great potential in the consumer

electronics appliances in near future.

The SAW gyroscope is a new technology that combines surface acoustic wave and
vibratory gyroscope for the angular rate sensing, proposed by Kurosawa [8]. Many other
researchers did the similar designs [10, 11, 12] and discussed their feasibility. However, none
of a report stated clearly of their analysis work regarding the prediction of sensing resolution
for the gyroscope. In this report, we attempted to estimate its sensing resolution by combining
three analysis methods, which were well-accepted by SAW devices researchers. They are

“COM theory”, “Crossed-field model” and “Electromechanical interaction”.

The background knowledge for the vibratory gyroscope and surface acoustic wave is

introduced below.
1.1  Vibratory Gyroscope

Angular rate sensing is typically accomplished by measuring the effect of Coriolis

acceleration on a moving body. To understand the Coriolis effect, let’s imagine a particle
traveling in space with a velocity vector (\7) An observer sitting on X-axis of the XYZ
coordinate system, shown in Fig. 1, is watching this particle. If the coordinate system along
with the observer starts rotating around the Z-axis with an angular veIocity(Q), the observer
would think that the particle is changing its trajectory toward the X-axis with acceleration

equal to 2Q x ¥ . Since the force is proportional to the angular rate of the rotating frame, this
effect has been widely used as one mean to measure the angular rate, and is the basic

1



operating principle underlying all vibratory structure gyroscopes [1].

Vibratory gyroscope mainly contains proof mass and spring. Recent advances in
micro-machining technology have made the design and fabrication of MEMS vibratory
gyroscopes possible. These devices are several orders of magnitude smaller than conventional
mechanical gyroscope, and can be fabricated in large quantities by batch processes [2]. There
are several types of MEMS gyroscope, such as: piezoelectric, piezoresistive, capacitive,

acoustic wave, and optical methods.

1.2  Surface Acoustic Wave (SAW)

The stress-free boundary imposed by surface of a crystal gives rise to a unique acoustic
mode whose propagation is confined to the surface, and is therefore known as a
surface-acoustic-wave (SAW). They can be classified according to different materials,
boundary conditions and directions of propagation such as Rayleigh wave,
Bleusstein-Gulyave wave, love wave, and etc. In 1887, Lord Rayleigh discovered this mode
of propagation in which acoustic energy is confined very near the surface of an isotropic solid.
This mode, now know as the Rayleigh wave, is of interest to seismologists because it can be
used to describe earthquakes [3]. The displacement of particles near the surface due to the
Rayleigh wave has an out-of-surface motion that traces an elliptical path, as shown in Fig. 2a.
The Rayleigh wave can be generated at the surface of piezoelectric material and elastic
material by applying a voltage to an interdigital transducer (IDT) patterned on the substrate,

as shown in Fig. 2b.

1.3 Comparison between conventional MEMS vibratory gyroscope and SAW

gyroscope

Due to the working principle of the vibratory gyroscopes, the vibratory gyroscopes
usually have a suspended structure to achieve vibratory motion. It is usually difficult and
expensive to fabricate the suspended mechanical structures with matching resonant
frequencies for the need of gyroscopes, and thus result in performance limitation for the
gyroscopes sensing resolutions. Furthermore, the suspended of vibrating structure is easily
subjected to the external shock and vibration, which may taper the use of gyroscopes in severe
environment. In addition, to achieve high Q-factor for MEMS devices, the vacuum packing



should be employed to decrease the loading from the atmosphere [5]. These constraints

greatly taper the applications of MEMS gyroscopes.

The SAW gyroscope can overcome those limitations since it has no suspended mechanical
structure that can avoid external shock and vibration. Plus, it is a two-dimensional structure
similar to the current SAW filters, as it can be fabricated by depositing electrodes on the
surface of piezoelectric materials. Besides, since there is no suspended structure in SAW
gyroscope, it can have high sensitivity without the need of vacuum packaging. Therefore,

SAW gyroscopes have a great potential to lots of applications.

1.4  Literature Survey

It was not a new concept of using surface acoustic wave propagating on medium to
detect angular rate of an object in motion. In the early 1974, the research of surface acoustic
gyro was started. In 1977, it was reported several types of simulation structures of surface
acoustic wave gyro. They used aluminum alloy cylinder or fuse quartz cylinder as
propagating medium for surface acoustic wave, which was excited and detected by outboard
electromagnetic transducer. Besides, Forst et al. had measured real signal of SAW gyroscopes
based on the design above. The operation principle of SAW gyroscopes was similar to optical
gyroscopes, i.e. two surface wave propagated in opposite direction along surface of cylinder is
subjected to rotation. It would produce phase difference between two surface waves, and the
angular velocity is found by measured this phase difference. Due to the velocity of SAW five
order smaller than light, it was predicted that the sizes of SAW gyroscopes would better than

optical gyro. So far, there was no follow-up paper about this research.

In 1980, B.Y. Lao [5, 7] derived theoretically the dependence of SAW velocity on the
rotation rate of wave-propagating medium and it was established that, for an isotropic
medium, the rotation rate was a function of Poisson’s ratio. From the relation, he proposed a
new design of SAW gyroscope. It was using fuse quartz cylinder which deposited a layer of
thin piezoelectric film as propagating medium. The acoustoelectric transformation for excited
and detected surface acoustic wave was directly using the piezoelectric effect of material, not
outboard electromagnetic transducer. According to the report, with the use of piezoelectric
materials, it could increase efficiency of the transformation and greatly reduce the size of

SAW gyroscope.

In 1985, a new concept of SAW gyroscope was proposed [5]. It was a planar structure.



The surface acoustic wave was excited by interdigital transducer on a piezoelectric material
substrate. In 1998, M. Kurosawa [8] proposed a new type of SAW gyro sensor. He did the
design simulations based on the equivalent circuit of the piezoelectric material. This gyro
consists of generator interdigital transducer (GIDT), sensor interdigital transducer (SIDT),
reflectors and perturbation mass, as shown in Fig. 3. The angular velocity of a body in motion
was detected by the standing wave produced by these components. According to the report,
the angular velocity could not be experimentally measured yet because the resonant frequency
of RIDT and anti-resonant frequency of SIDT were not matched in experiment. In 1999,
Varadan and coworkers [9, 10, 11] presented another SAW gyroscope design with a two-port
resonator and sensor. The sensing resolution was 1°/sec obtained in experiment. In 2002, R.
C. Woods et al. [12] reported experimental trials of several SAW devices to evaluate the
performance of SAW gyroscope and also made an order-of-magnitude estimate of the
sensitivity. His conclusion for this device was that this device was extremely insensitive to

measure the angular velocity.



Chapter 2

Interdigital-Electrode Transducers for Surface Waves

Interdigital-electrode transducers were used to excite and detect the waves on the
piezoelectric substrate, such that Rayleigh wave, Love wave, and etc. They play key roles in
most of the SAW devices. This chapter introduces two methods which are suitable for
modeling the behavior of interdigital-electrode transducers for surface wave. In the last of this
chapter, we will present a study on the electromechanical interaction between
interdigital-electrode transducers and a semi-infinite piezoelectric material. All of these three

methods would be utilized in the design process of our SAW gyroscope.
2.1 Coupling-of-Modes Theory

The COM theory [13, 14, 15, 16, 17, 18, 19] has been extensively used since 1950s in
various problems related to optical and electromagnetism for the description of wave
propagation in periodically perturbed media. It provides an efficient and highly flexible
approach for modeling various kinds of SAW devices by a set of transfer matrices. In general,
there are three types of the representative elements for a SAW device: IDT, spacing, and
reflector, which can be described as transmission matrices [7], [D] and [G]. Depending on the
configuration of a SAW devices, any number of [7], [D] and [G] matrices can be used, but
their basic form remain the same. For example, the basic elements of SAW devices consist of
an IDT and reflector can be modeled as shown in Fig. 4.

Fig. 4(a) shows the basic elements, which has IDT, acoustic spacing and reflector. It can
be represented with [7 ], [ D,], and [ G,], as shown as Fig. 4(b). The indexes 1—3 are just for
book-keeping purpose. a and b denote complex electrical input and output signals respectively.
The SAW coming in and out of each representative section is described by the complex
amplitudes of forward, W™, and backward, W~ . The amplitudes have dimensions of
JPower . In matrix form, amplitudes at an ith reference axis are

[W,.]{Vq. 2.1)

W

1



Thus, any (i—l)th SAW amplitudes coming in and out of ith section has following relation,

where components of the transmission matrices are T, D and G:

{Zl} =[r, D, G] {W} (2.2)

i1 W

1

2.1.1 The 2x2 Reflector Matrix [G]

Matrix [G] is a 2x2 transmission matrix applied to the SAW reflection gratings, as

shown in Fig. 5. The wave amplitudes at x = —L in terms of the wave amplitudes at x = 0

yields the following transmission relation

{W* (—L)} _ [G]Vﬁ (0)}' 23)

W (-L) w=(0)

where the transmission matrix [G] is

{i+j[5_ja]tanh(aL)} e/t je " tanh(oL)e’*
K, K,
[G] _C 12 12 @4
—je’” tanh (oL)e " {i—j(é_ JaJtanh (GL):| e /Pt
K2 K1z
where
2k
0:[7{12—(5—]0()2} 2, (2.5)
C= (%) cosh(oL), (2.6)

and o is the grating attenuation constant (m™), L is grating length (m), 6. is the reference
phase, x = x;, is the mutual-coupling coefficient (m™), and §=27z(f—f0)/v0+1c11 is the
frequency-deviation (detuning) parameter from the Bragg frequency f,, where x,, is the

self-coupling coefficient (m™) related to velocity shift (dv/v).

2.1.2 The 3x3 IDT Matrix [T]

The transmission matrix T of an IDT can be found by manipulating the admittance

6



matrix based on a Mason equivalent circuit model which described in detail at section 2.2. It
is required to relate electrical and acoustic parameters for each IDT. The transmission matrix

[T can be equated to these by

W =11 w |, @)
b. a,

1 1

where a, and b,, respectively, denote complex electrical input and output strengths at the

ith port. Reference planes for the IDT are as shown in Fig. 6.

The IDT matrix elements in Eq. (2.7) are given as [15]

t11 _tlZ 113
[T] =| by Iy Iy :{
Stz —Slyy Iy

P } 2.8)

T, Iy

N

where s :(—1)N’ is a symmetry parameter and s = 1 or s=-1 for an IDT with an even or

odd number of electrodes »,, and the elements in matrix is

‘{Hwﬁze)]e,@ _{q(ma)}

1+ j6, 1+ /6,
‘= , (2.9)
S(Ga (R, +ZE)J S(l_ G, (R, +Ze)]e_j€l

1+ 506, 1+ 56,

with
0, =(oC, +B,) (R +Z,), (2.10)
and

0, = N,AJ, (2.11)
J2G,Z, ej%

1+ /6,
B RAG , (2.12)

N2GZ, 1

| 1+ 6,

J2G . Z, i J2G Z e, .
=|s——= eejé -~ eelée_"g’ (2.13)

T f—
’ 1+ j6O 1+ j6O

e e




c (2.14)

where
0, =wC, (R +Z,). (2.15)

The total IDT capacitance C, is
C, ==(N,-1)C,, (2.16)

where C, is the static capacitance per electrode pair, Z, is load resistance of source

e

resistance, N

t

is number of IDT electrodes (not pairs) ,and R is combined IDT metal and
lead resistance. The radiation conductance G, can be represented by the unperturbed sinc

function expression [13]:

8G, (N, -1), if w=a,
0 8G, (N, -1)° {—Sine(j’z/ Z)T otherwise @47
where
G, =K°C.f,,

(2.18)

and K’ is the electromechanical coupling constant. The radiation susceptance B, is

0, if o=,
B = 2x8xG, (N, 1)’ {SM(Z#} : otherwise
‘ (2.19)
The equation for acoustic waves at the (i +1)th and ith reference planes is
el =a7]+a,-[7], (2.20)
[B]=[=] [W]+a,- (i ), (2.21)



2.1.3 The 2x2 Acoustic Spacing [D]

The remaining matrix for the two-port SAW resonator design is a 2x2 one corresponding

to each acoustic transmission line separating IDTs and SAW reflection gratings. This is
W (-L w*(0
{ ( )} _ [D]{ ( )] (2.22)

w(-L) w~(0)

where the elements of complex matrix [D] are

[D]= {ew X } (2.23)

0 e—jﬂoL
in terms of wave number £, and acoustic length L between appropriate reference planes.

This matrix (2.2) representation of a lumped system model of SAW devices can be
implemented to other SAW structures also since any SAW devices is combination of IDTs,
reflectors and spacing. For example, there is a model of a two-port SAW resonator as shown
in Fig. 7. Complex SAW structures can also be modeled by adding more transmission

matrices at appropriate locations.

The total acoustic matrix [M] of the constituents of the two-port SAW resonator is now
obtained as the product of the composite building blocks. Such that [A7] is a 2x2 complex

acoustic matrix

[M]=[G][D,][5][Da][55][ D5 ][ G, ] (2.24)
Here, [G,] and [G,] are relate to two SAW reflectors at the end. [D,] and [D;] are the
spacing between the grating and adjacent IDTs. [D,] is the separation between IDTs. [z]

and [fs] are the acoustic sub-matrices as shown in Eq. (2.9). From Eq. (2.20), however, the

SAW amplitudes associated with transducer 7, are given by
[W,]=t[W:]+a; [ ], (2.25)

which represents two equations with four unknowns Ww," and W, . Eq. (2.24) is solved by

applying the boundary condition

W, =W; =0, (2.26)



Thus, the reference axis of transducer 7, gives
[o]=[G1[D: ][], (2.27)
and
[7:]=[Da][5 ][0 ][ G777 ] (2.28)

By combining Eq. (2.25) through Eq. (2.28), the outward propagating SAW wave W." and

W, are related to the input a, by

{VH _ [M]m;}as (G][D,][z] (2.29)
In addition, a choice of matched conditions at input and output yields voltage values
b, =a, =0. (2.30)
At the output transducer T;,
[7:]=[D:][G, ][7:]- (2.31)
Finally, the electrical output voltage V , is derived from the scalar product

Vou =bs =[7] []. (2.32)
2.2  Crossed-Field Model

The crossed-field (Fig. 8) model is derived from Mason equivalent circuit model
employed for modeling acoustic bulk wave piezoelectric devices [18, 19, 21]. The equivalent
circuits also have been widely used as approximate equivalent circuit for SAW IDTs [18, 22,
23].

In crossed-field model, the acoustic wave is represented by an electrical wave on a
transmission line, and the piezoelectric energy conversion by a transformer. Moreover, the
mechanical force and particle velocity at the acoustic ports are represented by its equivalent
voltage and current, respectively. As a result, the equivalent circuits for SAW IDTs have two
symmetric acoustic ports and one electric port, as shown in Fig. 9. In the terminology
followed here, Port 1 and 2 represent electrical equivalent of “acoustic” ports, while Port 3 is

10



a true electrical port.

2.2.1 Electroacoustic Equivalences

All of three ports as shown in Fig. 9 are treated in equivalent electrical terms. At Port 1
and 2, the acoustic force F (in newtons) are transformed to electrical equivalent voltages 7,
while mechanical SAW velocities v are transformed to equivalent currents 7. In terms of a

common proportionality constant ¢ these transforms are

y-t (2.33)
@
[=vo, (2.34)

where parameter ¢ is interpreted as the turns-ratio of an equivalent acoustic-to-electric
transformer. This can be written in terms of electromechanical coupling coefficient K2,

frequency f,, and total capacitance of the IDT, C, as

o =+2f,C,K*Apv, (2.35)

where p is the density of substrate and A is the effective crossed-sectional area.

2.2.2 Admittance Matrix for IDT

Fig. 10 shows the unit cell of IDT and each model can be cascaded depending on number
of pairs for sensor IDTs. Essentially, the IDTs are arranged acoustically in cascade and
electrically in parallel.

The equivalent current-voltage relations for a unit cell of IDT are given as

5 "
L |=[Y]| ¥, |. (2.36)
1y Vs

where the 3x3 admittance matrix [Y] may be expanded as
n, Y, 4

[Y] =Yy Y, Yy (2.37)
n Y, I

11



In order to calculate the overall response of the three acoustic transmission sub-matrices,
ABCD matrix manipulations must be employed as shown in Fig. 11 [13]. ABCD matrix
representation of a transmission line section of length & with equivalent electric impedance
Z, on the unmetallized region, which is assumed to be a lossless transmission line segment,
IS

y cos(6)  jZ,sin(6)
[Ru] — u u — . l )
C, D, jZ—sm(e) cos(0)

0

(2.38)

The corresponding matrix [Rm] for a lossless metallized-strip may be represented by

cos(8,)  jZ,sin(6,)

R _ Am B m | _ 1 " (2 39)
[R,]= C, D, | jZ—sin(Hm) cos(8,) '
where the transit angle @ is obtained for the equivalent electric impedance Z, as
9-"1 (2.40)
4 /o
And, the transit angle @, is obtained for the mechanical impedance Z, as
g -Z.J (2.41)

m '
2 f,

From these, the total sub-matrix [R,] for three cascaded sections of the transmission

line in Fig. 10 is obtained as
[Rf] = [Ru ] [Rm ] [Ru ] (242)

To obtain the total 2x2 ABCD matrix [Q] for the equivalent transmission line of the

complete IDT with N, fingers, as shown in Fig. 12, the matrix in Eq.( 2.42) is cascaded to

obtain

Q11 Q12 N
= = " 2.42
[Q] |:Q21 sz :| [Rt ] ( )

Working backwards and employing ABCD-to-Y matrix conversions, the acoustic sub-matrix

[Yaf] for the total IDT is

12



@, -1

I:}/af:' _ Y]_{ }/15 _ QlZ QlZ . (2.43)
i Yal |1 Oy
QlZ QlZ

Acoustic reflections from IDT fingers can lead to internal resonances and associated

losses. Dealing with such losses required inclusion of an attenuation coefficient «, in a

general [Yf] -matrix representation for the IDT with finger reflections. In [13], the

admittance matrix is approximated as

1 4
L =[Y"] 7, |, (2.44)
1 Vs
where
Y/, Y. ~G, tanh(a, + j6, )
RE Y Y} ¢G, tanh(a, + j6, )

—pG, tanh (af +j6’m) oG, tanh (af +j<9m) joG, +4N,¢°G, tanh (af +j6’m)
(2.45)

And 2x2 acoustic submatrix terms are given by Eq. (2.43). Solving Eq. (2.44) for the

electrical admittance of the transducer, YL( f ) with the application of matched boundary

conditions such that 7, =-V,/Z, =-V,G, and I,=-V,/Z,=-V,G, =1, yields

,(f)=2= . (2.46)

We consider the case shown in Fig. 13 where an acoustic wave is incident at Port 1, Port

2 is acoustically terminated, and Port 3 is electrically terminated in Z, (f)=1/Y,(f). The

transfer function with input and output voltage at port 3 can be obtained by simple electrical

network analysis.
2.3 Electromechanical Interaction

The purpose of this section is to derive the electromechanical interaction due to a surface
electrode attached to the surface of a semi-infinite piezoelectric material [6, 33]. Let us
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consider the two-dimensional electroelastic problem concerned with the excitation of
harmonic waves in a piezoelectric half-space, as shown in Fig. 14. The electrodes attached to

the surface of the piezoelectric are assumed to be weightless, perfectly flexible and

conducting, and have length 7, which is assumed to be much larger than width (1/4) with

an important consequence that the electroelastic fields in the material are independent of the

x,-coordinate.

The electroelastic fields in a piezoelectric are described by the following equation.

The equations of move [24]:

ooy, N 00y, _ o’u,
ox,  Ox, o (2.47)
00, 004, o’u, .
+ =p—.
ox,  Ox, ot
The equation of electrostatics:
Dy Dy o g O g 0P (2.48)
ox, 0Oxg ox, Ox,
The equations of state:
O = Cﬁ“l,l + ClEsus,s — ey,
015 = Cy, (”1,3 + ”3,1) —ed,,
O = C:LESMl,l + C3E3“3,3 — €30, (2.49)

D, =e; (“1,3 + u3yl) - 8ﬁ¢1,

Dy = eyu; ) + ety 5 — 8§3¢,31
where we denote, by o,, u,, D,, ¢, p, (i,j :1,3) the stress, the displacement, the
dielectric displacement, the potential, and the mass density, respectively.

Accordingly, the problem reduces to the following system of (two-dimensional

electroelastic) equations for the amplitude coefficients of the potential, ¢, and displacement

components, x, and x,

E E E E .
C11u1,11 + C44“1,33 + (Cls +Cyy ) Uz — (831 t+ e ) ¢,13 = PUy,
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E E E E .
(C44 +Clg ) y 13+ Cogtty gy + Coglly g3 — €111 — €33 53 = Py, (2.50)
+ + —&3p,, — Enas =0
(815 + 631)”1,13 €ysllyyy +eyglls 33— E11Pyy — ExyPay =
Here and afterwards the harmonic time dependence e’” is suppressed.

Assume that the displacement and potential vectors are
u=A-f(&), (2.51a)
0=6-1($), (2.51b)
where {=k-x—wt = a)(s~x—t) , and w is angular frequency, k is wave vector, s is slowness
vector in the x direction, and k =» x's. Then

ou,

= k;k A4, "(&),

Wk =

il, == 0" 4,"(8), (252)

LT g
$i = e o~ "(E)

It follows that

|:C11S12A +C 4S32A1 + (C1E3 + Cﬁ)S1S3A3 _(631 + els)s1ss¢o ]f (é:) =
[(Cﬁ + Clg)sls3A1 + Csy Ay + Cpsy” Ay — €158,y — €358,y — p ]
[(615 + 631)S153A1 + 615512143 + e33s3 ‘911S1 ¢o 5§3S32¢0 ] S (5) =0.

If the second derivative of the disturbance /(&) exists, then we have an eigenvalue

problem as follow:

4
M| 4, |f"(£)=0, (2.53)

%,

where
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E 2, ~E_2 E |
Cus," +Cysy —p (ClS +Cy ) $183 _(931 Tés ) 5153

E E E 2, ~E,2 2 2
M= (C44 + ClS)SlSS Cus” +C5385" =P €8y — 585" |, (2.54a)
2 2 S.2_ .52
(615 tTéy ) S$183 €58 +€335; —E11S) T 6535
1
s=(s, 85)=| =, 7| (2.54b)
c

There exists a non-trivial solution if the determinant of Eqg. (2.54a) vanishes, i.e.,

det(M):O. Hence, three eigenvalues 77 must satisfy the bicubic equation of 7’ as

follows:
An® +Bn* +Cn* + D=0, (2.55)
where

_ E(pE S 2
A4=-C, (C33‘933 — €y )’

1
. E 2 S E_ 2 2 2 2 ~E E ~E S EqE S
B= 6_2 (Caac™pegy + Criegs” + peey +e Coy— CpChzeyy — Gy Craegy
E2_S E 2 ~E £ E £
+ Cl3 653+ 25,€5Cy + €5 Cyy — 2C 3615635 — 2C 50,505, — 2C, 4565

+2C5CE3)

1 2 _S 2~E S E 2 S 2E | EqE S
C= _?(_Pc sy — P Coyépy — Cou¢ pegy — €3 Cpy + € Cpyéyy

EA~E S 2 E EA~E S E
+C Cény +2pc"ege53 — 20 0565, — 2C15C 80, + 2C e300,
2 4.8 2 2 E_ 2 2 2 E2 S E _ 2.8
+pC e ey pet+2Cpe;" + pctes” —Cylen — G pctes,

2
+2eye50C7)

1 E 2.8  ~EME .S | 2 4.5 ~E_ 2 2E S 2 2
D :_?(_Cnpc en+CCyéy + piciey —Cues” — pcCue + pcies’)

The equation (2.55) can be directly solved by formula. It is noted that 7, may be real or
complex. For definiteness of single-value and bounded condition at infinity we assumed,
Im(7,)>0. (2.56)
The corresponding four eigenvectors satisfy the proportional relation,

JYCRCRT
L A (2.57)

D Do Pz

where the superscript (k) denotes the k-th eigenvalue or eigenvector. The proportional factors
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p, are defined as
Py =1 [ (Ch+ Ol ) (—eussy” et ) + (e + €55 ) (Cls + Cin” = p) |,
Do = [—sfnkz (e +e15)(Cii + Cii )+ (ewss” + e, ” ) (Chisy” + i - p)} ,
puc = (Ghis® + Clan? - p) (Clsi + Cin® = p) = sin (Cla+CE)' |

Hence, the displacement field may be assumed to be

iy - ‘”t)

u=PDCe (2.58)
where
1 U (2.59a)
P P13
Pa P P (2.59b)
P3 Pa3
W'hxs 0
e 0 |, (2.59¢)
eiw173x3
G
C=| G, | (2.59d)
G

The unknown coefficients C, must be determined by boundary conditions. It is a set of

mechanical and electrical boundary conditions. The surface traction acting on an arbitrary

horizontal plane is given by

015(%,0) =04 (x,0)=0. (2.60)
or

(Cguy + Gy + Cogyy )€™ =0, (2.61)

(Cioy +Cod + Codys) ) — (2.62)
where

du =1Coy (DUl + PoiSy) — €15 Py 51, (2.63)
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9o = iclgplksl + iC3E3P2k77k — e3Py s k=123. (2.64)

The C,, C,, C, satisfy the proportional relations,

C C C
1 = 2 = 3 =Q. (2.65)
912923 = 913922 9139210 — 914923 911422 — 91292

Substitute these relations to Eq. (2.59) and the general form of displacement field is obtained.

Then, u, and ¢, have a general relation (proportional constant) with the first line of Eq.

(2.59) divide by second.
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Chapter 3

Design and Simulation of SAW Gyroscope

In this chapter, we present a preliminary design of SAW gyroscope using the COM
theory, crossed-field model, and electromechanical interaction. The simulation work is done
with MATLAB software package and the simulation results are listed together with the
experimental data reported in the work of V. K. Varadan et al. [9] for comparison. For the
design simplicity, we neglect the loss and attenuation of SAW propagation due to
piezoelectric materials and metallic dots, bulk-wave conversion loss, and reflection and

electrical interaction between metallic dots array, and etc.
3.1 Surface Acoustic Wave Gyroscope

When a standing wave is generated on a piezoelectric material surface the anti-node

particles would vibrate in the vertical direction (v in + Z-direction). When substrate is
subjected to the angular rotation (Q in X-direction) perpendicular to the reference motion

(v), the Coriolis force (F =2mQxv in * Y-direction) is produced in the direction

perpendicular to the both vectors as shown in Fig. 15. Due to the wave motion along
X-direction, the Coriolis force acting on the surface particles along Y-direction would be

distributed in the way of a wave motion.

Base on the above-mentioned, the concept of utilizing SAW for the detection of rotation
is described below and illustrated in Fig. 16. It consists of IDTs, reflectors, and a metallic dot
array within the cavity, which are fabricated through micro fabrication techniques on the
surface of a piezoelectric substrate. The metallic dots of mass m serve as proof mass for this
gyroscope. The resonator IDTs create SAW that propagates back and forth between the
reflectors and forms a standing wave pattern within the cavity due to the collective reflection
from reflectors. SAW reflection from individual metal strips adds in phase if the reflector
periodicity is equal to half a wavelength. For the established standing wave pattern in the
cavity as explained in Fig. 16, a typical substrate particle at the nodes of standing wave has no
amplitude of deformation in the Z-direction. However, at or near the anti-nodes of standing
wave pattern, such particles experience larger amplitude of vibration in the Z-direction, which
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serves as the reference vibrating motion for this gyroscope. Metallic dots of mass (), which
serve as the proof mass, are placed in the resonator region where standing waves are formed.
To amplify the magnitude of the generated Coriolis force in phase, the metallic dots are
positioned strategically at the anti-node locations. The rotation (Q in X-direction))

perpendicular to the velocity (v in + Z-direction) of the oscillating masses (m) produces
Coriolis force (F =2mQxv in = Y-direction) in the direction perpendicular to the both

vectors as shown in Fig.16. Since this Coriolis force is applied on a piezoelectric substrate,
it generates a secondary SAW in the Y-direction with same frequency as the reference
oscillation. The metallic dot array is placed along the Y-direction such that the SAW due to
the Coriolis forces adds up coherently. The generated SAW is received by the sensing IDTs
placed in the Y -direction [10].

The design of SAW gyroscope is subdivided to two parts, SAW resonator and sensor, as
shown in Fig. 17. The former is to generate reference vibrating motion for proof mass; the
latter can detect the Coriolis force with voltage output due to rotation from proof mass. It is
important to know the characteristics of impedance, admittance, bandwidth and sensitivity
near the operating frequency of the SAW gyroscope, because the sensing IDTs have to be
designed such that they efficiently pick the SAW wave generated due to Coriolis force. The
numerical simulation of the SAW resonator is done by coupling-of-modes (COM) theory
because a SAW devices can be easily represented by several basic elements as discussed in
Chap. 2. The SAW sensor is modeled using crossed-field model instead of COM theory due
to the input to “SAW sensor” is the Coriolis force, not a voltage signal. Furthermore, to
estimate the Coriolis force, we need to know the particle vibrating velocity in advance.
Therefore, the “electromechanical interaction” method discussed in Chap. 2 is utilized to
convert the transmitted power into exact particle displacement, so as to obtain the velocity
term in the Coriolis force.

3.2 Preliminary Design of SAW Gyroscope

3.2.1 Operating Frequency

The periodicity of IDTs and reflectors, and the separation between the reflector gratings

determine the operation frequency of the device. This device can be operating at higher
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frequency with smaller device size or lower frequency with a larger device size. Generally,
the frequency range of SAW filters is about 10M ~ 3G Hz. The SAW gyroscope which is
similar to SAW filters might also be working at the range of GHz. However, for the
comparison purpose, we design the operation frequency of our SAW gyroscope in accordance
with data shown in [9] and [10]. In that regard, the SAW gyroscope has the minimum feature
of about 6 um and 75 MHz for the operation frequency.

3.2.2  Substrate

In view of the working principle discussed above, any piezoelectric material such as

lithium niobate, lithium tantalite, or quartz can be used as a substrate. For efficient generation

and detection of SAWSs through IDTs, 128° YX LiNbO, is chosen as a piezoelectric substrate
due to its rather high electromechanical coupling. The material properties of

128° YX LiNbO, are shown in Appendix. A few things to be noted that: Firstly, this

electromechanical coupling coefficient ( K*) in X-direction is different from that in

Y-direction, which is determined by formula [25]. Secondly, the wave velocity is different in

the X- and Y-directions due to the anisotropy of 128° YX LiNbO,, which measured as

3961m/s and 3656 m/s, respectively. The errors between published data (3992m/s, as

shown in Appendix) and the experimental results are mainly due to the effect of metallization

and the metallic dot array [9], which will be discussed later.

3.23 Interdigital Transducer

The design of Interdigital transducer (IDT) of SAW gyroscope is similar to IDT existed
in other SAW devices, and they are in charge of exciting and sensing the propagation wave.
The IDTs are electrodes patterned on the piezoelectric substrate and a periodic strain field is
generated in the piezoelectric crystal that produces propagating surface acoustic wave, when
an alternating voltage is applied. This propagation wave gives rise to a standing wave when
the propagating waves are launched in both directions away from the transducer. The

transducer electrodes may be either gold or aluminum.

The design of interdigital transducers of both of resonator and sensor is shown in Fig. 18,
which utilized aluminum as the material of electrodes. According to [9], to obtain good

resonator performance with this high-coupling-coefficient substrate, the constant finger
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overlap or aperture of IDTs should be minimized, but it needs to be large enough to avoid
acoustic beam diffraction. The aperture () of IDTs at two ends should be large enough so
that the metal dots array is located within the apertures of IDTs. Fig. 19 shows the simulation
result of the numbers of IDT electrodes vs. transmitted power, while keeping the reflector
design the same in a resonator. The calculation in the simulation is based on the COM theory.
As shown in plot, the maximum power transmitted took place at the 11 electrodes and 45
electrodes respectively. Here we choose 11 electrodes for the IDT resonator design to
minimize the size of SAW gyroscope. On the other hand, Fig. 20 shows the IDT output
voltage vs. number of electrodes, while keeping the input force the same. The calculation in
the simulation is based on the crossed-field model. As it shows in the plot, the maximum
output voltage takes place at 89 electrodes. Therefore we choose 89 electrodes for sensor IDT

design.

3.2.4 Reflector

SAW reflection from individual metal strips adds in phase if the reflector periodicity is
equal to half a wavelength A =4;/2 [10]. The transmitted power with different fingers of
reflector of SAW resonator on two ends is shown in Fig. 21. The curve has periodicity and its
period is about 45. From this figure, higher reflectivity with larger fingers of reflector is not
revealed and the reasons for it are not clear to us at this point. In spite of this, we choose 47

fingers for reflector for minimize the size of device.

3.25 Spacing

The separation between each component is chosen as an integral number of half

wavelengths so that the standing waves can be created within the cavity.

3.2.6 Metallic Dot Array

Metallic dots are placed within cavity in between IDTs on two ends. They fluctuate
up-and-down along with the surface wave motion, and serves as the proof mass for the
generation of Coriolis force. The material of metallic dot is chosen to be gold due to its large
density (p) can provide large mass at small size. Their shapes were rectangles (almost squares)

and each side was equaled to quarter of wavelength of both direction (X- and Y-direction)
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respectively. The dimensions of the dot arrays are designed slightly smaller than aperture (W)
of their corresponding IDTs to minimize the effects of wave front distortion at the edges of

the IDT electrodes. There are 15x15 of metallic dots in this design case.

3.3  Transformation of Coriolis force

So far, the design for the IDT resonator is done by the COM theory and the IDT sensor is
done by the crossed-field model. The output of the COM theory is the square root of power of
transmitted wave, while the input of the crossed-field model is the input force from Coriolis
force. Therefore, we need to find a way to obtain the particle velocity out of the transmitted

power so as to calculate the Coriolis force.
In the COM theory, when input ports are a, and a, (a,=a;), and b,=b, =0 (see

Fig. 7), [W,] or [W,] is the output of resonator and will be the reference vibration motion

of particle velocity for the calculation of Coriolis force. This Coriolis force is then the input of
sensor IDT when it subjected to rotation.

The mean power carried by a Rayleigh wave beam of width 7 is given in terms of

surface electric potential by [17]:

4
p=tatfof az(”Wcoj , (3.1)

KZ
where a is a potential/power conversion factor with units [WVZ/V] and derives from

piezoelectric permittivity method. In COM theory, ‘[W]‘z is the transported power [26, 27,

28, 29] and then, the wave amplitude is ‘[Wi]‘:a|®|. There exists a relation among the

surface electrical potential and particle displacement as we mentioned in section 2.3.

Therefore, the particle displacement can be estimated.

As shown in Eq. (2.65), we need to find out the Q, which is defined as the rate of energy
transferred across a unit area, to proceed on the power-displacement conversion. Here, we

introduce the Poynting vector [30], defined by

aui oD.
g(xj,z)=—a,.j5+¢ = (3.2)
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Here the first term on the right hand side is the acoustic part of the Poynting vector and the
second represents the electrical contribution. Its dimension is the power per unit area. The
detail information of Poynting vector can be found in [30] and it says that, if there is an

internal source in a volume ¥, the radiated power is
P=[ P-nds. (3.3)

S is the surface in volume and n is a unit vector normal to the surface. We assume that the

amplitude of ‘[W]

‘2

which deduced from COM theory is the radiated power. Thus, the
constant Q can be found approximately and then u, in Eq. (2.59a). In [10], it shows that

128°YX Lithium niobate has 2 A Z-displacement per a unit surface potential and these

experimental results agree with our numerical simulations.

The Coriolis force could be calculated by F =2mQv,, where v, =u, =iou, for the

mass dots. This Coriolis force is then fed into the crossed-field model to calculate for the IDT

output voltage.
3.4 Estimation of Sensing Resolution for SAW Gyroscopes

The sensing resolution of the proposed SAW gyroscopes with 90 and 89 fingers of
sensor IDT are shown in Fig. 22 and Fig.23, respectively. The 89 electrodes design of the
sensing IDT is the optimal design for the voltage output according to our simulations. The
experimental data reported in Varadan et al. [9, 10], in which 60 electrodes were used, is
shown in the same plot for comparison. As shown in the plot, the sensing resolution predicted
by our approach (89 electrodes) is different from the experimental data, while the 90

electrodes design is close to the experimental data.
3.5 Discussion

As shown in Fig. 19 and Fig. 20, the transmitted power does not increase along with the
number of IDT electrodes; neither the voltage output of the IDT sensor increase along with
the number of IDT electrodes. Besides, Fig. 21 also didn’t show the higher reflectivity with
larger fingers of reflector. These simulation results somehow contradict with our intuition of

IDT functionality. These simulation results will be investigated in future.
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The deviation of our prediction and experimental data, as shown in Fig. 22 and Fig. 23,
may come from the way we combined the COM theory and crossed-field model to model the
whole system. For example, the input to crossed-field model should be both of particle force
and velocity. However, in this simulation, we used Coriolis force as the force input while the
velocity is obtained by assuming the maximum power transmission. This could be erroneous

and should be investigated later on.

Furthermore, we have assumed that the metallic dot arrays have no effect on the
transmitted power generated by the IDT resonator, but to generate Coriolis force the sensing
IDT. The assumption is obviously impractical since the metallic dots have mass loading on
the surface wave motion. Besides, the edges of metallic dots could cause diffraction and
interfered with the wave propagation along Y-direction. All these effect will need further

investigation.
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

In this work, the design of a gyroscope, consisted of surface acoustic wave (SAW)
resonator and sensor, is presented. The SAW resonator is designed and optimized using COM
theory, while the design of SAW sensor is based on the crossed-field model. The output of the
COM theory is the square root of power of transmitted wave in SAW resonator, while the
input to the SAW sensor needs to be the force for crossed-field modeling. We have
successfully used the “electromechanical interaction” method to obtain a relation between
surface potential and particle displacement, so as to obtain the particle velocity for the
calculation of Coriolis force.

The simulation results shows that the optimal performance can be achieved by 11
electrodes of the IDT, 47 electrodes of the reflector in the SAW resonator at both ends; 89
electrodes of the IDT in the SAW sensor. This design is different from what shown in the
report [9, 10]. The deviation could be due to the way we combined COM theory and

crossed-field model, and the mass loading from metallic dots.
4.2  Future Works

The more complete simulations and experiments must be done in the future. Some

future works are listed below.
1.  Better understand the methods utilized for the SAW devices analysis.

2. Analyze the behavior of the metallic dot array in the cavity between IDTs in two

ends.
3. Implement the SAW gyroscope when the analyses work is completed.

Other than that, the effects of metallic dot array contain mass loading, reflection, and
electrical interaction. Further investigation will be needed to take all these effect into
consideration. One possible approach to model the mass loading effect from metallic dots

could be treating them as a reflector in a SAW device since they are located in a way similar
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to parallel strips in view of the one-dimension propagation waves. If so, they can be simulated
by various methods such as piezoelectric permittivity method, impulse response model, COM

theory, and etc.
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Fig. 2b Interdigital transducer, formed by patterning electrodes on the surface of a
piezoelectric crystal, for exciting surface acoustic wave: (a) SAW electrical
potential, (b) plan view, (c) side view [4].
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Fig. 4 (a) Basic elements of gyroscope: IDT, acoustic spacing and reflector. (b)
Schematic representation of a SAW devices using transmission matrix [9].
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Fig. 9 (a) Representation of the SAW IDT as a three network, Port 1 and 2 are
normally assigned to the “ acoustic” ports, while Port 3 is the electrical port. (b)
In the crossed-field model, acoustic signals at Port 1 and 2 are converted to
equivalent electrical transmission-line parameters [13].

JjZotan(6/2)  jZgtan(6/2) JZut@n(6,/2)  jZytan(6,,/2) JjZotan(6/2)  jZgtan(6/2)

I 12
S b A <
A 4
| |
| —JZoosc(0) —jZy c5¢(6,,) ~JZg csc(0) |

C
14 : % : Va
| g1 Pl 3L~ gl |
| |
| |

I3

s S 5

a\
a\
=\

Fig. 10 Crossed-field model of equivalent circuit representation [13].
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Fig. 11 (a) The ABCD matrix representation of a transmission-line section of length d,
with characteristic impedance Z, and propagationconstant k. (b) The matrix

evaluation of cascaded two-port networks [13].
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Fig. 13 Block diagram of receiving transducer configurations. Transducer with

acoustic generator at port 1.
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Fig. 14 Layout of the system for the excitation of surface Rayleigh waves in a
piezoelectric medium.
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Fig. 17 Design of SAW gyroscope.
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Fig. 18 The design of interdigital transducer.
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Fig. 19 Result of the numbers of RIDT electrodes vs. transmitted power.
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Fig. 22 The sensing resolution of the proposed SAW gyroscopes with 90 fingers of
sensor IDT and calculated data by Varadan et al. [10]

Resolution
1I:II:I I I I | T T T T
; : ——— Computed o
9|:| L v it e . ......... ......... . ......... ..... CEIICLIIEIIEd I:IEIIEI fl:lrm [II:I] el

&

Output, W

Rate, degfsec

Fig. 23 The sensing resolution of the proposed SAW gyroscopes with 89 fingers of
sensor IDT and calculated data by Varadan et al. [10]

43



Appendix
Material constants for LiNbO,

®  Density: 4700 k% )
® Symmetry class: Triangle 3m
® Compliance )
Sll S12 S13 S14 O O
S12 S11 S13 _S14 0 0
o - Sz S Sy 0 0 0
v S14 _S14 0 S44 0 0
0 0 0 0 Su 28,
0 0 0 0 25, 2(S11—S12)_

Compliance Constants (10’12 mz/newton) S,

Sll S33 S44 SlZ Sl3 S14
578 5.02 17.0 -1.01 -1.47 -1.02
® Stiffence
G, G, Gy G 0 0
G, Gy Gy G, O 0
Cis s G 0 0 0
¢ =\¢c, -c, 0 ¢C, O 0
0 0 0 0 C, Cy,
1
0 0 0 0 C, E(C“ -Cp,)
Stiffence Constants (1010 newton/mz) c,
Cll C33 C44 ClZ C13 C14
203 245 60 53 75 0.9
® Piezoelectric Strain
o 0 0 0 d, -2,
dy=d,=|—-dy dp 0 dg 0 0
dy, dy dy 0 O 0

Piezoelectric Strain Constants (10’12

coulomb/nevvton) d,=d,

d15 d22

d3l d33

68 21

-1 6
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® Piezoelectric Stress
0 0 0 0 e —2e,

e, =€, =|—€, € 0 e 0 0
ey € e; 0 0 0

Piezoelectric Stress Constants (coulomb/m*) ¢, =e,

€5 €p €3 g

3.7 25 02 13

® Relative Permittivity

g 0 0
[e‘ﬂ:[ey]: 0 & O
0 0 g
&l 0 0]
=0 g, 0
0 0 &

Relative Permittivity Constants for Piezoelectric Materials

515;/50 ‘952/‘90 553/50 ‘91T1/‘90 ‘92Tz/‘90 53T3)/50

44 - 29 84 - 30

g, =8.854x107% fards/m
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