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Chapter 1

An introduction to SAW motors

Overview: This chapter describes the history and the definition ofqaéctric ul-
trasonic motors and, in particular, the history and the difisation of SAW motors
Furthermore, features and potential applications fieldthef SAW motor are enumer
ated. Next, an experimental SAW motor is described, whicliésreel to throughout
this thesis. Finally, the outline of this thesis is given.

1.1 Introduction

Miniaturization and more accurate control of processegwamtibns are two major techno-
logical trends in industry. Examples are the demand of smatbrs in office equipment
such as printerddchino 1998 and optical instruments such as cames 200% and
motions aiming at accurately controlled manipulation likecrosurgery and assembly
processes. Furthermore, there is a demand for non-cordéingractuators, for instance
in the field of semiconductor production equipment. Addieibconstraints may be the
operation in vacuum and in an environment that requiresraesef magnetic fields.

Electromagnetic motors also called Lorentz motors, ireeéin 1821 by the British physi-
cist and chemist Michael Faraday (1791-1867), dominatéenthgstry. However, no revo-
lutionary improvement can be expected without the disgpeénew magnetic or super-
conducting materials. Moreover, the energy efficiency e€gbmagnetic transducers de-
creases rapidly with smaller form factors. By contrast, thergy efficiency of piezoelec-
tric ultrasonic motors is insensitive to size and theresugerior for mini-motorsldchino
1998, which explains the increasing interest for this type otono

A particular kind of piezoelectric ultrasonic motor is therface Acoustic Wave (SAW)
motor. In this thesis, this motor is investigated as a paésblution to the demanding
problems resulting from the previously described needs.pFimary goal is to determine
and understand the characteristics of a SAW motor that &eeesting for applications
and to determine and understand the design parameters aVangAor.

1



2 Chapter 1. An introduction to SAW motors

Figure 1.1: The first attempt of a piezoelectric ultrasonic motor, patentedilipiig
and Brown (1948). The bending modes of the rectangular bar were dxjt@) degree
out-of-phase signals. Consequently, a kind of rotation motion at onefeahd bar with
respect to the other end was generated.

1.2 Definition and history

The name ‘ultrasonic motor’ commonly refers to a class ofarsthat uses microscopic
elastic vibrations to generate macroscopic rotationsamstations of a rotor or a slider re-
spectively. The frequency of the microscopic vibrationgligasonic, i.e., higher than the
upper limit of the human hearing range (ab@atkHz). The conversion between vibra-
tion and resulting motion is based on frictiddgha & Tomikawa 1998 Regarding this
definition, the name ‘ultrasonic motor’ is sometimes inectly used for motors that are
driven by air-streams rather than frictiohi & Zhao 2009 or motors that have vibration
frequencies in the sonic range.

Williams & Brown (1948 patented the first attempt of a piezoelectric ultrasonitomdt
consisted of four piezoelectric rectangle elements thaewended to the four faces of
a square bar (figuré.1). The bending modes of the rectangular bar were exitegioby
degree out-of-phase signals. Consequently, a kind of ootatiotion at one end of the bar
with respect to the other end was generated. The motor dichake it to a product due
to the lack of proper piezoelectric materiagk®g et al. 2002. In the subsequent 34 years,
only a few new types of ultrasonic motors were fabricateg,, &leesattel et al(1962
andBarth(1973. Figurel.2shows the ultrasonic motor by Barth. The rotor was pressed
against the horns. The rotor was driven in clockwise diogchy exciting horn 1 and in
reverse direction by exciting horn 2 (The horns vibratedxialedirection). All these new
motor types suffered from the problem of wear and tear, sthe vibrating pieces were
fixed almost normal to the rotor surface. In 198ashidg1985 US patent) proposed a
traveling-wave ultrasonic motor to solve this problem (fegt.3). Two high-frequency
90 degrees out-of-phase signals were applied to the piezdelsegments via electrode
terminalsa andb. Consequently, a traveling wave (and an associated edliptiarface
motion) was generated in the elastic ring, which drove therrby means of friction
(figurel1.4). The driving direction reversed by changing the sign ofgthase. A modified
version of this motor is used by Canon for automatic focusirg@amera lens. Sashida’s
design initiated many proposals on how to generate aniefiighotion by using different
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piezoelectric
segment

horn 2 a haft . b
) ) rotor
piezoelectric iﬂ ﬁ elastic ring
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horn & vibrator 2 : .
: o piezoelectric
piezoelectric vibrator 1 7 segment

Figure 1.3: Sashida’s traveling-wave ul-

Figure 1.2: Ultrasonic motor by trasonic motor. A traveling wave, gen-
Barth (1973). The vibrating erated in the elastic ring, drives the ro-
horns drive the rotor. tor.

types and combinations of vibration modes, such as lonigididtorsional andsurface
acoustic wavefUeha & Tomikawa 1998 (Uchino 1997%, (Uchino 1998, (Zhao 200%.

A true Surface Acoustic Wave, known as a Rayleigh waigeaWave that is confined to
the Surface of a stator. The study of time-varying deformationsibrations in material
media is commonly addressedAsoustics Auld 1990. The elliptical motion of surface
particles is a fundamental Raleigh-wave feature. Due todfijgtical motion, a friction
force is exerted on a slider that is pressed against the statiace, resulting in a motion
of the slider (figurel.4). The motion of the slider reverses by applying a wave in gipo
direction. To obtain a proper contact between stator adesla slider is equipped with
so-called projections (small "bumps”) at its surface. Thape of these projections is
for example cylindrical or semi-spherical (e.g. figufe$3(a)and1.13(b). In order to
motivate the use of projections consider a small gap betweahrating element and a
fixed part. If the air has enough time to flow away between the (gaour case with
respect to the SAW time-period), the air film acts a dampehe@tise, the air film is
trapped and squeezed and behaves dominantly like a spriggtdlhis squeeze film, the
coefficient of friction would become very low, which hamp#ére SAW motor operation.
The time to flow away depends on the contact area and the ¢qmessure and reduces
significantly by using projections. Hence, projectionsroeene a squeeze film of air
between slider and stator.

Although, the potential use of surface acoustic waves (SAS\§ driving principle was
already described b$ashida(1985 US patent), the first successful attempts are more
recent. The seminal work in this area stems from 1992. Inyhat Kurosawa of the
Tokyo Institute of Technology (Japan) developed someahitieas about the SAW motor
(Kurosawa et al. 2004 In the successive year, in 1993, the SAW motor projectedar
The challenge was to obtain a proper contact with a high coptassure between slider

1The British mathematician and physicist Lord Rayleigi®42 — 1919) described the Rayleigh wave in
his 1885 paper ‘On waves propagated along the plane surface of aicedald’.
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rotor/slider
4—
wave
propagation
direction

iz A f
Sashida’s motort pm’s 21 mm 44 kHz
SAW motor <50nm| 1-0.01 mm| 2-100 MHz

Figure 1.4: Principle of actuation of a traveling-wave motor and a SAW motw figure
is not on scale.

and stator such that the small wave amplitude (with resgecbhventional ultrasonic
motors) would generate a motion. In their first successtehapt, the slider consisted of
three ruby balls glued onto a washer. Due to these contdst tia¢ projections, a high
contact pressure was obtained. Figlreshows an experimental statorkdirosawa et al.
(1994. In the subsequent years, many milestones were set, Ekabhication of silicon
sliders to achieve more projections, miniaturization e thotor, application of energy
recycling and the use of coatings (tallé).

Around 1994 Hlin et. al. started their research on the use of Lamb and Raweaves
for ultrasonic motors at the University of Valenciennes &fainaut Cambisis, France.
The research resulted in a PhD. thesigl{n 1997.

In 1999 two studentsBergsma & de Jon@1999, of the University of Twente made a
study on the possible design of a clean linear precisiorafmtiand proposed the Surface
Acoustic Wave (SAW) motor as a potential candidate. Subsetyi¢hey analyzed the

Figure 1.5: Experimental stator of Kurosawa et al. (1994).
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Figure 1.6: Experimental SAW motor of Dijk (2000). Use of two sliders praémh

against each other and utilizing end-of-stroke sensors.

1993

First operational SAW motor by Kurosawa et al.

1994

First (English) publication of a SAW motoK(rosawa et al. 1994

1997

A slider with 500 steel balls at the bottor@lfiba et al. 199)
PhD. thesisKlélin 1997.

1998

Slider made of silicon to achieve more projectioGsékabe et al. 1998
Miniaturization of a SAW motorTakasaki et al. 1998

1999

Use of energy recyclingAsai et al. 1999

2000

Use of two sliders preloaded against each otBgk(2000)

2002

Closed loop SAW planar motoxérmeulen et al. 2002

2003

The use of coatings for slider and statbiakamura et al. 2003

Table 1.1: Some milestones in the development of SAW motors.

SAW motor in more detail. Another student of the UniversifyTavente, Dijk (2000,
continued their work. He designed and built a successfulatjpmal prototype of a lin-
ear SAW motor at the Philips Centre for Industrial Technol¢G¥# T, nowadays called
Philips Applied Technologies). The motor had two sliderat tivere preloaded against
each other. Furthermore, end-of-stroke sensors wereaditio detect whether or not the
motion direction of the slider should be reversed (figlr@and tablel.1). In January
2001, the SAW motor was further investigated in the PhD meseproject described in
this thesis at the University of Twente in cooperation wittiliBs Applied Technologies.

1.3 Classification of SAW motors

This section gives an overview of the possible fundamentalan patterns by utilizing

Rayleigh waves.
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(a) 1 dof linear motion (b) 2 dof planar motion

Figure 1.7: Translations

1.3.1 Translations

Figurel.7(a)illustrates the basic setup of a linear 1 dof (degrees ofifsa® motor. The
curly arrow represents a propagating Rayleigh wave at therssarface, which pulls
the slider in (z)-direction. For example&kurosawa et al(1994, Hélin (1997 andDijk
(2000 have demonstrated the linear translation. The lineastasion extends to a planar
translation - i.e. a translation in 2-dimensions- by apmplya second orthogonal propa-
gating wave front, as shown in figue7(b) The rotation around is constrained (by a
slider guiding). The slider translates in a diagonal dimectue to superposition of the
two waves. For exampléurosawa et al(1994) andHélin (1997 have described the
planar translation.

1.3.2 Constrained circular motions

Besides planar translations, it is possible to make plamaular motions. Figurd..8(a)
shows a basic construction of a constrained circular maronind thez-axis that is en-
forced by the mechanical arm. The angle of rotation is lichit€igure1.8(b) shows a
construction with eight sliders that are rigidly connedieé ring. There is no limitation

in the angle of rotationCheng et al(2002 have demonstrated this constrained circular
motion.

1.3.3 Rotations

Figure 1.9(a) shows a construction for a one dof rotational motion arouredtaxis.
The surface of the rotor is equipped with rings, again to cyere a squeeze film of air.
Kamphuis(2003 has studied this motion. In order to increase the outpujutey Kamp-
huis recommended to increase the contact area betweeranutatator, for instance, by a
trench in the stator surface (figute9(a). The one dof rotational motion extends to a two
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(a) limited angle of rotation (b) full angle of rotation

Figure 1.8: Constrained circular motions

(a) 1 dof rotational motion (b) 2 dof rotational motion

Figure 1.9: Rotations

dof rotational motion by means of a second wave front andyusisphere or hemisphere
instead of a rotor, see figuie9(b) The direct driven, two dof, rotational motion has been
proposed and tested bpseph et al(2003.

The considered examples only utilize rectangular statdimvever, the performance of
the rotational motion actuators could be significantly ioyad by using curved stators
instead. Furthermore, it is possible to exchange the roktaibr and slider (rotor), i.e.
such that the ‘slider’ is fixed and the ‘stator’ is moving.

1.3.4 Combinations

Combinations of the previously discussed motion patteragpassible too. For example,
Vermeulen, Peeters, Soemers, Feenstra & Breed26ld) have demonstrated the com-
bination of a 2 dof translational motion and a (limited) ailiar motion. Figurel.10(a)
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' '
-, E\H — o v
\/ T T
L, M
f
(a) 12 wave actuators (b) reduced number of wave
actuators

Figure 1.10: 3 dof planar motion (top view)

shows the basic structure of this setup. A preload forcespeethree rigidly connected
sliders against three separate planar stators. The arepssent Rayleigh wave fronts,
which are generated at the edges of a stator. The number & acuators can be re-
duced while preserving the degrees of freedom as demosstogPeeters & Vermeulen
(2009. Figurel.10(b)shows the basic construction. They applied so-called Sidéd
Actuation (sectiont.2.3.

Because, the principle of actuation for all types is basedgundil .4, it suffices to study
the SAW linear motor in order to gain insight in the principtiemotion actuation of all
previously mentioned types of actuators.

1.4 Features and applications of a SAW motor

In this section we enumerate the characteristics of a SAWnintgeneral and with re-
spect to a rotating traveling-wave motor (e.g. Sashidaigeling-wave motor); the prin-
ciple of operation of a rotating traveling-wave motor is gamto a SAW motor. Next, we
discuss some potential application fields for a SAW motoe fdatures and applications
are partly based on results obtained during this reseaojaqbr

Pros of SAW motors are:

— high force at low velocities (for example, a forceldfl is shown in figure3.35and
a force of10 N is described byNakamura et al(2003): suitable for direct drive
applications;

— high acceleration (small moving mass), wide velocity e(igr example, velocities
of 0 - 0.047 m/s are shown in figur@.34and velocities of) - 1.5 m/s are described
by Nakamura et al(2003), large blocking force and no backlash, high resolution
(for example, steps of.7 nm are shown in figurd.16 and steps of).5 nm are
described byshigematsu & Kurosawg004), precise positioning (for example, a
steady-state error of 20.3 nm is shown in figdr2l);
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Pros

silent operation, since rotation-translation transimrsand velocity-reduction gears
are not required;

relatively large stroke (for example, a strokeS8ofm is described in sectioh.5)
with respect to the displacement resolution;

no inherent lubrication requirements: suitable for vawwapplications, negligible
effect of external electromagnetical fields and no inhegarteration of electro-
magnetical fields can be expected (at the stator-sliderfaute);

capable of operating in single and multiple degrees ofdfveg while preserving
mechanical stiffness;

a compact and structural simple construction, lightweighitable for miniaturiza-
tion (cm size).

of a SAW motor with respect to another type of ultrasonaor: a rotational

traveling-wave motor (figuré.3) are:

the stator of a SAW motor can simply be attached to a frambowtit damping
the wave, whereas the support of a stator of a traveling-was®r requires extra
attention;

the influence of a change in motor temperature on the wavditadgis smaller.
Consequently, no additional electronics are required fitistp the excitation fre-
qguency.

Cons of a SAW motor:

requirement of a high frequency power sources;
necessity of wear resistant materials;

difficult to fabricate high power (kW) motors;
sensitive to fabrication tolerances;

sensitive to contamination.

Cons of a SAW motor with respect to another type of ultrasoratom a rotating traveling-
wave motor are:

efficiency is smaller;

driving frequency is higher — larger losses (e.g. pieamgtelosses), higher de-
mands on electronics;

smaller wave amplitude — influence of for instance, flata@ssroughness is higher.

The features of a SAW motor differ from those of electromaigneotors. Therefore,
potential applications of a SAW motor may be in areas whegeathove features can be
utilized or where electromagnetic motors are inadequaite {d electromagnetic fields,
for example).

Potential application fields are:

— positioning of, for example, small mirrors, lenses, lasand sensors in optical

setups;
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— positioning of samples in (electron-) microscopes fouglgation and for material
research (e.g. magnetic resonance force microscopy);

— actuators for use in space, (no lubrication, vacuum coitvlp#t
— actuators with extreme demands regarding (low) electgmigc fields.
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1.5 Experimental setup

Throughout this thesis, we will refer to the experimentalipediscussed in this section.
The setup is a modified version of the setup describe®ify (2000 (figure 1.6). In
order to better analyze the principle of operation only ars#dad of two sliders is used.
Therefore, also the preload mechanism is different. Besaahedysis of the principle
of operation, the setup is employed to acquire validatiora der the derived models
(chapter3) and it is used to implement and investigate actuation amdralstrategies
(chapterd).

Figurel.11shows a photo of the experimental setup. The numbers refeairtacnames
listed at the bottom of the figure, which are used in this sectiThe main parts of the
setup are discussed in detail.

5 | guiding axis 9 | sensor
slider 6 | slider guiding 10 | encoder scale
IDT 7 | permanent magnet 11 | matching network
8

-
2
3
4

damping material flux conductors 12 | tunable flux shortcuts (bolts)

Figure 1.11: Experimental setup

1.5.1 Stator and IDT’s

The stator (1) is made of a PZT piezoelectric ceranRZT805 See sectior2.3.2for
a description of PZT. The stator is fabricated by Morgan &#teC€Ceramics, which is a
former Philips-daughter. The Philips grading name wWa$&43  The manufacturing
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damping material
IDT 1 IDT 2

Y
20 mm ‘ ‘ 35 mm
_yY

A

80 mm
160 mm

Figure 1.12: Geometry of the stator.

process of the stator is discusse®ifk (2000. The size of the stator B5 x 160 x 5 mn.
The so-called interdigital transducers (IDT) (3) genefa#&\V's (detailed discussion in
section2.3.]). In the experimental setup both IDT’s have 20 finger paix @maperture
width of 20 mm (figurel.12). The finger patterns are made of silver and have a thickness
of 6.8 um. The stator is only poled (made piezoelectric) at the IDThke stator is left
un-poled at the central part to prevent re-orientation ofecudes, which would affect the
flatness and roughness. Moreover, the un-poled ceramic magdarded as a mass of
minute crystallites, randomly oriented and hence the ceramaterial will be isotropic

at the central partRhilips 1997. Once a wave is generated at an IDT it will propagate
to both ends of the stator. In this experimental setup, dagpiaterial (4) dissipates the
remaining energy. A small heat sink is placed on top of theglagimaterial.

1.5.2 Sliders

Two types of sliders are utilized. The first type of slidermsexperimental slider consist-
ing of an aluminum triangular shaped plat& < 1.5 mm) with 3 steel balls witH mm
radius glued at the bottom (figuiel3(a). The mass i$.6 10~ kg and apart from the
gravitational force, there is no additional preload appli€his slider is used without any
external guiding. The second type of slider (12¢i8 made of silicon and has 40 000 ball-
shaped projections (placed in a closed-packed orienjafidre manufacturing process of

(a) experimental slider (b) zoom of a silicon slider surface (ob-
tained by an interference measurement mi-
croscope)

Figure 1.13: Two types of sliders.
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constrained by stator
free

constrained by actuation

Figure 1.14: Degrees of freedom of the slider.

a2 ball joint
‘Z slider guiding,”~
1Y [E=—3  slider ® Motion
. | stator\ directionx
guiding axis
AR GAGG68” ‘

Rm >—| N \gy sphere g/ N
C)M R S ’

permanent magnet

Figure 1.15: Cross section of the experimental set-up.

the silicon sliders is discussedijk (2000 as well. Figurel.13(b)shows a detail of the
slider surface.

1.5.3 Slider guiding

Consider figurel.14 The unguided slider is constrained in 4 dof’s: Rz, Ry (via the
stator) andr (actuation coordinate)Rz andy are unconstrained or free. The guiding
has to take care akz andy constraints. In the experimental setypis constrained by
the slider guiding (6) and the guiding axis (5) (figurd5. However, it appeared that
Rz does not have to be constrained in the practical setup; ittefr of the ball-joint is
sufficient to prevent rotatio®z. Refer to sectiorb.3 for detailed information about the
slider guiding. Furthermore, in the remainder of this thege will use the orientation of
the coordinate systems of figutel4 that is, the wave propagation along thaxis and
the z-axis normal to the stator surface.
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carrier

v L c
control X » gain | matching -
AM ¢ C
IDT IDT
(a) Diagram of the driving electronics (b) Matching network

Figure 1.16: Electrical part

1.5.4 Preload force

The preload force for the silicon sliders is applied by mezfresmagnetic force achieved
by permanent neodymium magnets (7). A number of flux condsi¢8) guides the mag-
netic flux. A metal sphere that is attached to the slider ggids pulled in the direction

of the two north poles and the south pole (figar&5. A symmetric setup is chosen to
apply a ‘stable’ force in the normatdirection. We can vary the air gapg as well as

air gapg,. The preload forcd, depends on all air gaps. The preload force can also be
varied by the variable parallel flux reluctangg. The parallel flux reluctance consists of
air gaps that can be closed by bolts (12). We did not close d¢his for the experiments
discussed in this thesis.

1.5.5 Electrical circuit

Figurel.16(a)shows a schematic view of the electrical part of the expartaiesetup. A
control signal activates the system. After multiplyingstisignal with a high frequency
signal (carrier), an amplitude-modulated signal (AM) isaobed. The frequency of the
carrier signal is approximately 2.2 MHz. A power amplifieaifg) increases the volt-
age of the signal. Next, the signal arrives at a matching od\11) (section2.3.1).
Figure1.16(b)shows the structure of the applied matching network. Rméle IDT is
excited.

1.5.6 Measurement

Tablel.2shows an overview of the available measurement poss#siliihe displacement
of the silicon slider can be measured by means of a lineardem¢®) of MicroE Systems.
The type is Mercury 3500, which has a resolution fropm to 5 nm (depending on the
chosen interpolation).

The experimental slider (figurk 13(a) displacement and velocity and the silicon slider
(figure 1.13(b) displacement and velocity can be measured by a so-calledmeter
fabricated by Polytec. For the velocity, a VD-01 encodersisduand for the displacement,
the DD-200 encoder is used. By utilizing a vibrometer we ate tdomeasure directly at



1.6. Thesis outline 15

preload encoder vibrometer  vibrometer
displacement displacement  velocity
silicon slider yes yes yes yes
experimental slider yes yes
wave amplitude yes

Table 1.2: Overview of the available measurement possibilities.

the slider rather than via the slider guiding. A third vibreter encoder (VD-05) can be
used to measure the high frequency wave displacement.

The preload force can be measured with two strain gaugesl gtuthe slider guiding.
See figurel.15 The gauges measure the deformation of the guiding. The auges are
connected to a measurement bridge such that temperatweadkiies are minimized.

1.6 Thesis outline

There exist a strong relationship between the experimeatap and the thesis outline as
demonstrated by figure.17.

< ch.5 >
ch. 4 ch. 4 ch. 2 ch. 3

wave motion

reference —»| control | actuation | = .
generatior generatior

v

Figure 1.17: Outline of the thesis.

In the first part of chapter 2 (Acoustic waves) we introducel&gih waves and the prop-
agation of Rayleigh waves in different stator configuratidhgthermore, Raleigh waves
properties that are important for modeling and design of W3wotor are discussed, like
a relation for the minimal stator thickness, the requiregeygower and a relation for the
stator length. In the second part, the generation of Raylmtes by so-called interdig-
ital transducers is discussed. Furthermore, we examinkcaple materials and losses
associated with wave generation and wave propagation.

In chapter 3 (SAW motor modeling), the principle of operatiof a SAW motor and
the inherent properties are analyzed. To this end, thremcobmodels are derived that
describe the microscopic and macroscopic behavior simedtasly. The different contact
models are:

— acontact model that describes the microscopic behaviawdes a single projection
and the wave motion. This model is used to explain the priaayb operation in
detail;
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— a contact model that describes the microscopic behaviar $mall number of pro-
jections. The model is used to describe the influence of plalprojections in the
ideal case.

— the microscopic behavior for a large number of projectidiiee purpose is to fit the
SAW motor behavior and discuss the implication of a large Ioeinof projections.

Next, the models are validated. Finally, the influence of timdel parameters on the
SAW behavior is studied in order to find the requirements fooptimal contact between
slider and stator.

Chapter 4 (Actuation and control) investigates the actoagiod closed-loop control of
a SAW motor. First, a linear time invariant system model & 8AW motor is derived.
Next, the disturbance sources of the SAW motor are discusta@after, different strate-
gies to actuate the motor are examined. For one actuatetegjra controller is designed.
Finally, the SAW behavior under closed-loop control is destoated for some example
trajectories.

In chapter 5 (Design procedures), we consider the designS#Ve motor to obtain an
indication for the applied materials, the geometry, thestarction, the actuation and the
practical limitations. First, the inherent SAW motor isalissed, where a design trajec-
tory is proposed to obtain design parameters. Next, thergyidesign and the preload
mechanism are examined. Finally, the electronics of thérabloop are discussed.

Chapter 6 (Conclusions) lists the conclusions and gives rewndations for future SAW
motor research.



Chapter 2

Acoustic waves

Overview: This chapter starts with a brief description of acoustic avaves and, in
particular, Rayleigh waves. Next, properties related to Rmyl waves are discussed.
An interdigital transducer can generate Rayleigh waves. [akepart of this chapter
will focus on features, loss and design of an interdigitahsducer.

2.1 Wave types

A SAW motor utilizes surface acoustic waves (SAW) or more spadly Rayleigh waves
to generate a motion. Knowledge of Rayleigh waves and itseguti@s is therefore a
prerequisite to design a SAW motor (chaggrexplain SAW behavior and predict SAW
behavior (chapteB and chapted).

Figure2.1shows an outline of this section. In order to point out whiblggical principles
are required to describe acoustic waves, a brief derivaifoam wave equation is given
in subsectior?2.1.1 In order to introduce wave terminology, subsectibh.2 discusses
acoustic plane wave solutions. The existence of Rayleigles/avan elastic half space is
discussed in subsecti@l.3 Finally, Rayleigh waves in a more realistic elastic plat ar
considered in subsectidhl.4

2.1.1 Wave equation

In this section, we derive a wave equation of a linear, homegas solid. The goal is to
show which physical principles pertain to acoustic waves @nintroduce wave related
variables. For a rigorous derivation see for examfaléd (1990 or Oliner et al.(1978.
Consider an infinitesimal control volume of a solid in an Edielh 3-space with Cartesian
coordinates = (x1, z2, I’g)T. The displacement of this infinitesimal control volume {par
ticle) is represented by the vector= (uy, uy, U3)T. (In order to compactly describe tensor
relations, we use a slightly different notation in this clespe.g.,(z, x2, z3) instead of
(x,y, 2)). The body forces exerted by the neighboring volumes onrtfieitesimal vol-

17
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WAVE TYPES
boundary
conditions
late i
P Lamb waves R\%'\igh
section2.1.4 .
in a plate
plane waves
section2.1.2
physical wave equatior|1
principles section2.1.1 . -
Rayleigh Rayleigh wave .
: consecutive
waves properties chapters
boundary / section2.1.3 section2.2 P
conditions
half-space

Figure 2.1: Outline of the wave-types section.
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Figure 2.2: Three stress tensor components.

ume are described by a stress tehsdth componentd’;; wherei is the direction of the
force andj is the surface normal to; (i, j € {1,2,3}). Figure2.2shows an example of
stress components acting in thedirection. The stress componéhy, is a tensile stress
and the components;; and 717, are shear stresses. The resulting ‘force’ acting on the
infinitesimal volume is determined by the stress differ@rietween two faces times the
corresponding face-area. For example, the resultingefarcz-direction is

aT oT aT
dF, = a;lld;c1<dx2dx3>+ 8x122d:c2(dx1dx3)+ a;jdxg(dxldxg)
_ (P 9T 0T g dde (2.1)
0x1 8:762 8333

The forces in the remaining two directions are found in alsinway. By using Einstein’s
summation convention (the convention that repeated isdice implicitly summed over),
we can compactly write the force in all three directions.

dF, = aﬂ'dxldxzdxg (2.2)
('3xj

IWhile the distinction between covariant and contravariadides must be made for general tensors,
the two are equivalent for tensors in the Euclidean 3-spaaerovin et al. 198%tand therefore omitted.
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By using Newton’s second law, the equation of motion per unrotume (for no external
forces and no dissipation) becomes

82Ui 87—’”

wherep denotes the mass density of the solid. Equafiddgives a relation between the
particle displacement and the stress. Next, we considezlé@sticity of the solid. To this
end, we define the strain-displacement relation for smédirdeations.

1 auk Gul
= (2 2.4
Skl 2 (81’1 + 8$k> ( )

The elastic constitutive relation between stréssand strainSy; is described by Hooke’s
law.

Tz’j = Cz’jlekl (2-5)

wherec;;; are the components of the stiffness tensoy, ¢, € {1,2,3}). By substi-
tution of equation2.4 in equation2.5 and this again in equatiod.3 and by using the
symmetryS;, = S; we obtain the wave equation in tensor notation.

0%u; 0%uy,
— Ciip——— =0 2.6
Potr ~ M gy, (2:6)

Summarizing, we have used Newton’s second law of motiongggu2.3) and Hooke’s
law (equatior2.5) to derive a wave equation for a linear, homogenous (noregiectric)
solid. This wave equation is used to find plane waves (seétibr2) and Rayleigh waves
(section2.1.3.

2.1.2 Uniform plane waves

This subsection discusses uniform plane waves — sometiaiksl dulk waves — in a
linear, homogeneous solid. For details, refeAtdd (1990. A uniform plane wave, the
simplest example of an acoustic wave solution, propagdtesya particular direction
and has a field that is uniform in a plane perpendicular to tbpamation direction. We
discuss plane waves to introduce wave terminology and lsegalane waves are used to
explain so-called Lamb waves and Rayleigh waves in a platti¢se?.1.4).

Basically, a uniform plane wave solution is found in thregsteFirst, a solution is pro-
posed. Second, this solution is substituted in the wavetegueFinally, the wave equa-
tion is solved (appendiR).

Consider a general plane wave solution that propagates tiehg- (11, [, lg)T direction,
where|l| = 1 (figure2.3). The general solution of such a plane wave solution is

u = tcos(wt—kl-x) (2.7)
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T2 T

@t=0 (b) t =t;

Figure 2.3: lllustration of a propagating uniform wave aldng

The argument of theos is a function of time and positionx. First suppos& = 0, such
that the argument of thes is wt, wherew is the vibration frequency of material particles.
Secondly, suppose # 0. Consider figur€.3. The additional phase at a positigrwith
respect tax = 0 is

2 2
—7”|xmycos<e) - —Tﬂxd = —kx-1 (2.8)

where dot produck - 1 determines the length of the projectionsobnto the propagation
vectorl. The wave vectok (‘spatial frequency’) relates to the wavelengtand the phase
velocity c of the wave by

2_77

k = pumy
A

Y (2.9)
C

The phase velocity of a plane wave is defined as the propagation velocity of aipbgee
wavefront (figure2.3). The amplitude vectofi in equation2.7 determines the type of
the plane wave solution. For a linear, homogenous, norppleztric solid, there are in
general three uniform plane wave solutions and three assacphase velocities. Fig-
ure2.4shows an example of three uniform plane waves solutiong;iwgriopagate along

1 = (1,0,0)T (refer to appendiXA for the calculation). The corresponding amplitude

vectors (eigenvectors) are:

1 0 0
ﬁ| - 0 y ﬁsv - 0 y ﬁsh — 1
0 1 0

where the subscript ‘I' denotes a longitudinal wave , ‘sv’ extically polarized shear
wave and ‘sh’ a horizontally polarized shear wave . For atragic material the two
shear waves degenerate, i.e., the shear wave phase es@ci equals, = cqy.
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Figure 2.4: Uniform plane wave field displacement distribution. From lefigtiaty lon-
gitudinal wave (1), vertically polarized shear wave (sv) and a horizonpallgirized shear
wave (sh).

air T33=0
TIB =
T3 =0
isotropic
Z3 half-space
Zo 1, Wave propagation direction

Figure 2.5: Isotropic half-space that is stress free at the surface.

2.1.3 Rayleigh waves in an isotropic half space

A SAW motor utilizes Raleigh waves. In this subsection, weneixe Rayleigh wave
features that are used in the next chapters, e.g., thei@ligurface motion. Related
Rayleigh wave properties are discussed in se@i@n

An isotropic half-space is one of the simplest waveguidacstires in which a Rayleigh
wave can exist (figur@.5). In this structure we only consider two dimensions, (r3),
l.e., the particle displacement iy direction is assumed uniform. The Rayleigh wave
solution is derived in appendB by using the potential theorA(ld 1990, (Kino 1987).
The resulting Raleigh wave solution satisfies both, the wauagon (equatior2.6) and
the stress-free boundary conditions (figar§).
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wave propagation direction
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Figure 2.6: Displacement field distribution as a function of the depth for &rmojsio
material (un-poled PXE43, material grade of the experimental slider).

The found displacement componentscinandz; direction are

C
u = — (quems — (k2 + 52)ex3q) cos(wt — krxq)
q
7112;3)
C
uz = k_e (2]{?6“5 — (k? + sz)exf’q) sin(wt — kxy) (2.10)
r

-~

a3(z3)

whereC, depends on the excitation ar@ndg are constants.

s = Kkt —k2 q = \/k?—k (2.11)

The wave vectors,, ks and &k, correspond to a longitudinal wave, a shear wave and a
Rayleigh wave respectively. The Rayleigh wave vedtois a solution of an implicit

6th order polynomial the so-called Raleigh equation (equas.29). An approximate
solution of this equation, which is better tha’ %, is (Auld 1990:

ks Cr 0.87+ 1.120

s - - 2.12
ky Cs 1+0 ( )

whereo is Poisson’s ratio and; the shear wave phase velocity.

Equation2.10and figure2.6 demonstrate the elliptical motion of material particlesitéN
that the rotation direction of the surface particles is datkwise, whereas the propa-
gation direction is positive. The amplitude of the partioletions only depend on the
depthxs. Figure2.7 shows the relation between the amplitudege;) andus(xs3). The
amplitudes decay inside the material as a function of theeleagth, i.e., the decay is
reciprocal with the frequency. Furthermore, the rotatieverses at approximately one
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Figure 2.7: Displacement amplitude as a function of the depth for an isotropériada
(un-poled PXE43, material grade of the experimental stator ).

fifth of the depth. (figur@.6and figure2.7). An interesting SAW motor parameter is the
ratio between the tangential and the normal displacemeheaturface. This parameter
is used in the SAW motor model, which is derived in the nexptéia In this example the
material dependent ratio is 0.65 (figute).

Table2.1lists the Rayleigh wave and the plane-wave phase velocitifgecexperimen-
tal setup (sectiorl.5. The longitudinal wave and the shear wave phase-velocgy a
calculated directly by the material parameters (equatiof. The Rayleigh-wave phase-
velocity is obtained by equatich 12 Observe that, > c¢s > ¢;.

longitudinal wave,| shear wave, Rayleigh wave,
a mls cs mls ¢ mls
4050 2117 1963

Table 2.1: The phase velocities of the experimental setup (secpn

Rayleigh waves at a thin layer on a half space

Consider a substrate covered with a thin solid layer of treskh, for example a coating
to improve tribological behavior. According @liner et al.(1978, the distribution of the
particle displacements as a function of depth and the velatilues of the components do
not change much with respect to a free surface as long asyieisathin compared to the
wavelength f < ).

2.1.4 Lamb waves and Rayleigh waves in a plate
In the previous subsection, we considered the existenc®afbkeigh wave in an infinitely

thick half-space. However, a practical stator substrageahfinite thickness, which can
influence the wave propagation negatively. Therefore, wederive a relation that de-
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1sv,incident lsv,reflected 1sv,reflected

|,reflected ll,incident lp,reflected

7, 7

(a) Reflection of a vertically polarized (b) Reflection of longitudinal wave (1)
shear wave (sv)

Figure 2.8: Reflection of uniform plane waves at a stress free boymdan isotropic
solid.

scribes the influence of plate thickness and wave frequemtlysowave propagation. This
relation yields a design parameter for the stator thick(esspters).

We start with a brief introduction of Lamb waves, because ddigly-wave like in a plate
can be considered as the superposition of two Lamb wave médegietailed informa-
tion, seeAuld (1990. Subsequently, a Lamb wave can be considered as a sugenposi
of successive reflected uniform plane waves (secidn? against the lower and upper
faces of a plate. First, consider the reflection at one faigrré&2.8 shows the scattering

of incident plane waves at a stress free boundary of an fgiotsolid. According toAuld
(1990, a vertically polarized shear wave (sv) and a longitudimate (1) reflect partly
into the other type. Figur.8(a)shows that that a shear wave (sv) reflects into a shear
wave and a longitudinal wave. Figu?e8(b)shows the same for a longitudinal wave.

Figure2.9shows a reflection pattern of waves within a plate. Dependimthe thickness
of the plate and the frequency of the waves different modescaur. These modes are
symmetric or anti-symmetric with respect to the— x, plane. A so-called dispersion
curve visualizes the different modes. Fig@d0 shows the dispersion curve that was
calculated (appendif) for the isotropic stator material that is used in the expental
setup (sectior.5). Figure2.10shows that for a small frequency-thickness produd) (
only two modes can exist; an asymmetric wave mégdand a symmetric wave modg .
The number of possible modes increases with increasingérery and plate thickness.
Moreover, for a high frequency and a large thickness, thecitgl of the lowest two Lamb
modes (1, F}) approach the Rayleigh wave phase velocityndeed a Rayleigh wave is
a superposition of the lowest two Lamb wave modes. Figutéillustrates this.

Beating

There is a continuous coupling between surface waves apiper and lower faces when
the plate thickness is finite. Therefore, surface waveseatdp and at the bottom of the
plate cannot be treated independently but should be trestedfundamental symmetric
and an asymmetric Lamb wave. The phase velocity of the fuedéahmodes is different
for a finite plate thickness. Hence, due to an associatecegiaft a Rayleigh-wave like
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Figure 2.9: Reflection pattern of longitudinal (solid) and sv shear (dBst@ves within
a plate.
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Figure 2.10: Lamb wave dispersion curve for an isotropic material (ledd®XE, ma-
terial of experimental stator). The solid lines are asymmetric waves andshedlines
are symmetric waves.

excited at the upper boundary will propagate to the lowemnldany of the plate and back
again (figure2.12. This is called beating.

We like to prevent beating at the stator of a SAW motor, i.e,pefer a uniform wave
amplitude. Therefore, anticipating a discussion in chapten SAW-motor design, we
like to find the minimal thickness to keep the Rayleigh wavedpmeinately at one side
of a stator. The length of the statorig,gn and the thickness of the statortisConsider
the superposition of a fundamental symmefricand an asymmetri€; Lamb wave with
equal amplitude. The normalized normal-vibration amgitwf these Lamb waves and
the sum of these Lamb waves, at the surface, is

1
ugn, = cos(wt— —wxy)
CL1
1
ugp = cos(wt — —wr) (2.13)
Cr1

1/1 1 1/1 1
ugr, +usp = 2cos|—wt+—-|—+—|wzi)cos|=|———|wr
2\cr1 2 \cp1 1

N J/
~~ ~

carrier envelope
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Figure 2.11: A Rayleigh wave equals the sum of the two lowest Lamb waveanfmte
lim wb — oo.
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Figure 2.12: Beating in a plate due to a velocity difference betweed. thend theF;
Lamb wave mode.

wherec ; andcg; are the phase velocities of the two Lamb wave modes (figr@. The
superposition is written as the product of a carrier signdl@n envelope. The tangential
vibration amplitudeu; ;, + u; , yields a similar expression

1

uyn, = sin(wt— C—Llwxl)
1
urp, = sin(wt — c—Flwxl) (2.14)
i 1/1 1 1/ 1 1
Ui, +urp = 2sin|—wt+—-|—+—|wzy)cos|=|— —— |wr;
2 \cr1 cu 2\ ca

A 7
g g

carrier envelope

Hence, the resulting surface amplitude of a Rayleigh-waeeifi a finite plate is
1/ 1 1

coS (— (— — —) wx1>‘ (2.15)
2 \c1 o1

2me,

w = \ T = nlength)\r (2-16)
r

lAL:ZALO

By using

where the subscriptrefers to a Rayleigh wave, we find

(("_ _ C_) m.engthﬁ) ‘ (2.17)
CL1 Cr1 Cs
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Figure 2.13: Polynomial curve fitting of the velocity ratio. The deviation/ior 4 is
due to numerical inaccuracy.

wherecs is the shear wave phase velocity. For an isotropic matﬂnirabnrgumen(ﬁ — ﬁ)

cL1 CF1
depends only on Poisson’s raticandnmickness= b/ Ar Where and is the stator thickness.
An analytical approximation of the derived numerical relatcan be obtained by means
of polynomial least-square curve-fitting (figu2el3. The approximation fos = 0.3 in
the intervahmickness= [1.5 ... 5] IS

Cs Cs

— — = & 1.33 10" 3rmickness (2.18)
‘1 A

Furthermore, for = 0.3 the ratioc,/cs = 0.93 (equation2.12). Hence, we can approxi-
mate the amplitude by

(2.19)

u = g ’COS (3.87n|ength10_1'03"‘hi°k”955)

Figure 2.14 shows the amplitude decrease due to beating of a Rayleigh-Waa for
three different thickness values. The minimal stator théds for a specified maximal
amplitude decreasg- is

arceos (%) ER s arccos <%> Ar 1.03 (2.20)

b = Mlog

Concluding, the minimal stator thickness reduces by decrgdbe wavelength\, (or
increasing frequency), when the conditi®®7niengn > arccos (u/7) is satisfied. In
chapter5 we will use this stator thickness relation.
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wave amplitude:

0 200, 400,
Njength
Figure 2.14: The decrease in wave amplitude due to beating for an isotroj@dathaith
a Poisson’s ratio = 0.3. The stator thicknedsis 2, 3 and 4 wavelengths.

2.2 Rayleigh wave properties

The properties derived in this section are under the assomiptat the plate thickness is
sufficiently large such that the Rayleigh wave is not affettgdeating (sectio2.1.4).

2.2.1 Power flow

We derive a relation between the power flow —the power tramsgdy a Rayleigh wave—
the frequency and the particle velocity/displacement #&oge at the surface. This rela-
tion is an important criterium for finding design paramef@tsapters). Furthermore, it
is convenient to know the power flow as a function of the pertielocity/displacement
amplitude, because these variables can be measuredyasdtie power flow cannot.

According toAuld (1990, the time-average power flow across a unit area normal to the
x; direction is

Psi = —%Re{ijzjuj} [%] (2.21)
where* denotes the complex conjugated and the imaginary unit. The power flow
Ps is the acoustic equivalent of the electromagnetic timeayePoynting vectoidheng
1989. Oliner et al.(1978 note that in piezoelectric material applicable for ultnaiss the
acoustic term is dominating. Therefore, equato?lis also valid for piezoelectric ma-
terial. Furthermore, assume that the wave propagates ineanpade direction, i.e., there

is only a power flow in the direction of the wave propagationtge (). This assumption

is valid for isotropic materials and for anisotropic mad¢siwhere the wave transducer
(section2.3) is set along a pure mode direction. A Raleigh wave is a nokyl&AW
such that the power flow im3 direction is zero. With these assumptions the Raleigh wave

power per unit width carried along the propagation direcfio ) is

1 o W
P11 = —iRe{/ooijljuj dxg} [E] (2.22)
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Substitution of Hooke’s law (e®.5), the strain-displacement relation (€34) and the
Rayleigh wave particle distribution (eB.10 in equation2.22leads to

&3|$3:O _
7\/51 63\/5
ul |:L‘3=0
= 2.23

wherec; andc; are constants that depend on the stator material. TaBlghows some

power flow constants.

material %’1&) [10-6 (Wr/nrrlsl =1 “1'1\/7{” [10—6ﬁ ] | reference
unpoled-PXE 43 4.3\/w 2.8y/w | calculated
unpoled-PXE 5 4.3/w 2.6,/w | calculated

Quartz Y cut — X 4.3/w 2.9y/w | Auld (1990
128°Y-X Lithium Niobate ~ 3.25\/w ~ 2.27,/w | calculated

Table 2.2: Some power constants

The next relations can be derived from equao2l

Ty, U3 o< ﬁ for P, = constant

w1, g o /f for P, = constant
P1 o f for 43 = constant
w1 o G for f = constant

wherex means ‘proportional to’. The relations are visualized infeR.15

< .

u</constant

vibration velocity; [m/s]

Figure 2.15: A graphical representation of the relations between wavitzaep power
flow, vibration velocity and the frequency. (For PXE43, the material g @fdhe experi-
mental setup.)
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Figure 2.16: Geometry of a SAW wavefront with a limited widih

2.2.2 Diffraction

In the previous sections, we only considered wave propagati the two dimensional
x1r3 plane. The assumption is that the wave motiomJmlirection is uniform. However,
in practice this will be not true, for example due to the leaditwidth of the SAW wave
transducer; the so-called aperture width (secid). The generated Rayleigh wavefront
will locally be equal to the aperture width. But along the @gation path, this width and
also the wave amplitude and phase will change, i.e., the difivacts. The diffraction of
waves limits the useful stator length and thereby the stodleSAW motor (chaptes). In
this subsection, we discuss the cause of diffraction. leantlore, we describe the relation
between the aperture width, the frequency and the usefidrdength. In chapteb we
will use these relation to find design parameters.

Figure 2.16 shows the geometry of the considered problem. We like to fiedwave
amplitude at a poinp. The width of the aperture i, i.e., the amplitude on the,-axis

is zero for|zs| > a and (supposed) constant for and unifduw| < a. The desired wave
propagation direction is; andk; is the wave vector. The so-called wave directionality at a
point at ther,-axis (z2| < a) explains the cause of diffraction. Figu2el 7demonstrates
the directionality as a function af for different aperture width - wavelength ratios (refer
to Oliner et al.(1978). It demonstrates that the directionality increases loyaasing the
aperture width and by the increasing frequen%ry:é f—:). There is only radiation in the
x1-direction forlim a — oco. The wave amplitude at a poiptis the superposition of the
waves radiating from every angle Figure2.18shows the resulting wave amplitude at
different distances. Due to phase shift, there are poinegevtine amplitude increases and
points where the amplitude decreases.

Similar to optics, it is convenient to denote the distanoetthe aperture by a dimension-
less parameter

a?
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(@) a/A\ =04

(b) a/Ar =2 (€) a/A = 10

Figure 2.17: Polar plots of the directionality for different aperture widthislength ra-
tio.

whereX is the so-called Fresnel parameter. For details, refi€irto (1987). Most energy
stays within the aperture width it < 1, i.e.,

a2 a’f, 0.012 2.2 106
T < — e.g. T < = =

= =0.11 [m 2.25
Ar Cr 2000 m] ( )

This region is called the Fresnel or near-field region . Frameféiciency point of view, it
is beneficial to stay within this region. The wave energy @jes if X' > 1. This region is
the Fraunhofer or far-field region.

1 0 -1
x9/a

Figure 2.18: Wave amplitude at different values of the normalized distanoe the
aperture.
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el= constant

Power is constant
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Figure 2.19: A graphical representation of the relations between Hresyien, fre-
quency and aperture width. (For PXE43, the material grade of theiexgraial set-up)

Hence, the stator length should be within the Fresnel redtarthermore, a larger Fresnel
region is achieved by increasingdf,. Figure2.19demonstrates that in order to achieve a
larger Fresnel region at a constant power it is better tcesse the aperture width rather

than the frequency.

2.2.3 Attenuation

This subsection describes different causes of attenuatitire context of a SAW motor.
On the one hand, to see where energy is dissipated and hoeathise prevented and on
the other hand, to describe how waves can be deliberatelyuatted. Different causes of

attenuation are:

1. Intrinsic loss in the solid. The intrinsic loss (of pielaric material) will be dis-
cussed in sectiof.3.2

2. Loss due to scattering and conversion to bulk waves by agehi material prop-
erties (elastic discontinuitiemass loadingt the surface etc.). This can be caused

by a slider that is pressed against the stator.

3. Conversion of energy from fundamental to harmonic freqgigsnin a non-linear
medium, e.g., for large amplitudes.

4. Loss associated withleakysurface acoustiwave

5. Loss due tariscous contaminatioof various kinds, including deliberate damping
on the surface.

The dominating mechanisms depend on the setup and the ambisditions. Some of
the causes are discussed in more detail.
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radiated wave

medium

substrate

Figure 2.20: Leaky surface acoustic waves are radiated into a medium.

Wave scattering

An example of mass loading is a slider pressed with a largleamieforce against the
stator surface. Besides loss to surface waves, incidenggngrlost in bulk waves
(Munasinghe & Farnell 1972 De Benedictigf2003 has measured the reflected surface
acoustic waves. He observed an increase in reflection wete@sing preload force.

Viscous contamination and leaky waves

Consider the effect on a Rayleigh wave when an isotropic satiesat which a wave is
propagating is loaded by a medium such as watetd 1990, (Kino 1987). Assume that
the wave in this medium can propagate with a longitudinabpheelocityc, that is lower
than the Rayleigh velocity, of the substrate. If the Raleigh wave vectokjsthan it is
expected that a quasi-plane wave with a wave vektos excited in the liquid with an
angled to the normal. See figurz20

kisin(0) = ke
osin(f) = ¢ (2.26)

Hence, the Rayleigh wave attenuates due to the radiationva &r@ergy into the medium,
I.e., mode conversion. This mechanism is positively usetierexperimental setup (sec-
tion 1.9), that is, absorption material is placed at both ends of th®isto overcome
reflection. Such a loading medium is finite in size. Hence whee scatters within the
absorber and will finally be converted to heat. The attepunatiue to radiation is for
example large for polymers, plastics, and rubbers, whiehtlzgrefore suitable absorber
materials.

2.3 Generation of Surface Acoustic Waves

The goal of a SAW motor wave transducer is to generate Rayleayles with a large am-
plitude. Criteria for the choice of a particular transduaad ¢he design of this transducer
are:
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— complexity of the transducer;
— efficiency/power consumption;
— compactness;

— absence of magnetic fields;

— suitable for control;

— vacuum compatibility;
fabrication complexity/cost.

In the literature, e.g.White (1970 andAuld (1990, various transducers are described.
The conversion of these transducers is based on Lorentesoticermoelastic effects or
piezoelectric effects. A magnetic-based (Lorentz forcaysducer is not recommended.
Because, this would void a key feature of the SAW motor nantelpbsence of magnetic
fields Furthermore, thermoelastic transducers are among difregst notideal from a
control point of view

Table 2.3 shows some piezoelectric transducers. A wedge transdtitiees a longi-
tudinal bulk wave transducer to generate a unidirectiongléfgh wave. The incident
longitudinal wave is directed towards the substrate at geghsuch that the tangential
longitudinal wave vectosin(6)k, equals the Rayleigh wave vectr (similar to the sit-
uation shown in figur€.20. The wedge transducer is widely used in non-destructive
evaluation to detect flaws in non-piezoelectric material.

An edge transducer is a localized sv-shear wave transdutteawidth comparable with
the penetration depth of the Rayleigh wave. This transdwcaseéd in non-destructive
evaluation and for delay lines which are employed in for egl@ncolor TV sets.

An interdigital transducer (IDT) consists of a metallic fangstructure on a piezoelectric
substrate or on a non-piezoelectric substrate with a plezwi layer. A voltage applied
to the finger structure causes a spatial periodic electrieding’ field at the substrate.
Accordingly, due to piezoelectric coupling, a strain fieddgenerated. The accompany-
ing elastic stress will propagate to the left and right seea superposition of all kind
of waveguide modes. However, the surface waves are favaealise the electrical and
mechanical fields confine to the electrode surface. Furtbesndue to spatially peri-
odicity of the transducer fingers, another selection meshams provided; waves add
constructively and reach its maximum if the distance betwe® adjacent fingers is half
a wavelength. Interdigital transducers are for example uséifferent kind of SAW fil-
ters and they are in general utilized for surface acousti@waotors. The next subsection
discusses the IDT in more detail and motivates why IDT’s aveffed.

2.3.1 |Interdigital transducer

An IDT has some advantageous features with respect to oibeoglectric-based SAW
transducers. An IDT isimplein the sense that no transition from one material to another
is required. A transition from one material to another igetd by scattering and hence
additional power loss. Furthermore, well-establishdwbfraphical processes can be used
to apply a finger pattern. Moreover, no mode conversion igs&ary, which overcomes

a possible source of power loss. The wave generation of anigiistributed, which
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features application
bulk wave d .
transducer - mode conversion
- longitudinal bulk wave .
- : Non Destructive
surface wave - non piezoelectric substrate .
e S Evaluation
‘ - unidirectional
substrate - broad frequency band
wedge transducer
bulk wave
transducer surface wave - SV shear wave .
/S - . , delay line,
- non piezoelectric substrate Non Destructive
SHEETETR - unidirectional .
Evaluation
- broad frequency band
edge transducer
+ _ 4 _ 4 _ Surfacewave - distributed transducer
T - piezoelectric substrate SAW filter,
electrichie - bidirectional SAW motor
piezoelectric substrate - small frequency band
interdigital transducer

Table 2.3: Some examples of piezoelectric transducers

increases thefficiency(White 197Q. A drawback is the increase of transducer length
(compactnegswhen lowering the center frequency, in particular when rinenber of
fingers is large for example in the case of a unidirectioraaigducer. Furthermore, when
a piezoelectric substrate is used for wave generation andrifiong a slider, the choice
in design is limited. However, this can be overcome by usipgeaoelectric layer on a
non-piezoelectric substrate or by applying a coating oreaqelectric substrate.

Figure2.21 shows the top view of a bidirectional IDT. A bidirectional TDgenerates a
wave in both directions. The number of finger paWs= 5 and the overlap of the fingers
is equal to the aperture widttu. When the overlap differs, it is called an apodized or
weighted IDT. The metallization ratio, the ratio betweea étectrode width and the gap,
is choser?.5 in this case. The distance between two adjacent fingers chiime polarity

is the center wavelengtky.

IDT model

A modelis used to obtain the electrical input admittancetaadransfer function between
the electrical input voltage and the wave vibration velp¢i.g. @s). A relation of the
input admittance is useful for the design of an IDT, e.g. Jiam an IDT that can be easily
matched. (Matching is discussed in the next subsectiong. tiémsfer function between
the electrical input voltage and the wave vibration velpdstimportant in determining
the SAW motor displacement resolution (sectb8).
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Ao

Figure 2.21: Top view of an unapodized IDT finger pattern. The numb@énger pairs
N =5 and the metallization ratio i$.5.

e

a L

Figure 2.22: Model of the unperturbed IDT input admittance.

Cr

IDT admittance Inthe literature, e.g.Gampbell 1998 different models and analytical
techniques to model an interdigital transducer have beesepted, e.g. impulse response,
coupling of modes, perturbation technique etc. Among thibseequivalent circuit model
(also known as the Smith circuit model) has been widely ussdibse of its simplicity
and good insightifagawa & Koshiba 1994 In appendixD such an equivalent circuit
model is utilized to find the electrical input admittance:

. 2 . 2 o 2
Yo = sNGI 4 janag, RN 22 e 2.27)
x 2z
— N ~~
Ga Ba

whereN is the number of finger pairs;, = K2Csf, the equivalent acoustic admittance,
x = Nn(f — fo)/fo, Ct = NCs the total IDT capacitancefy denotes the IDT center
frequency(s is the static capacitance of one periodic section &Ads the Raleigh wave
electromechanical coupling factor. The admittance ctsmeithree partsi7, the radiation
conductance B, the susceptance and Cr the part due to the electrical capacitance.
Figure 2.22 shows a representation of the input admittance and figu2a shows an
example. In generaB, behaves as a capacitance fox fj, as an inductance fgf > f,
and is zero at the center frequenty= f,. Hence, we do not have to consides in the
region of this center frequency.

IDT response For slowly varying input signals we may use a static functemdescribe

the relation between the input voltage and the wave vibmatedocity. However, for short
bursts signals we need to consider the IDT response. A $edcdélta-function model
describes the qualitative relation between the input geltand the wave velocity in the
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Figure 2.23: The static capacitancCe, the susceptand@, and the radiation conductance
Gafor PXE43. (V = 20,a = 1 cm, fy = 2.2 MHz, K? = 1.65 %, Ct = 3.17 nF).
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Figure 2.24: An delta function model of an IDT.

time domain (figure2.24). The outputy (wave vibration velocity) is the superposition
of the weighted and the delayed excitation sigm@loltage). The weighting factorg,,
correspond to the finger overlap aiids the time it takes for a wave to propagate from
one finger pair to the adjacent one. The output¥ofinger pairs is

y(t) = > Anu(t—nT) (2.28)

This can be written as a convolution between the IDT impusponsé and the input:.

yt) = (hxu)(t) = /OO h(T)u(t — 7)dr (2.29)
where
h(t) = Y Ab(t—nT) (2.30)

whereJ is the delta function.

Figure 2.25 demonstrates the convolution (with some additional deld&he four step
responses are measured at the unapodized bidirectionabiie experimental setup
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Figure 2.25: Measurement of the input voltage and the normal wave amplitudehe
burst length of the input voltage is varied.

(sectionl.5. The number of finger paird = 20 and the delayl” between two finger
pairs is\;/c. In figure2.25(a) the input voltage is a burst df) sinusoids. The wave am-
plitude increases due to the superposition of waves (figid4. Therefore, a steady-state
valueus ssiS reached afte20 wave periods, i.e., when the number of periods corresponds
to the number of finger pairs. The wave amplitude starts @sang after40 periods,
because the excitation of waves stops. The wave resporgeeattitation is due to the
‘outflow’ of the IDT. The response of figur2.25(b)reaches the steady-state vatugs
after 20 wave periods as well. However, aftéb periods the generation of waves stops,
hence, the wave amplitude decrease. Figugd(c)shows the wave response for a burst
of 10 periods. The wave amplitude does not reach the 'static Valgig, because the
number of periods is smaller than the number of finger pairsodstant wave amplitude
is reached aftet(0 periods. The remaining part of the response is due to théoautof

the IDT, i.e., the constant value is due a superposition oivd@es and afte20 periods
the number of added waves is decreased one by one. A sinslalt can be seen fdr
periods (figure2.25(d). An IDT is linear; hence by doubling the input voltage, thave

amplitude response doubles as

well.
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IDT IDT

(a) shuntinductance (b) series inductance

Figure 2.26: A matching network with an inductance and a transformer.

Matching network

Consider a load/, that is driven via a transmission line with a characteristipedance
Zc. To achieve a maximum power transfer between the line andotd, the load
impedanceZ, should match the characteristic impedauige(Cheng 1980 Moreover,
matching prevents reflection of electrical energy and thepeotecting the driving circuit
from being damaged. The transmission line has a real-vdinednpedance4c is usu-
ally 50 ©2) and the load (the IDT) has a complex impedance. By using ahimgtcircuit
the total impedance of load and matching circuit can be mgdaléo the line impedance.

Equation2.27 shows that at the center frequency the radiation suscepidnc zero.
Hence, the load admittance is the sum of the radiation cdimuand the IDT capac-
itance admittance. (Note that we disregard the small wisestance and the parasitic
capacitances and inductances).

There are many matching circuits possible. However, noar@lequally realistic from
a component-value point of view, e.g., inductances in thehanry range are difficult
to obtain. InDavis (1993 5 types of high-frequencid and T matching networks are de-
scribed that consists out of 3 or 4 components (only indwetsand capacitances). Given
the load impedance (IDT impedance) and an extra variableabty factor of the match-
ing network, some networks are labeled as preferred bastaqmactical realizability of
the component value€ampbell(1998 andOliner et al.(1978 describe another kind of
network with a series or shunt inductance in cascade witarestormer. See figur2 26
The inductance in figur2.26(a)should compensaté; and the transformer should trans-
form the remaining real impedance to the characteristic 8mailar, the series inductance
of figure2.26(b) should compensate the imaginary part of the electricakohapce.

Some practical considerations for matching networks are:

— frequency dependency of capacitances — suitable typgobstyrene (PS) capac-
itances and mica and glass capacitances of ceramic class I;

type of cores— ferrite rings (e.g., Philips type 4C65) isadle for frequency in the
order of MHz;

generated flux — a ferrite ring has a saturating magneticiéunsity;
loss in the ferrite ring;
wire diameter — depends on current.
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Figure 2.27: Normalized power flow of bidirectional IDT’s that are peftfematched.

Concluding, the type of matching network needs to be choseth@basis of the IDT
impedance, the electrical power and the frequency.

Second order effects

There are some effects that degrade an interdigital travesduyperformance.

— We already mentioned that a bidirectional IDT generateges/ién two directions.
The inherent insertion loss is 3dB. The same relation holdsafiooutput IDT in
which acoustic energy is converted back into electricargn@Auld 1990. An
output IDT can be used for example for energy reussa( et al. 1999 Due to
the so-called reciprocity relation waves will reflect oreagrate at the transducers
due to the induced voltage. This phenomenon catrgae transit interference
Figure2.27illustrates this phenomenon for perfectly matched traosthi(without
a slider). Only50 % of the normalized input power transforms into acoustic @ow
Next, at the output IDT25 % of the power transforms into electrical power and the
remaining power is equally re-emitted as acoustic energpyardirections (12.5 %)
and so on. Less energy is re-emitted (and transformed ttriekdcenergy) if the
transducers are deliberately mismatched or mismatchetbdhe use of not back
drivable amplifiers.

— Besides the generation of Rayleigh waveslk wavesare generated. The bulk
waves propagate inside the stator substrate and reflea atator faces. The gen-
eration of bulk waves increases the insertion loss. It isifbthat for YZ Lithium
Niobate the amount of power radiated in bulk waves drasyicatreases when the
number of finger pairs is reduced below= 5. For N = 5, 10% of input energy
is converted to bulk waves. For 128 degrees rotated YX LithNiobate, experi-
mental experience indicates that the same situation hGlds\pbell 1998 For an
increasing number of finger pairs the efficiency increaseseds

— Aninput and an output IDT may be considered as the platepafasitic capacitor.
A signal applied to the input IDT will couple directly to theuput IDT at the
velocity of light, known aslectromagnetic feedthrougir as crosstalkGampbell
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1998. This property falsifies the feature that a SAW motor dodsgenerate EM
fields. However, it is expected that the IDT’s can be shieklgth that the slider is
(almost) EM-field free. Research is recommended.

— The thin metal fingers deposited on a piezoelectric sulesin&roduce impedance
and mass loading discontinuities and accordingly reflast@ampbell 1998 Those
reflections can lead timternal resonances and associated losgasthermore, the
input impedance spectrum will change. However, when the-tliitkness ratio
h/Xo is smaller than 1% the reflection is small. The finger thickriess usually
within the range of 500 — 2008 (1A= 10-'° m). For smaller thickness{500 A)
the conductivity will be poor.

— According toUchino & Hirose(2001) the admittance frequency spectrum could be-
come distorted for high vibration amplitudes at the reseedrequency due to the
non-linear behavior of the elastic compliance. An assedigiroblem is the heat
generation of piezoelectric material, which could caudegeneration of the trans-
ducer characteristicThe inherent losses of piezoelectric material will be dssed
in the next subsection.

2.3.2 Piezoelectricity
Suitable types of piezoelectric material

Different types of piezoelectric material are used for SABVides. The most popular are
single-crystalmaterials such as quartz, Lithium Niobate (LINY@nd Lithium Tantalate
(LiTaO3). These crystals are available in different cuts, whickeghem particular speci-
fications. For example,28°Y-cut X-propagating Lithium Niobate has a high electrome-
chanical Rayleigh wave coupling factor (in X direction). Ajpfaom single-crystals, zinc
oxide (ZnO)thin filmsdeposits on a fused quartz, glass or sapphire substrateraraer-
cially used for SAW devices. A third type is the piezoelactéramics which are only
used at low frequenciex 100 MHz (lkeda 1990. An example of a piezoelectric ce-
ramic is the group of solid solution of lead titanate and leiacbnate modified additives,
known as PZT Rhilips 1997. PZT is a polycrystalline ferroelectric material that dan
fashioned into components of almost any shape and size. ellstators with a relative
large thickness (sectioh 1.4 can be fabricated. An additional advantage of PZT is the
complete rotational symmetry with respect to the polingsake., PZT is isotropic in a
plane normal to the poling axis.

Coupling factor

In the previous subsection we introduced the electromechlrpupling factork™ . This
constant is a measure of the ability to convert electricatgynto mechanical energy and
vice versa or as stated bieda (1990 a measure of ‘the smallness of the ineffective
fraction of energy’. The coupling can be derived from the constitutive relations when
the vibration mode of a transducer is taken along one of ks.akiowever, for an IDT
K? is difficult to determine because the fields are no longemounif Hence, the coupling



42 Chapter 2. Acoustic waves

material K?[%] reference E reference
single Quartz ST-X 0.16 Uchino (2000 > 10° Uchino (2000
crystal  LiNbQ; 128°Y-X 5.5 Uchino(2000 | 10*-210* Nakamura & Adach{1999
ceramic PXE 5 soft PZT 75 Philips (1997
PXE 43 hard PZT| =~ 1.6 calculated 1000 Philips (1997
thin ZnOlglass 0.64 Uchino (2000
film ZnO/sapphire 1.0 Uchino (2000

Table 2.4: Piezoelectric materials.

constant is usually determined experimentally. For a SAWoma piezoelectric material
with a large coupling factor is preferred.

Mechanical and dielectric loss

The loss of piezoelectric ceramics is large compared to lesiciystal piezoelectric ma-
terials. For instance, the mechanical quality factor of RZ Tmore than a factor 100
smaller than that of quartadardtl (1982 wrote in a review article that below the Curie
temperature the domain wall motion is the main cause of #rigel loss. This domain
wall motion causes both extrinsic dielectric ldss § and extrinsic mechanical lo35
(Uchino & Hirose 200). Extrinsic refers respectively to a stress-free conditamd a
short-circuit condition. At resonance the mechanicaliss®minant and at off-resonance
the dielectric loss.

An additional effect in PZT is the decrease of the mechargcallity factor when the
vibration velocity is increasedJchino & Hirose 200). This causes a significant rise in
temperature when a certain velocity is exceeded. Thigatitielocity is defined as the
velocity where the temperature is 20 degrees Celsius abeveottm temperature and
lies within 0.3 and 0.6 m/s. According tdakamura & Adach{(1998 this quality factor
degradation effect is small for single-crystal Lithium Raie.

For SAW motor applications, it is recommended to use piegt material with a high
mechanical quality factor to suppress heat generatimhifio & Hirose 200}

Material choice

In the previous subsections, we concluded that for a SAWbmagaplication a high elec-
tromechanical coupling factor and a high mechanical qutdittor is preferred. Tabl2.4
lists some materials. The single crystal 128 X Lithium Niobate appears to be the best
material for SAW motor applications. If for some reason aao@c material is preferred,
a hard ceramic material with high quality factor is recomuaesh

The stator of the experimental setup (sectiod is made of a hard PZT material. The
historical reasons for this choice were the availability?@T material and the available
knowledge of PZT at Philips. However, since 128 X Lithium Niobate is superior, we
can expect better results when using Lithium Niobate.
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Figure 2.28: Power distribution of the stator (without slider) of sectidn
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2.3.3 Power distribution

In this subsection, we give an estimate of the power loss aresms of the stator used
in the next chapters. The stator consist of two IDT’s appbada piezoelectric ceramic
substrate (PXE43), where/\, = 0.74 % and f, = 2.2 MHz (h is the finger thickness).
See sectiod.5for details. The goal is to obtain an indication of the powistrébution of
the stator (without slider) and to identify points for eféiocy improvement.

Figure 2.28 shows the estimate of the power loss mechanisms. The ebldctnput
power Pomwarg @nd the reflected poweferecteq @are measured with a standing wave ra-
tio (SWR) / power meter. The reflection is due to the not perfeatching networks.
The acoustic power flowP,, is calculated from the measured wave amplitude (sec-
tion 2.2.7). The power loss of the input IDT is simply the differendg,(— 2 Pjyave) and

is among other things due to the loss of the piezoelectrienztand the generation of
bulk waves. The wave attenuatidty is estimated by using the coefficient of attenuation
given inWhite (1970 and compensating for the assumed squared frequency dapsnd
(Campbell 1998 The output power is determined by measuring the outputgel at
the known load. By means of the IDT reciprocity, the regemseratcoustic poweFeq is
determined fromPy,.. The transmitted powef;ansmitiS due to mismatching of the output

IDT. The insertion 10s40 log (%ﬁ“) — 7.8 dB.

Possible points of improvement are:

— use of material with a higher quality factor — piezoel@dwss and wave attenuation
reduces;

— decreasing the film-thickness ratig)\, — decreases reflection and associated loss;

— use of unidirectional transducers instead of bidireaidransducersVhite (1970,
Oliner et al.(1978 andCampbell(1998 describe different kinds of unidirectional
transducers.
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2.4 Conclusions

In this chapter background information has been discusshith will be used in the
consecutive chapters. These corresponding chapters@otedebetween brackets.

— Acoustic waves and in particular Rayleigh waves have besgudsed. A Rayleigh
wave is a surface acoustic wave that propagates along tfecewf a half-space
and rapidly decays inside the material. As a result, mdteadicles at the surface
of a stator perform aglliptical motion [chapters3 and4]

— The IDTrelation between inpuvoltageand wavevibration velocitymay in general
be considered astatic However, we have to account for the IDT dynamics if
the envelope of the input voltages abruptly changes or itdtimation of the input
voltages is short with respect to the IDT length (open-la@gpging, for example).
[chapter4]

The remaining conclusions are used in chapter

— A practical stator has a finite size. Therefore, the Raylaigliefrequency timethe
statorthicknessshould be chosen sufficienthigh to overcome so-calledeating
A relation for the minimum stator thickness has been derived

— A relation between thgpowerflow and the wavemplitudehas been derived. This
relation is used as a criterium for finding design parameters

— A Rayleigh wave diffracts due to the limited transducer aperwidth. However,
most power stays within the aperture width if tleagth of the propagation path is
within the Fresnel region

— Absorption material placed at the stator ends is requoethinp Rayleigh waves.
The damping is due to wave conversion to longitudinal waves.

— Aninterdigital transducer(IDT) has beemecommendeébr Rayleigh wave gener-
ation.

— An IDT generateglectromagnetic fields

— Low insertion loss is achieved if the transducer impedamatehegshe line impedance,
a piezoelectric material with Bigh quality factorand alarge coupling factoris
chosen and if theumber of finger pairs is large
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SAW motor modeling

Overview: In this chapter, we develop contact models of a SAW motor.elineslels
are utilized to describe the principle of operation and tplein some inherent SAW
motor properties and features. Moreover, they will be agpteeinvestigate the influ-
ence of material variations on the motor behavior. The modet validated by using
data obtained from an experimental setup.

3.1 Introduction

Models for stator-slider behavior are often called contaotlels even if they include a
description of the behavior of stator and slider beyond ttenisic contact. In the next
sections such contact models of a SAW motor are developed.gdal of the models is
twofold: to analyze and explain the motor behavior and teagatnpression of the design
parameters. A model has the advantage that parameters caridabeasily. Furthermore,
non-measurable behavior can be examined, e.g., the $tickehavior that underlies the
actuation and impractical parameters values can be igetst to find tendencies or for
explanatorily reasons. To simplify the analysis, the stalioler behavior is approximated
by a discrete-parameter or lumped model. The models we xalintne describe respec-
tively:

1a) Asinglepoint of contact between a spherical slider (ball) and a Rglylerave. The
tangential contact iggid. This model is examined to explain the basic principle ofily.
does not model the key features of an SAW motor. In the liteeate.g.,Hélin (1997
andMorita et al.(1999, similar models are described.

1b) A singlepoint of contact between a spherical slider (ball) and a Rglyleave. The
tangential contact isompliant This model predicts the key features of a SAW mo-
tor and is used to analyze and explain the motor behavior @rithd design parame-
ters. The model is based dreenstra & Breedvel®003. The tangential compliance
has been also included #\sai et al.(2000 for pillar-shapedprojections. Furthermore,
Asai & Kurosawa(2004) have described a similar model with similar results for besp
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ical slider as well, which supports our model; the differemiare related to the model
implementation.

2a) Contact betweemultiple spherical projections and a Rayleigh wave. Each projection
is treated as a single projection. This model is valid for alsmumber of projections.
The model is used to describe the qualitative tendency ofipielrojections.

2b) Contact betweemultiple spherical projections and a Rayleigh wave. Empirical pa-
rameters are used to model a large number of projectionspiitp®se is to fit the SAW
motor behavior to the experimental data and discuss thaaatjan of a large number of
projections.

In section3.2, the single point of contact models are derived. In secB@the multi-
ple points of contact models are examined. Next, the modelyvalidated. Finally, in
section3.6the influence of parameter variations on the motor behasimvestigated.

3.2 Modeling a single point of contact

As mentioned above, we will derive a model of a sphericaleslighall) in contact with

a Rayleigh wave. The wave motion is considered first. Sectrdbeéhavior in normal
direction is considered. In order to explain the basic ppie¢ the tangential contact is
first assumed rigid. Next, we consider a compliant tangeotiatact to explain the SAW
motor key features. Finally, the macroscopic behavior a&yaed.

3.2.1 Wave motion

In this section, a simplified relation for the wave motionésided. Consider the situation
drawn in figurel.4. The wave propagates to the left{) and the surface particles make a
clockwise elliptical motion. The normal and tangentialjpdeEement surface components
are respectively

u; = Uzcos(wt+ kyx)
uy = Uysin(wt + kex) (3.1)

wherew is the angular frequency, is the Rayleigh wave vector andis a position. To
simplify this wave displacement relation, we rewrite thguament of thein andcos terms
as

C()t + er - kr(Crt + Z‘) (3.2)
wherec, = w/k; is the Rayleigh phase velocity (wave propagation velocitguppose
that the initial slider position:(0) = 0 and that slider velocity: < Zmax. The maximal

slider velocityimax is in generakk ¢,. Hencer < imad < ¢t such that

k(at+z) = kot
= wt (3.3)



3.2. Modeling a single point of contact a7

elastic body

Figure 3.1: lllustration of the impact.

Therefore, the wave displacement is simplified as

Q

Uz cos(wt)

Uy sin(wt) (3.4)

Uz

Q

Ux

Figure2.7 shows the particle displacement vs. the stator depth. Fall siepths & ),

the particle displacements amplitudes are approximataigtant. Accordingly, the wave
motion can be interpreted as a solid elastic body that pedan elliptical motion, see
figure 3.1 If a slider loads the stator, the wave amplitude decreasedtte reflections
against the slider (sectiah2.3. We assume that the decrease in amplitude due to one
projection is small and may therefore be disregarded.

3.2.2 Normal motion

The first question that arises is whether the normal motioy beaconsidered indepen-
dent of the tangential tractionJohnson(1994 points out that the tangential tractions
do not effect the normal motion if the materials of the two ilesdare elastically similar.
Moreover, it is shown that, even for dissimilar materiaktge effect is small and may be
reasonably neglected. Accordingly, the problem simpliftea hormal impact between
two bodies: an elastic sphere and an elastic body.

During impact, energy is stored at the contact region ofslahd stator, which can be
described by a stiffness element. We assume that the imp&attionless, quasi static
and elastic. (These assumptions are validated at the emgsdubsection). Hence, we
can use the static contact theory of Hertz (dghnsor(1994). The normal force, for a
sphere-plane contact is (the radius of the wave is largéwvel# the radius of the slider)

4
Fy, = g\/EE 5312 (3.5)

~—
kn

whered, is the sum of the indentation of slider and stator, which &yua- = for u, — z >
0 and0 otherwise. See figurg.1 The radius of the slider i& and the composite Young
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Figure 3.2: Normal impact model.

modulus is

1—02 1-02\"! N
E = ( E11+ E22) [W] (3.6)

The material parametefs,, o, andEs, o, are the Young modules and the Poisson ratio of
respectively the slider and the stator. Dissipation coelthbluded by defining a complex
composite Young moduluB, = E(1 +itan ¢), wheretan ¢ is a loss factor that depends
on both materials.

4
Fn — g \/EE05§/2

= %\/EE (53/2 + §M5;/252)

2 w
= knd? 4 RnoL?0, (3.7)
N—— N——

stiffnress damping

However, it appears from material data that the dampingf@aegligibly small. There-
fore, the material dissipatioR,, is disregarded in the remainder of this thesis.

Equation3.8 shows the non-linear differential equations, which déscthe normal be-
havior. The slider mass is denotedsyand R, represents air damping, which is assumed
to be linear. (In subsectiod.2.3 we will see that the structure and the value of the air
damping is not critical for the total contact behavior). Tieler is pressed against the
stator with a preload forcé,, which is the sum of the gravitational force2{) and an
additional applied external force.
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description| parameter| value | unit

Normal wave amplitude Uy 10 nm
Wave frequency f 2.2 | MHz
Young modulus slide FE 213 | GPa
Young modulus stator E, 77 | GPa
Poisson ratio sphere o1 0.3 -
Poisson ratio stator P 0.3 -
Radius sphere R 1| mm

Mass of sphere m 0.2 g
Preload force F, 2| mN

Air damping R, 2 | Ns/m

Table 3.1: Simulation parameters of the normal model.

S 3/2 oo
contactiuy; —z > 0 2= m f (kn z R,z Fp) ot
d; = dUzcos(wt) —z

(3.8)
[ (=R,z — Fp)dt

. 1
Z —_—

no-contactu, — 2z <0 m
2T { 5 0

Figure3.2(a)shows an iconic representation of the normal model. The opele indi-
cates a contact point that detects the moment of contactamaddingly switches between
‘contact’ and ‘no-contact’. The normal forcg, is an input variable for the tangential
models. This model and next models are implemented as b@aphgnodels and simu-
lated in the modeling and simulation pack&fesim(2003. See for exampl8reedveld
(1984, Karnopp et al(2000 andVan Amerongen & Breedvel(2003 for detailed infor-
mation about bond graphs. Figu3e2(b)shows an bond-graph representation of the nor-
mal model. Sub-modeX e is a so-called switched junction, which detects the moment
of contact and accordingly switches between ‘contact’ arwdcontact’. The remaining
sub-model are standard sub-model in the bond-graph panadig

Contact behavior

Consider a setup consisting of a steel sphere with a diamitenm and a stator made of
PZT. Table3.1lists the parameters. The damping valtds estimated from experimental
data. The remaining parameters are taken from literature.

Figure 3.3 shows the contact behavior in normal direction during onepgeof contact.
In figure 3.3(a)the normal displacementis not at steady state and in figu3e3(b) z is
at steady state. The top plots show the normal wave dispkatem and normal slider
displacement. There is ‘contact’ between wave and slider whet < wt < 6. The
figures demonstrate that the slider displacement does hotfthe wave motion, which
Is due to the high frequency of the wave motion with respetitéanass of the slider and
the compliance of the normal contact. The inset shows thdl sar@ation of the slider
displacement within one wave period. The bottom subplotsvstthe normal forcé,,
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Figure 3.3: Normal contact behavior of a sphere.

which increases when slider and wave start contacting (gesobplot). The difference
between the wave and the slider displacements determiae®tmal forcer,.

Step response

The results of figur&.3take place within one period of contabt4{5u.s). The time span
of next result is significantly larger (1 ms). Figuset shows the response of the normal
slider displacement, when driven by a burst of waves. Two features are discussed:

Figure 3.4: Normal slider behavior between sphere and wave motion.

normal displacement [nm]

—4r
initial statez,
=B (
————— o QOB
0 1
time [ms]
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1. Rise time There are various definitions for the rise tifie The definition we use
Is the time required going directly from 10 % to 90 % of the finalue. It will be
demonstrated in next section that the rise time in normaction (/; ~ 0.03 ms) is
significantly smaller than the rise time in tangential dilet. Therefore, the normal
behavior is not observable in the tangential behavior.

2. Steady state The slider displacement approaches a steady-state valagpdlissi-

pation by R,. We will derive a relation for this steady state conditione Wisregard the
air-dampingR; and the slider inertia terrez, sincez ~ 0 andz = 0 (the slider cannot
follow the wave motion). Consequently, only a balance betwweload force-, and av-

erage normal forcé, remains (equatioB.8 and equatior.5). The ‘bar’ atF, indicates

that we consider the average force per period of time.

Fp - Fn
1 ™
- % _ﬂ-Fndwt

0
— knl/ (it cos(wt) — 2)*/* duwt (3.9)
0

™

whered is the angle where slider and stator make contact (see fgj8reBecause equa-
tion 3.91s an elliptic integral, it does not have a general analyscdution. Therefore,

the steady state slider velocity needs to be found numsri@alb. by simulation) or by

approximation. However, there are two particular casesavaie analytical solution exist.
The slider displacement for zero wave amplitude z, is a trivial case,

2/3
I _(§> (3.10)
kn

For the second case, consider the transition point betweetinaous contact and inter-
mittent contact of wave and slider; for a small wave ampéttildere is always contact
(¢ = minfigure3.3) and if the wave amplitude is increased the contact becomesnit-
tent @ < 7 in figure3.3). We call the wave amplitude at the transition point thecesle’
amplitudei, . The slider displacement at this transition point is —u,,. Therefore,

1 i
Fy, = kn—/ (ﬁz,rcos(wzf)—|—1lz,r)3/2 dwt =
™ Jo
2/3
3 TFpV/2
U = — 3.11
Yar (16 ki ) (3.11)

Figure 3.5 shows the (simulated) steady state slider displacemestisghe wave am-
plitude. Indeed, for small amplitudes, there is always aohbetween slider and stator.
If the wave exceeds the ‘release’ amplitude, the contaatteymittent. In sectior8.6
—variation of model parameters— and chaptedesign parameters— we utilize the release
amplitude.
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Figure 3.5: Normal displacement versus wave amplitude.

Validation of the assumptions

In this subsection, we discuss the validity of the assumptinade in subsectic¢h2.2 We
assumed a frictionless impact. AccordingRak & Witteman(2000), the dissipation due

to friction is small compared to material damping, if the fficeent of friction is smaller
than unity. This condition holds (the material damping igliggbly small and the in this
thesis considered coefficients of friction are smaller timaity), therefore we may assume
a frictionless impact. Second, we validate the assumphiahthe contact is quasi-static.
Often the criterion of Love is usedidhnson 1994 the influence of generated waves
due to impact may be neglected if the acoustic waves trawdd &iad forth several times
before the impacts ends. However, this criterion is toorictste for three-dimensional
bodies and in particular for the considered sphere-plapadain An alternative criterion
by Hunter Johnson 199is based on the impact velocity; the response is dominated b
the compliant contact if the relaxation time is short coneplawith the period of the pulse.
Based on this criterionlohnsor(1994) states that in most cases a more severe restriction
is placed on the limit of elastic behavior.

The limit of elastic behavior of an elastic-plastic sphplare contact is at a point beneath
the surface of impact. The corresponding maximal contaetqurepy-, at the surface of
impact, is related to the so-called yield stréssf the softer body. The yield stress is a
material dependent constant. The maximal contact pres§@asphere-plane contact is
py = 1.6Y where, according to Hertz's theory

3 Fn/0ny (3.12)

by 2r R
Hence, the corresponding maximal indentation in the ramgéastic indentation is
4 (1.6YRr\>
Sy = —( 6 RW) (3.13)
9 kn

The maximal elastic indentation, using the parametersidét@landY; > Y, = 600
MPa (Philips 1997, is 590 nm. The simulated maximal indentation is significant smmalle
Therefore, all assumptions are valid.
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Figure 3.7: Tangential model of a rigid slider and a rigid stator.

3.2.3 Tangential motion
Rigid behavior

Consider again figur8.1 We assume that the slider and stator are rigid in tangential
direction and that the interaction between wave and slielggmbles dry (Coulomb) fric-
tion. Figure3.6 shows the dry friction behavior. The frictional foréé depends on the
sign of the sliding velocity, the coefficient of frictiorug and the normal forcé},. The
sliding velocity is zero if F| < pgFh.

Equation3.14 shows the relations for the tangential motion. The slidiepuity v, is

iy — &, Whereuy is the tangential wave vibration velocity andhe slider velocity. The
slider mass isn. Figure3.7(a)and figure3.7(b) show an iconic representation and a
bond graph representation respectively. The friction sudglel R, is implemented as
Fy = Fhugtanh(slopew,) where the parametstopedetermines the steepness of the dry
friction and the variabldé,, modulates the friction force.

i = = [Rdt
R = peFwsign(ix — ) (3.14)
Uy = Ugw cos(wt)

Contact behavior With the aid of the derived normal and tangential model wesite
to explain the basic principle of operation of a SAW motor. §ldar again the setup of a
steel sphere and a PZT stator. TaBl2lists the simulation parameters.
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description| parameter| value | unit

Normal wave amplitude 1y 10 nm
Tangential/Normal amplitude ratio | 0.65 -
Wave frequency f 2.2 | MHz

Young modulus slider B, 213 | GPa

Young modulus stator FEs 77| GPa
Poisson ratio slide o1 0.3 -

Poisson ratio stator o9 0.3 -

Radius slider R 1 mm

Mass of slider m 0.2 g

Preload force Fy 2| mN

Air damping R, 2 | Ns/m

Coulomb coefficient of friction g | 0.18 -
Steepness of friction implementatign slope | 5000 -

Table 3.2: Simulation parameters for the rigid and the compliant tangential models.

Figure3.8shows the simulated contact behavior. FigBu&a)shows the behavior during
acceleration and figurd.8(b) shows the behavior at a steady state slider velocity. The
first two subplots of both figures show the normal behavioe 3lider displacementin
figure 3.8(a)already reached steady state. The normal behavior is sitoilegure 3.3.

The third subplots show the slider velocitythe tangential vibration velocity of the wave
iy and the sliding velocity, = 1y — 4. These subplots demonstrate that the slider velocity
t does not follow the wave vibration velocity. This is due to the small variation of the
tangential force relative to the stored momentum of theeslidass. The slider mass
behaves likes a ‘flywheel’. The wave vibration velocity isglear than the slider velocity at
—1 < wt < 1. The bottom plots show the tangential force as imposed bydig6; the
tangential force is positive if; is greater than zero and negative otherwise. In figuséa)

the average tangential force per perigds greater than zero (the average of the light-gray
area); the slider will accelerate. In figueB(b) the steady state velocity is reached; the
average tangential force is zero.

Step response Figure3.9shows a typical response of a SAW motor. A burst of waves
drives the slider and accelerates it from zero velocity téeady state velocity. If the
wave amplitude becomes zero again, the slider starts datialg until the velocity is
zero. Therise timd; in figure 3.9is 66 ms. The rise time of the normal impact was 0.03
ms (figure3.4). In general, the rise time of the normal impact is signifttasmaller.
Consequently, the dynamics of the normal motion are not gbbkr in the tangential
direction.

As mentioned, the slider starts braking when the wave aogditoecomes zero. This
happens in figur@.9for t = 0.2 s. The model simplifies during braking (figu10.
The normal forcef,, at sliding equals the preloakl, force almost instantaniously. Ac-
cordingly, the slider slips with a constant deceleratian, i = —%Fpud.
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Figure 3.8: Contact behavior. The slider and stator are rigid in tangeirgation.
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Figure 3.9: Tangential slider velocity when driven by a burst of waves.

Compliant behavior

In the previous section we have discussed the contact letfavia rigid tangential con-
tact. Although it explains the basic behavior, later reswitl show that it does not predict
the SAW motor behavior accurately. Therefore, compliamgéantial behavior is included.
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Figure 3.11: A compliant tangential model.

We propose the model shown in figBell A stiffness sub-model; accounts for both
the sphere and the stator tangential deformation. The smadsAm represents the
mass of deformed stator and slider material, however, itnmadominant influence on
the behavior, but it accounts for a preferred model caysali€ompliant dampingRq
represents material damping and is added for numericdlistalbhe compliant damping
has no influence on the behavior as well. The remaining sutbeiaovere discussed
previously. Equatior3.15shows the relations, whetg and ;. are the forces applied by
the friction and the stiffness sub-models respectively.

1To simulate a model, the input and output variables of thersaldels have to be determined, i.e.,
the causality has to be assigndthatnopp et al. 2000 The preferred causality (integral causality) for a
stiffness sub-model is force out (and velocity in) ratheartliorce in (and velocity out). The fixed causality
for a friction sub-model is force out as well. By using a snmaliss in between the friction and stiffness
sub-models the preferred causality can be satisfied (eu@t5).
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i = L [FRdt
: 1
Am JRme T (3.15)
F. = pgFntanh((iq — ) slope
Fo = ke [(ix — dq)dt

Consider the tangential stiffnegs When a tangential force is applied to two bodies
pressed into contact, which is less than the limiting foraesliding motion will occur.
Nevertheless, there will be a relative motion referred t@iesliding displacement,.
According toJohnson(1994), Cattaneo(1938 proposed a solution to the problem of
tangential loading for a constant normal forgg(appendixE). However, when the nor-
mal force is changing, the behavior may be quite complexabse normal force, normal
stiffness and tangential stiffness are non-linear, irtémg functions of the normal dis-
placement. In general, the state of contact between tweebaiibjected to variations in
normal and tangential load depends on the history. As a fstoximation it is actually
the breakaway displacemeqtnaxthat is constantArmstrong-Hlouvry et al. 1994 The
stiffness function is than

F
F = b(sx

5X,max
16G+/0.R
3 O
= ky(6,)dy (3.16)

whereFy, = ugF, is the breakaway force, the normal indentation? the radius of the
spherical slider and,

2 — g1 2 — 02 -t N
G = — 3.17
( GG ) LHQ} (3.47)
where(G; andG,, are respectively the shear modulus of slider and statorafr@sotropic
materialG; = 2+E2igi. Some remarks should be made:

— The dissipation due to micro-slip is neglected.

— The tangential stiffness functidn is modulated by the normal indentatioy i.e.,
F = F(d;,0x). Due to the assumption that the normal impact is not influence
by the tangential motion, the normal stiffness function myoa function ofd,,
i.e., I, = Fn(d,). Consequently, the storage of elastic energy is not conbezva
However, the deviation is small, i.e., the power ‘transpdrfrom the tangential
power-port ¢, dy) to the normal power-poltFy, 52) is negligibly small compared
to the intrinsically stored elastic energy of the normdfrstiss [ F1,dd,. Therefore,
the total contact stiffness can be modeled as a modulatgénéal stiffness and a
separate independent normal stiffness.
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Figure 3.12: Contact behavior between slider and stator that are conipliamigential
direction. The dark grey areas indicate regions where slider and stiator s

Contact behavior Figure3.12shows the contact behavior of a steel sphere and a PZT
stator with compliant tangential contact. Fig.é2(a)shows the behavior during accel-
eration. Figure3.12(b)shows the behavior for a steady state slider velocity. THg on
additional simulation parameters, with respect to thedrighgential model (tablg.14),

are the mass of deformed materialn and the compliant dampingy. (The parame-
ters for the tangential stiffness are the same as for the alastiffness). The mass and
the damping should be chosen sufficiently small such that dieenot affect the overall
behavior:Am= 10"1° kg andRq= 10-5 Ns/m.

The first two subplots of figurg.12(a)and figure3.12(b)show behavior which is identical
to figure 3.2 the top subplots show the wave and slider displacementghendecond
subplots show the normal fordg,. The third subplots shows the tangential velocitigs
 andwv,. The sliding velocityv, = 4 — , the velocity acros$., is zero in case slider
and stator stick. These stick regions are indicated in thé@fosubplots by the dark-grey
areas. Furthermore, the tangential force is shown in thetmosubplots. The average
tangential force (average of the light-gray areas) of figufie?(a)is positive, hence the
slider accelerates (as mentioned before). The averageriaabforce of figure3.12(b)is
zero hence the slider velocity is at steady state.

For completeness the total contact model is shown in figut& It demonstrates the
unidirectional coupling between normal and tangentialiomt.e., the tangential motion
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Figure 3.13: Total contact model.

has no influence on the normal motion. Fig®:é4 clarifies the principle of operation
in more detail. The normal and tangential sphere and staformation are represented
by the springsk, andk; in figure 3.13. The tangential wave motion is exaggerated for
explanatory reasons. Every picture has a number that reféhe event numbers which
are shown at the bottom plot of figuBel4
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Figure 3.14: Principle of operation
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Step response Figure3.15shows the slider velocity when driven by a burst of waves.
The figure demonstrates the decrease of the steady stade &libcity i, due to the
tangential complianced(073 — 0.044 m/s). The change in rise timE. is less (6 —

56 ms). In section3.5 we will see that this model predicts the slider behavior eath
accurately.

3.2.4 Macroscopic behavior

In this subsection, we will examine the macroscopic behlafia SAW motor by utilizing
the previous derived contact model. The goal is to explamthcroscopic behavior from
a microscopic point of view. This insight is used to imprave SAW motor specifications
and to eliminate some less favorable features of a SAW motapterd). Furthermore,
we use the interpretation of the macroscopic behavior im#w chapter (chaptet) to
describe a model for controller design. First, we discussntiotor characteristic. Next,
this motor characteristic is analyzed by splitting it upitwo parts.

Motor characteristic

The considered macroscopic variables are the averagentaaidgerce F; and the slider
velocity &, which are the variables that ‘interact’ with a load like 8lieler mass.

F = L Fidwt (3.18)

2 ).

The relation between these two variables is static and cansbalized by a so-called
motor characteristic Figure3.16(a)shows a motor characteristic, which is obtained by
the model of figure8.12and the parameters of tale2. The tangential average force is
‘measured’ while applying a known slider velocity Consider the first quadrant of the
motor characteristic. It shows a large tangential forceafemall slider velocity. The force
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Figure 3.16: Motor characteristic

decreases for an increasing wave velocity. Besides thabwskhat the driving force is
limited by the maximum friction forceg Fi,.

Figure3.16(b)illustrates a path that is followed when a slider mass isatetliby a burst
of waves (the step response of figld5. The slider is initially at rest, which corre-
sponds to point. Due to the burst, the slider accelerates from point b to tisedy-state
velocity c¢. After a while, the wave amplitude becomes zero again. Caesdty, the

slider brakes due to the negative friction forte- e. At zero velocity, the braking force

changes to zere — a.
Observe that a motor characteristic can be split-up intoredations:
1. arelation between the wave amplitugeand the no-force slider velocity. Thez-
axis of figure3.16(a) (The steady-state velocity of the previous subsectionaleq

the no-force velocity);
2. anon-ideal non-linear force source that may be integgrédy using Norton-Thvenin
equivalence relation) as a series connection of

— an ideal velocity source;;
— anon-linear damper, which depends on both the velocitgréificeis — = and

the wave amplitudé,.

First, we analyze the relation between the wave amplitudeteno-force velocity. Next,
we examine the non-ideal non-linear velocity source.

No-force (steady-state) velocity

Figure 3.17 shows the no-load slider velocity, versus the normal wave amplitude.
Three regions can be distinguished, which are separategebyhreshold’ and ‘release’

amplitude.
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Figure 3.17: Tangential slider velocity versus wave amplitude.

Dead-zone There is no slider motion if the wave amplitude is smallenttiee threshold
amplitudeu, . The contact behavior explains this phenomenon; the sader
the stator continuously stick within the dead-zone regidhe tangential spring
stretches and compresses, but the slider will remain at Tést average tangential
force F; is zero.

Continuous The slider starts to move if the wave amplitude exceeds hreshold’ am-
plitude. There is always contact between wave and sliddreifitave amplitude
does not exceed the ‘release’ amplitude (see e lIn this region, the contact
between wave and slider slides and sticks.

Intermittent In region 3, the wave amplitude is greater than the ‘releaseplitude.
Therefore, the contact between slider and wave is integntitt See for example
figure3.14 The ‘modes’ during operation are stick, sliding and notaoh

Non-ideal non-linear force source

The characteristics (the curves) in figuBel6(a)can be described by a non-ideal non-
linear force source, which is a function of both the veloditiferenceis — & and the
wave amplitudei,.

R = Ris— i, i) (3.19)

Figure3.18(a)shows the force sourdg as a function of the velocity difference. It demon-
strates thaf; resembles dry friction for zero wave amplitude. Furthemmdrshows that
the ‘friction force’ decreases by an increaseigf— & and an increase ai,. Subse-
guently, the non-ideal non-linear force source can bepnéted as a series connection of
an ideal velocity sources and an equivalent non-linear damper We emphasize that
this damper is not physical present; the damper relationggmby applying a different



64 Chapter 3. SAW motor modeling

0.02¢
Haln P
Z ////,/

\[7: //,// 'g‘

) - Z oo
0.12 I~

91
. . . is — i [mfs]
(a) Non-ideal non-linear velocity source (b) Equivalent damping
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Figure 3.19: Total interpretation of the macroscopic behavior.

SAW frequency or a different so-called actuation methodt{sa4.2).

E = R (s — @, Uz) X (¥s— 1) (3.20)
—_———— ——
equivalent velocity
non-linear damper difference

Figure3.18(b)shows the equivalent damper values versus i for different wave am-
plitudes. The equivalent damper values are determineduka model in figure3.12
We ‘measured’ the tangential average force for a fixed shadwocity z. The damping
values decrease for increasing wave amplitude. Figur@shows the total interpretation
of the macroscopic behavior. Note that we have not derivededion for bothis(1,) and
Ri(%s — &, 14,), i.e., we still need a contact model to compute the macrasdmghavior.

Input power and efficiency
Figure3.20shows the first quadrant of the motor characteristic in wkhehoutput power

(mechanical power) as a function of the slider velocity . The output power reaches
its maximum value a little right of the '50 % no-force velggit point.
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Figure 3.20: Output powef,uputand efficiencyns.

We will consider two definitions of the efficiency. It is reasdle to designate the power
flow of the wave (sectior2.2.]) as the input power. Accordingly, the input power is
independent of the slider velocity such that the efficieraytihe same shape as the output
power.

P
m o= — = 5 Pogput (3.21)

P wave

where~ is a constant. An alternative —theoretical— way to deteenthe efficiency, is
by utilizing a contact model. In the model we can probe thelinggopwer and the output
power.

P, output
= 3.22
& Poutput+ Pdissipated ( )

The corresponding efficienay is shown in figure3.2Q

3.3 Modeling multiple points of contact

In the previous section, the behavior of an s-poc (singlaetpafi contact) was examined.
This section discusses the behavioral consequences farcnfppultiple points of con-
tact). First, the ideal (theoretical) situation is disadsThe goal is to show the tendency
of multiple projections on the motor behavior. Furthermane model is used to demon-
strate that an m-poc model can be simplified to an s-poc likéainadrhis model is valid
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for a small number of projections only. Second, the anorealfe¢he actual situation are
determined and discussed. Finally, additional parametersntroduced to account for
the anomalies.

3.3.1 Ideal situation

In this section, it is demonstrated that the ideal (theca$tim-poc behavior can be mod-
eled by an s-poc model. The assumptions for the consideeadi situation are:

wave motion is not influenced by slider;

preload force is uniformly distributed over contacts;

stator surface is flat;

slider projections are identical;

projections are rigidly connected;

deformation of one point of contact is not influenced by le@hboring contact
points;

7. only translation in normal and tangential direction isgible.

o0k wbdR

Example

With these assumptions, we first build an m-poc model and gheveontact behavior.
The model is illustrated for a slider with 3 spherical projew, i.e., 3 spherical projec-
tions. The slider is connected to a frictionless linear gngdo allow only motion inx
direction (assumption 7). Figuf21shows the normal impact model, which is actually
a parallel connection of three s-poc models. It consists sihgle slider massn with

air dampingR; driven by the normal vibration velocities via three comptiaontacts:,.
The phase lag between the wave motion7ig3. The tangential model is shown in fig-
ure3.22 The massn is driven in tangential direction by three sources. Theratton is
via a compliant contadt;, a small masg\m and a friction sub-modeR..

Se I
‘R, X
Iz
m
$ XOer X0et—C XOeHC
’J—‘ kn kl"l kn J-\ -kn kn n
R,
Uz,1 Uz,2 Uz,3 MSf MSf MSf
t t t
| Uz,1 | Uz,2 | Uz,3 |

(a) Iconic representation (b) Bond graph representation

Figure 3.21: Normal impact model for three points of contact.
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Figure 3.22: Tangential model for three points of contact.

Figure 3.23 shows the contact behavior of the m-poc model. Figug3(a)shows the
behavior during acceleration and figuB&3(b)shows the behavior at steady state slider
velocity. The simulation parameters are listed in téhi The top plots show the normal
slider displacement and the three normal wave displacements. The second ssibplot
show the normal forcé}, of each projection and the sum of the three forégs,m The
third subplots show the tangential wave velocities and amgéntial slider velocityt.
The bottom plots show the tangential forégof each projection and the sum of these
forcesFium The average normal fordém- of each projection € {1,2,3} is the same.
Therefore the total average forcefi§ sym = 3Fn,i. Furthermore, the average tangential
force F,; of each projection is the same as well. Therefore, the tatejential average
force Fisumis 3F¢;. In figure3.23(b) £ ; = 0 because the slider velocity is at steady state.

The same results are obtained for an arbitrary number oégtionsp. We conclude that
for the considered ideal situation withprojections and an unchanged preload force per
projection

— the steady state velocity does not change;
— the average tangential slider forcewismes greater.

Model simplification

In this subsection, we demonstrate that an s-poc model qdaceean m-poc model.
The macroscopic behavior predicted by an equivalent s-péicss when we are not
interested in the behavior of each individual projectiorsiipler analysis and a reduction
of computational load motivates the simplification. Firgg will discuss the tangential
motion and second the normal motion.
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description| parameter| value | unit

Normal wave amplitude Uy 10 nm
Tangential/Normal amplitude ratio 0.65 -
Wave frequency f 2.2 | MHz

Young modulus slider B, 213 | GPa

Young modulus stator Es 77| GPa
Poisson ratio slide o1 0.3 -

Poisson ratio statof o9 0.3 -

Radius sphere R 1 mm

Mass of slider m 0.6 g

Preload force Fy 6| mN

Air damping R, 2 | Ns/m

Coulomb coefficient of friction 1 0.18 -
Number of projections P 3 -
Steepness of friction implementatign ~ slope | 5000 -
Mass of deformation Am | 10715 kg
Compliant damping Ry | 1076 | Ns/m

Table 3.3: Simulation parameters for an ideal multiple contact point slider.
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Figure 3.23: Contact behavior for 3 points of contact.
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Tangential motion The tangential force, which acts on the slider mass (and ddy a
tional load) is

p
Ft,sum = E Ft,i
=1

wherep is the number of projections arfd; the tangential force of projectian The wave
period is very small relative to the tangential rise time,,ithe contributed momentum of
one projection per period of time is very small with respedtie total slider momentum.
Hence, we may use the average fof¢gm = pF;. This implies that we may also use an
equivalent force Fy, whereF; is the tangential force of only one projection.

Normal motion Because the wave period is small compared to the normal meewie
may also use the average normal force

mZ — Fnysum_ Fp - Rzz

This implies that an equivalent normal forgé, may be used as well.

Therefore, we can compute the macroscopic behavior by @asirsgpoc model. We will
refer to this simplified model as the ideal m-poc model.

3.3.2 Actual situation

A practical number of projections lies within the range 1@@WMO0. For such a large
number of contact points the previously mentioned assumgptare not valid anymore.
Accordingly, a discrepancy will exist between measurenagat simulation. First, the
anomalies are discussed. Next, two additional parameteradaled to the model to ac-
count for the non-idealness.

Anomalies

Wave motion The wave amplitude varies along the slider length due to atbbles
against the slider projections. FiguBe24 illustrates the decrease. The reflectivity is
due to mass loading and due the elastic discontinuity (stiose2.2.3. De Benedictis
(2003 observed an increase in reflection with increasing prefoace. Furthermore,
measurements showed that a rather uniform wave amplitutierpat the leading edge
of the slider is changed to a rather chaotic and attenuatiéerpant the trailing edge of
the slider.

Normal distribution The preload force at each projection is not the same due to a
number of reasons:
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TSurface acoustic waves 5 —a

Figure 3.25: The indentation is influenced by a neighboring projection.

1. Aslider is not uniformly loaded by the applied preloadcirwhich produces stress
and displacement in the slider. Consequently, the presses@ch projection is not
uniform. See for examplelohnson 1994

2. Not all the slider projections are identical. The diffece in shape may arise from
production tolerances and due to weatr;

3. The stator surface is not perfectly flat due to productiberances and due to wear.

Mutual interference Figure3.25shows an illustration of mutual interference of slider
projections that are placed close to each other. The Valsethe stator height without
any loading. The stator material between projection 1 andexahot come back to the
original height. Hence, in this situation the theory of astnot valid anymore. (Further
research is recommended to explore this phenomenon).

Additional parameters In the foregoing subsections we have discussed the diffesen
between an ideal m-poc model and an actual motor. This dismusuggests the defini-
tion of at least two new parameters.

1. effective wave amplitude;
2. effective number of projections.

Anticipating sectiorB.5, figure3.26demonstrates (by simulation) that these two parame-
ters form a kind of ‘basis’, e.g., an increase of the numbg@rofections and an increase

of the wave amplitude results in two responses with the sdeslg state velocity but
with a different slope. Therefore, by using these pararmsetegether, we can change both
the slope and the steady-state velocity. We assume thaatibebetween the normal and
tangential wave displacement remains the same. The newnptees have to be found
experimentally.
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Figure 3.26: The number of projectiopsand the wave amplitude, form a kind of
‘basis’.

3.4 Model implementation

3.4.1 Time change

The proposed model predicts the contact behavior of one p@aned. As a consequence
a large number of simulation steps are necessary to simihlateacroscopic response
behavior. Therefore, the total computation time can beively large, particularly when
the model complexity is high. We will demonstrate that thenpatation time can be
decreased by using model knowledge.

The variation of the average forces,(and £}) within n periods is small. Therefore, it
suffices to calculate the normal force and the tangentiaefoonly once im periods. To
account for the remaining — 1 periods we need to multiply the tangential force with
such that the tangential momentum (the integral of the tatmgdorce) remains the same.
Figure 3.27illustrates this. The top plot shows the tangential force e second plot
shows the equivalent tangential force for= 4 periods. The second subplot indicates
that we already know the momentum after 1 period of time. &toee, the successive
‘active’ contact period can already be calculated. Thedootplot illustrates this. We
may interpreted this ‘trick’ as a ‘time/frequency changéjeh decreases the computation
time significantly. The maximum allowed speed-up faetdor a certain accuracy has to
be found by trial and error.

3.4.2 Hybrid modeling

In the previous subsection, we discussed a method to dectbascomputation time.
In this subsection we discuss the use of a hybrid model inraaéurther reduce the
computation time. In fact, the proposed model is alreadyibyecause of the switching
between contact and no-contact mode.
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Figure 3.27: lllustration to speedup the simulation by a faater 4.

For the friction implementation we used:@h-function to model the friction in a very
simple and straightforward manner. This non-linear smdatiction is utilized to build
up the force to the breakaway level. However, due to the hiffrdntial resistance
around the origin a stiff set of differential equations rémsa A variable-step integration
method deals rather efficiently with these kinds of modBieédveld 200D However,
for a large number of crossings around this origin the tatabgation time will increase
by this implementation.

Hybrid modeling is a way to overcome a stiff set of differahiquations; instead of a
smooth transition we switch between discrete ‘modes’. Eaotle has a behavior in the
sense oPolderman & Willemq1998, which represent the continuous dynamics of the
system. In our particular case, we distinguish three disaredes. Figur&.28 shows
the hybrid automatorvMan der Schaft & Schumacher 2000

The four discrete modes are:

Init The hybrid automaton starts at the initial discrete mode, vhere the wave ampli-
tude and the slider velocity are zero. From the initial mdoedutomaton evolves
to ‘stick’.

Stick The tangential stiffness determines the tangential féic& he sliding velocity,
Is set to zero. Hence, we omit the time-consuming frictioonsadel. A transition
to ‘sliding’ takes place if Ft| > |uqFn|.
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Figure 3.28: Hybrid automaton of the tangential model.

Sliding The tangential force is determined by the friction, wheeegliding velocityy, is
Uy — 5X,max— z. Figure3.29illustrates the relation between the velocities. The pres-
liding velocityd'x,maxis due to a change in normal displacement. The contact evolve
againto ‘sliding’ ifjv/| < DV, whereDV represents an infinitesimal neighborhood
aroundv, = 0 (Karnopp 198% The reseb, = dx max €Xplicitly resets the presliding
displacement.

No-contact A transition from ‘stick’ or ‘sliding’ to the ‘no-contact’ mmde takes place if
u, < z. The tangential force is zero. The transition from ‘no-e@mttis always to
‘slip’ and is enabled ifu, > z.

This hybrid model contains additional code for detectianitching and resetting of inte-
grators, which requires extra time to implement. Howevesté is a net gain in computa-
tion time.

The total model, hybrid and with the ‘time change’, is impkted and simulated in 20-
sim. For simulation we use the suitable ‘Vode Adams’ intégramethod. This is the
explicit variable-step stiff integration algorithm of Cohand Hindmarsh. This method is
specially suited for explicit models that combine high aow frequency vibrations with
little damping 0-sim 2003.
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Figure 3.29: Velocities in tangential direction.

3.5 Model validation

In this section, we check the validity of the developed msdbgl experiments performed
with a 1 projection, a 3 projections and a multiple projecsiclider. The models that
are validated are respectively the s-poc model, the idegabowmodel and the actual (not-
ideal) m-poc model.

3.5.1 Single point of contact (with tangential compliance)

In this subsection, the s-poc model of sect®f will be validated. Since we do not
have the ability to perform an experiment with only one pahtontact, an experiment
from literature Kurosawa et al. 1996s taken. In this experiment a stator madd 2f.8°
y-rotatedz-propagating LINb@ (Lithium Niobate) is used, which is equipped with two
IDT’s with a driving frequency of 9.6 MHz, see figuge3Q The slider consists of only one
small steel ball, which is preloaded by means of a permaneatijmium magnet placed
at the back of the stator. The preload is changed by varyiegplacer thickness between
magnet and stator. Kurosawa et al. state that, due to thet effthe magnetization of the
steel ball, the slider moved without rotation. Furthermde uniformity of the magnetic
force was confirmed within the operational area of the motor.

Steel Ball

Direction of operation

Figure 3.30: Experimental setup of Kurosawa et al.



3.5. Model validation 75

Table3.4lists the model parameters. The wave amplitude is measyreekhns of a laser
dopler viborometer. The Young modulus of the steel ball ardstator and the Poisson
ratio of the steel ball are taken directly from literaturenc® LiNbG; is anisotropic, an
average value of the Poisson ratio was derived\bgi & Kurosawa(2004). The friction
coefficient is measured by a tribo-meter and the slider nasalculated from the ball
radius and the mass density.

description| parameter value | unit

Normal wave amplitude 1y 18.8 nm

Tangential/normal amplitude ratio 0.89 -

Wave frequency f 9.6 | MHz

Young modulus slider Ey 210 | GPa

Young modulus stator Es 172 | GPa

Poisson ratio slide o1 0.3 -

Poisson ratio statof 09 0.27 -

Radius slider R 0.5 mm

Mass of slider m 413 mg

Preload force F, 1 {7.3,3.7,0.9 mN

Air damping R, 2 | Ns/m

Coulomb coefficient of friction Lid 0.15 -

Transition stick-slip velocity| DV 0.005| m/s
Speed-up| n 200

Table 3.4: Simulation parameters for figlt: &1

Figure 3.31 shows the measured data (crosses) together with the sedudata (solid-
lines). The slider is driven by a burst of waves and the véfasimeasured by means of
a high-speed camera. The varialslgis the preload force. The increase in the acceler-
ation/tangential force with increasing preload force eacly visible in both experiment
and simulation. Furthermore, the slopes during acceteratrrespond well, in particular
at the bottom plot. However, the simulated steady statecitglcs larger than the exper-
Iment. For comparison, we also show the simulated respdosaswvave amplitude of a
factor 1.1 smaller (dashed-lines). The resemblance wélstibady state velocity is better.
The cause of the small differences between model and exgetisinot clear. The wave
motion could be influenced by the slider contact, which caasgmaller amplitude at the
contact. The parameters are uncertain. Alternativelynrtbdel stucture inaccuracy could
be the cause of the difference.

3.5.2 Ideal multiple points of contact

In this section, we compare the ideal m-poc model with theegrpental -3 ball- slider.
The experimental setup is described in sectlof In section3.3.1, we have demon-
strated that an s-poc model can approximate an ideal m-pae. $tudy the assumptions,
we recognize that the first assumption cannot a-priori beraed: The wave motion is
not influenced by slider contact. Indeed, we will see that eebeesult is obtained if
the wave amplitude for simulation is chosen smaller thamtlkeasured wave amplitude
(without slider). Furthermore, assumption 7 does not hotdy-translation in tangential
and normal direction is possible-, because the experirheéhtaall- slider can rotate as
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Figure 3.31: Experimental data taken from Kurosawa et. al. and simulatiamd&ained
with the s-poc model. The wave amplitudes a5@y, = 18.8 nm (crossesji; sim = 18.8
nm (solid-line) andi, sjm = 17.1 nm (dashed line).

well. However, we minimized the change of rotation by settime initial slider position
symmetrical with respect to the wavefront (figla&2).

In the previous experiment, the stator was made of LiNlv@ere in the next experiments
the stator material is PZT. The simulation parametersdigteable3.5 are found from
literature and separate measurements. (The Young modiline stator corresponds
to the value of poled PZT, because the value of unpoled PZTneaisupplied). The
vibrometer measures the slider velocity. FigBré3shows the step responses for different
wave amplitudes. We adapted the wave amplitude of the fiogtiplsuch a way that it
coincides with the first part of the response. Approximatkl/ same factor 1.1 is used
to adapt the wave amplitude of the second and third plot. Welss the slopes and the

wave
—_—

Figure 3.32: Initial position of experimental slider.
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description| parameter| value| unit

Tangential/Normal amplitude ratio | 0.65 -

Wave frequency f 2.2 | MHz

Young modulus slider FE; 210 | GPa

Young modulus stator Ey 77 | GPa

Poisson ratio slide o1 0.3 -

Poisson ratio statof Iop) 0.3 -

Radius spheres R 1| mm

Mass of slider m 0.6 g

Preload force F, 6| mN

Air damping R, 2 | Ns/m

Coulomb coefficient of friction ug | 0.18 -

# projections D 3 -

Transition stick-slip velocity, DV | 0.005| m/s
Speed-up 200

Table 3.5: Simulation parameters for figla&3

steady state velocities fit reasonably well. The velocityateon of the slider is partly due
to the rotation of the slider.

3.5.3 Actual multiple points of contact

In this experiment, the silicon slider is utilized in the eximental setup of sectioh.5.
The behavior of such an m-poc slider is not ideal and theeetioe two proposed addi-
tional parameters;

— effective wave amplitude;
— effective number of contact points.

are used (sectiod.3.2.

Step response

Table 3.6 lists the parameters. The coefficient of friction is foundabyribo-meter, the
total preload force is measured, the contact point radifmuisd by curve fitting and the
Young moduli and Possion ratios are taken from literatudge fvo new parameters are
found by curve fitting (by using the gradient search algamith 20-sim(2003).

Consider figure8.34. The slider velocity is measured directly at the slider byanseof
the vibrometer. The second plot is used to find the two additiparameters. For the
remaining three plots only one parameter - the effectiveenamplitude- is found. The
ratio between the experimental and simulated wave ampltigifor the first three plots
1.0 and for the last plot.1. The effective number of contact poiniss 1350, which is
much smaller than the real number of contact points (4000@g figure demonstrates
that the ‘actual m-poc’ model behavior can be fit on the messbehavior by adapting
both the wave amplitude and the number of projections.
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Figure 3.33: Validation of the ideal m-poc model by means of the experime&taaH-
slider.

Figure3.34also shows the slider velocity in case the wave amplitudernes zero. Since
the mass and preload force are known, the coefficient ofdriatan be calculated. The
calculated coefficients equal the coefficients found by tib®tmeter. This implies that
once the coefficient of friction is known we can determinegredoad force by the braking
velocity.

Motor characteristic

In this experimental setup, the SAW motor was placed on dgptatthat could be tilted
such that the load -the gravitational force- changes. (Tiderss attached in a slightly
different way with respect to previous experiment). Theoe#y is calculated from the
encoder position measurement. TaBI& lists the simulation parameters. Figu3e35
shows the motor characteristic of the experimental setugyhich the open circles are
obtained by measurements. The effective number of contastspand the amplitude are
found by curve fitting.

The ratios between the simulated and experimental waveitaaglfor line b, c and d
are respectivelyf2.0, 1.8, 1.5. These ratios are large compared to the previous experi-
ment. Also the number of effective contact points is larg@d— 6000. The differences
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description| parameter| value | unit
Tangential/Normal amplitude ratio 0.65 -
Wave frequency f 2.2 | MHz
Young modulus slider Ey 107 | GPa
Young modulus stator Ey 77 | GPa
Poisson ratio slide o1 0.3 -
Poisson ratio statof Iop) 0.3 -
Radius slider R 5 mm
Mass of slider m 106 g
Preload force F, 14 N
Air damping R, 2 | Ns/m
Coulomb coefficient of friction 14d 0.13 -
# projections p | 40000 -
Transition stick-slip velocity| DV | 0.005| mi/s
Speed-up n 200
effective # projections p | 1350 -

Table 3.6: Simulation parameters for figlt:84

description| parameter value | unit

Normal wave amplitude sim| Uzsim | {7.5, 6.1, 4.6 nm
Normal wave amplitude exp. Uzexp | {11.4, 10.8, 9 nm
Tangential/Normal amplitude ratio 0.65 -
Wave frequency f 2.2 | MHz
Young modulus slider By 107 | GPa
Young modulus stator B, 77 | GPa
Poisson ratio slide o1 0.3 -

Poisson ratio stator o9 0.3 -

Radius spherg R 5| mm

Mass of slider m 106 g

Preload force Fy 10.7 N

Air damping R, 2 | Ns/m

Coulomb coefficient of friction I4d 0.13 -
# projections P 40000 -

Transition stick-slip velocity DV 0.005| m/s
effective # projections P 6000 -

Table 3.7: Simulation parameters for figlg: 85
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Figure 3.34: Experimental (solid-line) and simulation data (dashed-line38§& motor
with a silicon slider. Note that the scalin of the bottom subplot is different.

are explained by the slightly different slider attachmeé@dncluding we can say that the
macroscopic behavior of the actual m-poc model can be fitteéal the measured macro-
scopic behavior by utilizing the two addtional parameters.
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Figure 3.35: Motor characteristic of the experimental setup. The circieefoand by
measurements and the solid lines are found by simulation. The simulation wave ampli-
tude for respectively line a, b, cand d are 0 4.6, 6.1 and 7.5 nm

3.5.4 Review

Table3.8 shows an overview of the discussed validation experiméitie.s-poc and the
ideal m-poc models predicted the experiments quite welle fithwas better when the
wave amplitude decreased approximately a factor 1.1. ThmbAm-poc model fitted the
measured behavior well by the aid of two additional paramset&he ratio between the
simulation and the experimental wave amplitude lies betwtbe value 1 and 2. The
ratio between the effective and the real number projecti@ssbetween the value 3 %
and 15 %. A better fit of the m-poc model is probably possiblelayporating the mutual
interference of the neighboring projections.

model .# . statqr slider adaptation
projections material
s-poc 1 LiNbO3 steel ball | wave amplitude
ideal m-poc | 3 PZT steel balls| wave amplitude
actual m-poc| multiple PZT Si slider wave_amphtude I
effective number of projections

Table 3.8: Overview of the validation experiments.

3.6 Variation of model parameters

This section is based dreenstra & Breedvel(?004). In order to design a SAW motor
with prescribed specifications (e.g., force-velocity tield) it is helpful to use design pa-
rameters. To get a first impression of the design parametersnfluence of parameter
variations on the motor behavior is investigated by meanb®fs-poc model with tan-
gential compliance. The material parameters that are djaaie the friction coefficient
and the Young modulus of the stator. Besides material pamméhe influence of the
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preload force is examined. In the past, some work has beéorpexd to obtain ‘better’
specifications. For examplelglin (1997 did an experiment with sliders with a variety of
friction coefficientsNakamura et al2003 investigated the hardness afdrosawa et al.
(1996 studied the influence of the contact point radius and thebmuraf contact points.
(The contact points in Kurosawa’s study had a cylindricaligpe and the definition of ra-
dius is therefore different). However, in practice theralvgays interdependency between
parameters, whereas the use of a model has the advantagathiateters can be varied
independently. Furthermore, non-measurable behaviobeasxamined and unrealistic
parameter values can be used to find tendencies or to impraerstanding.

3.6.1 Coefficient of friction

The nominal parameters are listed in taBl2 First, we study the influence of the coeffi-
cient of friction on the no-force velocity. Figu36(a)shows the relation for three dif-
ferent wave amplitudes. Two limiting situations are coesadl. If the coefficient of fric-
tion approaches zero, the influence of the tangential esrbecomes negligibly small.
Accordingly, the velocity increases to a value that coroesis with the rigid tangen-
tial model of figure3.7 (where the coefficient of friction does not influence the acé
slider velocity). If the coefficient of friction approachasdinity, the tangential stiffness
will dominate. For acontinuous contact amplitudé, = 4 nm, (see pagél) the slider
velocity becomes zero because the slider sticks to therstabo anintermittent contact
amplitude u, = 8 nm and 12.5 nm, the velocity approaches a constant valiecditact
sticks during contact.

Figure 3.36(b) shows the tangential average force. Clearlydfapproaches zero, the
force becomes zero. If the coefficient of friction approachinity, the average force
for continuous contact amplitudeecomes zero and famtermittent contact amplitudie
approaches a constant value. Hence, a high coefficientotibfiis beneficial to obtain a
large force at amtermittent contact amplitude

72 0.36 A
o % _ Uz = 12.5nm
£ S
_E 5 =
T o =2 -
= E‘ § % U = 8 NM
55 o'~
c O o O
8o g 2
z c 9
3 © .
@ i, =4 nm Uz =4 nm
% 0.18 0.36 0.54 % 0.18 0.36 0.54
coefficient of frictiongug [-] coefficient of frictiongg [-]
(a) velocity (b) average force

Figure 3.36: Velocity and average force as function of the coefficiefntation.
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3.6.2 Young modulus stator

Figure3.37shows the influence of the stator its Young modulgsn the motor behavior.
Again we consider two limiting situations. Paramekgrbecomes dominant with respect
to the slider Young modulu#; if it approaches zero. Consequently, the normal and
tangential contact stiffness decrease. The contact beooonénuoudor all wave ampli-
tudes because the normal slider displacemeldcreases. Furthermore, the contact sticks
such that the tangential slider velocity and the averaggetatnal force become zero. H,
approaches infinity, the influence of the modulus becomebgiag small. The elastic
behavior is determined b#,. Hence, the velocity and force approach a constant value.

Therefore, a statoand a slider with a high stiffness (Young modulus) is advantageo
to obtain a high velocity, a large force and thereby a largetomefficiency. Apart from
increasing the stiffness by the Young modulus, the prajacgieometry can be adapted
or the number of projections can be increased. The increaselocity and force by
increasing the number of projections is demonstrateluopsawa et al(20017).

0.36f

\‘
o

U, = 12.5 nm

average tangential
force F; [mN]

tangential
slider velocityis [mm/s]

2

231 462 % 231 462
Young modulust, [GPa] Young modulusF, [GPa]

(a) velocity (b) average force

Figure 3.37: Velocity and average force as a function of the Young medidltne stator.

3.6.3 Preload force

Figure3.38(a)shows the slider velocity as a function of the preload fdrgeThe preload
force is the sum of the gravitational force and an additi@mglied external force. Con-
sider a preload force that approaches zero. Consequerlgptimal slider displacement
approaches the wave amplitude, ilem g, .o 2 = i,. The contact becomes intermittent
for all wave amplitudes and the slider velocity approaclestangential wave velocity
amplitudery. If the preload force increases, the opposite happens. dimeat slider dis-
placement decreases and the contact becomes continuous and stiakse the velocity
approaches zero.

Figure3.38(b)shows the tangential average foigeversus the preload forde,. Clearly,
the forceF; approaches zero for a decreasing preload force. For arasioge preload
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Figure 3.38: Velocity and average force as function of the preloa@forc

force, a similar explanation holds as for the slider velpcithe contact is or becomes
continuous and sticks. In between those limits, there xspoint of maximum tan-
gential force. Kurosawa et al(2001) have measured the same qualitative behavior for
cylindrical contact points). It is not possible to find an lgtiaal solution for the ‘op-
timal preload force’, however we can find an approximatioqu&tion3.11defines the
release amplitud&, ; the amplitude at the transition point from continuous teimittent
contact. By rewriting we find the ‘release preload force’

2/3
. 3 mFy/2 3916 Ky
== = [, =a2_=-"" 3.23
U’Z,r <16 kn > p.,r uZ 3 7_‘_\/5 ( )

wherek, is the normal stiffness. Figur@38(b)demonstrates that this ‘release-preload
force’ approximates the preload force for a maximum tangéfdarce. In chapteb we
use this approximation.

3.7 Conclusions

The main purpose of this chapter was to analyze the princpi@otion of a surface
acoustic wave motor. To this end, contact models of a SAW miodwe been built in
order to describe the principle of operation, explain ieneiSAW motor features and for
finding design parameters. It has been shown that

1. the wave motion may be interpreted as an elastic body shétiven by two dis-
placement sources;

2. the variation in the normal slider displacement and thgeatial slider velocity per
wave period is very small;
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3. the rise time of the normal displacement is significanthaler than the rise time
of the tangential velocity, therefore the response of thenab motion is not ob-
servable in the tangential motion;

4. the driving wave amplitude can be categorized in one @ktihegions.

— In the dead-zone region the wave amplitude is small. Therstioes not move
because the slider and the stator continuously stick.

— In the continuous region, the wave amplitude is larger ttendead-zone
amplitude and therefore the contact will slide and sticke Shder moves.

— If the wave amplitude is larger than the threshold ampdittice contact will
become intermittent. The ‘modes’ are stick, slide and notact.

5. the SAW motor its macroscopic behavior can be interprasea velocity source in
series connection with a equivalent damper;

6. the macroscopic behavior of an ideal multiple point oftach(m-poc) model is
exactly predicted by a single point of contact (s-poc) mpdel

7. for anidealslider withp projections and a preload force Bf siiger = p X Fp projection
the steady state slider velocity does not depend on the nuoflpeojections and
the average tangential slider force will be linearly prdjporal to the number of
projections;

8. an actual motor has some anomalies relative to an ideaamypdel. Among other
things,

— the wave motion decreases along the slider length;
— the normal force is not uniformly distributed over the @mttsurface;
— the deformation at one point of contact is influenced by m@iging points.

However, by introducing two additional parameters the erpental responses can
be fitted.

Data from literature and data acquired with the describgutemental setup has been
utilized to validate the different models.

1. The s-poc model predicted reasonably accurately therssggmnse behavior of a
steel ball on a LiNb@stator. The result became better if a smaller wave amplitude
(of the simulation) was chosen.

2. In a second experiment the experimental 3-ball slidertdessn considered. The
stator is made of PZT, which is less stiff then LiNDOThe ideal m-poc model
predicted the measured step behavior rather well. The tdaece improved by
decreasing again the wave amplitude of the simulation.

3. Inthe third experiment a silicon slider was used. Thefaktn-poc’ model could be
fit on the measured behavior by adapting both the wave ardpliémd the number
of projections.

To get a first impression of the design parameters, the infief parameter variations
on the motor behavior has been investigated. The results are



86 Chapter 3. SAW motor modeling

1. A high coefficient of friction is beneficial to obtain a larfprce at anntermittent
contact amplitude

2. A high stiffness (Young modulus) of both stator and slidesdvantageous to ob-
tain a high velocity, a large force and thereby a higher meféciency. Apart
from increasing the stiffness by the Young modulus, theqmtipn geometry can
be adapted or the number of projections can be increased.

3. There is an optimum preload force for the average tangjefiatice, which is ap-
proximated by the so-called release preload force.



Chapter 4

Actuation and control

Overview: This chapter investigates the actuation and closed-looyprobof a SAW
motor. First, a linear time invariant mechanical model isrigded. Next, the dis-
turbance sources of the SAW motor are discussed. Heredifierent strategies to
actuate the motor are examined. For one actuation strateggrdroller is designed
and tested for different trajectories on the experimenglig.

4.1 System

In the previous chapter, we have modeled the intrinsic SAWtambehavior. Direct mea-
surements of the slider velocity —by means of a vibrometesgrewised to validate the
dynamic behavior of these models. For closed-loop contrdh® experimental SAW-
motor we utilize a displacement encoder (secfids). The encoder ruler is connected via
the guiding to the slider. The introduced additional dynastiave a negative influence
on the closed-loop behavior. Therefore, we analyze theimggidynamics for reason of
controller design and to discuss improvements of the ggidimally, disturbances of the
SAW motor are examined in order to gain insight and discugsagehes to prevent or
eliminate these disturbances.

4.1.1 Mechanical model

In this subsection, we derive a mechanical model in whichrvetude the first vibration
mode of the slider guiding. This first vibration mode is tRe mode (figure4.1(a).
Figure4.1(b) shows an ideal physical model of the considered problem. cEmeer of
rotation is in the center of gravity (cog). The:z mode is excited since the point of
actuation of the slider,, does not correspond to this cog. The encoder ruler is atfache
to one side of the slider guiding. The other side of the slglading is connected via
bearings to the slider axis. The connection to the slides excompliant and enables the
guiding to rotate. The angle of rotation is small, whichafcsimplification of the model.

87
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(a) Drawing of the SAW motor. (b) Ideal physical model.
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Figure 4.1: Slider guiding.

We have shown that the intrinsic SAW motor model may be imetgal as a series con-
nection of a velocity sources and a non-linear equivalent dampgy (section3.2.4).
Furthermore, a linear-time-invariant (LTI) mechanicaldabis required to allow simple
controller design in the frequency-domain and the complexe. Therefore, we assume
that this equivalent dampek; is linear. Due to this rough approximation we may ex-
pect differences between model behavior and actual behavisthermore, we assume
a linear compliant-dampin@®y = 2b*R), and a linear stiffnesé = 2b%k’. Figure 4.2
shows an iconic and a bond graph representation of the mbdelencoder displacement

is ze = [(ic+ aeRz)dt. The transfer functions fronis to i, and fromis to Rz are
respectively

(s Ry(s*J + sRq+ k)
Ts e ~ $%mJ + s2(mRq + aZmRy + JRy) + s(mk + RiRg) + kR
Hy i) = - @

s3mdJ + s2(mRy + aimRy + JRy) + s(mk + RiRq) + kRy

and the fourth order transfer function from the velocity meu s to the encoder displace-
mentze is

1 1
Hi?s—m?e(s) - gHﬂts—’fc(s) + ae;Hw's—J?z<S)
Ri(s*J + s(Rg + aeamm) + k)
s(s3md + s2(mRqy + aimRy + JRy) + s(mk + RiRq) + kRy)

4.2)

Parameter estimation

In this subsection we estimate the parameters of the tnafgfetion given by equa-
tion 4.2 The massn = 0.1 kg and the lengtlae = 33 mm are measured. The inertia
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Te = @Rz + x¢
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Figure 4.2: Mechanical model.

J = 2.7 1075 kg n? and the lengthi,, = 0.7 mm are calculated with the help of Solid-
works (Solidworks corporation 2004 We estimate the remaining parameters by step
response identification. Figude3 shows the velocityie, which is derived from the mea-
sured displacement and filtered by a 4th order low pass ldtdr filter with a cutoff
frequency of 2000 Hz. The noise superimposed on the signedused by the stator
roughness to be elaborated in subsectidn2 The equivalent dampek; is found by

the dominant step response behavior, which is describedjbgten4.2 if the guiding
stiffnessk approaches infinity.

H:'ES—>:'Be - khm SH:bS—KEe
- sm+ Ry
:Eeﬁ _|_ :Be — xs =
1
. . _ BRyy
Te = I (1 —e m ) 4.3)

The resulting behavior corresponds with the linearizednsic SAW motor behavior, i.e.,
a series connection of a velocity souricea dampeiz; and a mass:. The damper value
Ry = 19is found by fitting the solution equatiagh3to the rising slopes of figuré.3. The
Rz vibration mode is visible for time¢ > 0.08 s. An inset of figuret.3 shows a detall
of the vibration. The frequency is 130 Hz. We estimate stk = 18 by using this
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Figure 4.3: Parameter identification.

name | parameter| value unit
equivalent motor damping R; 19 Ns/m
motor mass m 0.1 kg
motor inertia J 2.71075 kg nm?
stiffness k 18 Nm
damping Ry 0.001 Nms
length af 0.7 mm
length Qe 33 mm

Table 4.1: Parameters of the LTI mechanical model.

resonance frequency and the relation for the resonancedney

wr = - (4.4)

Finally, the dampingRy = 0.001 is estimated from the attenuation of the resonance
(figure4.3). Table4.1lists all the parameters.

Figure 4.4 shows different representations of the mechanical modake Hode plot of
figure 4.4(a)shows the transfer function from the velocity sousigdo the encoder dis-
placement:.. The transfer fromis to ¢ is fourth order. The slope of the modulus+20
dB per decade for frequencies lower than- % and—40 dB otherwise. The resonance
frequency of theRz-mode is denoted by,. Figure4.4(b)shows the pole zero mapping
of the system. There are 4 poles and two zeros. The step mspbthe encoder velocity
is shown in figuret.5. As expected, there is a considerable deviation duringithgadue
the assumption thag; is linear. We utilize this mechanical model in sectiA.
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Figure 4.4: Different representations of the system: from input velocigntmder dis-
placementis — we.

Improvements The vibration modes of a system often limit the closed-loapdwidth.
Shifting of the resonance frequencies to a higher value lvarefore be beneficial. The
resonance frequencies introduced by the slider guidindeancreased by

— reducing the mass and inertia of the moving part, for exaniph equatiord.4;
— increasing the stiffness of the guiding, for example equatior4.4;

— coincide the cog of the moving part with the point of actoiatjinterface between
slider and stator);
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— measuring at the center of mass, for exanaple- 0 in equatiord.4.

We will continue this discussion in chapter

4.1.2 System disturbances

The motor behavior is affected by different sources of disince. We examine these
sources for controller and actuation design and to disqugsovements in the motor
design. In chapte? we have shown that the wave amplitude at the stator surfaoet is
uniform due to

attenuation (sectiob.2.3;
diffraction (sectior?.2.2);
reflection (sectio2.2.3;
beating (sectiofi.1.4.

N

Another source of disturbance is the friction force of thdesl guiding. Furthermore,
the contact interface between slider and stator plays aoriat role in the SAW motor
behavior. We elaborate the sources that disturb the contactace.

Stator roughness In figure4.3the stator roughness is clearly visible as a high frequency
disturbance superimposed on the dominant response. Btigluiince is position depen-
dent as shown in figuré.6(a) This figure shows the slider velocity as a function of the
slider displacement for three repetitions. The dominasipatial frequency is 20m. Fig-

ure 4.6(b) shows the stator relief. The direction of the slider motispeérpendicular to
the grooves. The arrows indicate the grooves and the avdisigece between the arrows
is indeedAz ~ 300/15 = 20um.
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these grooves.

Figure 4.6: The periodicity of the stator surface.
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Variation of the preload force Figure4.7 shows the slider velocity as a function of the
slider displacement for 2 experiments. Note that the dcgpteent range is larger than
the range of figurel.6(a) The overlaying responses demonstrate that the variaitions
velocity are indeed position dependent. The bottom plotvshibe preload force, which
becomes smaller when moving indirection. In sectior8.6 we have demonstrated that
the slider velocity increases when the preload decreasescd;l when moving in-
direction, the preload force, the attenuation and theatiffon contribute all to an increase
of the slider velocity. In the opposite direction the efieedd not add up, i.e., the preload
force decreases, which reduces the slider velocity and ¢oeedse of attenuation and
diffraction increases the wave velocity.

Variation of the coefficient of friction  The SAW motor is driven by friction. The motor
behavior is therefore disturbed by variation of the coedfitiof friction due to:

1. slider and stator conditions (contamination, scratcivesr);
2. ambient conditions (humidity, temperature, etc.);

3. Rayleigh wave (amplitude, shape of the wave envelopeyémcy of the wave en-
velope etc.).

The first two items are rather obvious. The third item is prei@ntly due to the increase
of the coefficient of static frictionus with time (Armstrong-Helouvry et al. 1994 i.e.,
the valueus; depends on the history.

We assume that the deviations in the wave amplitude, guidicigpn and stator rough-
ness can be modeled as input disturbances. The variatidregireload force is disre-
garded, because we mainly consider small displacemengesanTlhe variation of the
coefficient of friction is reduced by cleaning the SAW motararegular basis, by work-
ing in an environment with a low humidity and by applying ssdled PWM actuation
(sectiond.2.9).
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Figure 4.8: The steady state slider velocityas function of the input. (Single-Sided
Actuation). The experiments (a) and (b) are performed at different mtame

Improvements We refer to chapte? for suppression of the wave amplitude variation
along the stator length. Disturbances of the contact imbertan be decreased by:

— applying a stator with a smaller roughness, e.g., by polsh
— using a different preload mechanism (chaptdesign procedures);
— putting the SAW motor in a clean and controlled environment

Threshold amplitude

A slider starts to move when the wave amplitude exceeds aio¢hireshold amplitude. In
practice the threshold amplitude varies due to the previessribed disturbance sources
(see figuret.8(a). Moreover, compare figu#e.8(a)and figure4.8(b) which are acquired
at the same setup at a different day. It shows the relatiomdmat an input signal (linear
proportional to the wave amplitude) and the slider velocitye input of figure4.8(b)
increases steadily starting from zero. At a certain valeestider velocity jumps discon-
tinuously to a steady state value. When the input decreasesdrpositive value, the
velocity decreases continuously to zero. On the other hiamare 4.8(a)does not show
the discontinuous jumps. The difference in the behavioxagned by the variation in
the frictional behavior.

A dead zone with a time-variant and position-dependenstiolel amplitude is not ben-
eficial from a control point of view. Therefore, four actwatimethods are compared in
order to examine their ability to deal with this problem.

4.2 Actuation methods

This section is based ofréenstra et al. 2005

A so-called Interdigital Transducer (IDT) can generate Bayl waves. Two IDT’s are
required to obtain a one degree of freedom motion, i.e., Bxietb generate a wave in
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Figure 4.9: Actuation of a SAW motor.

positive direction and one IDT to generate a wave in the oppadsrection (figure4.9).
The actuation block calculates both actuation signals, @ndugus) as a function of the
control inputu. Subsequently, a high frequengy (MHz) carrier signal multiplies the
signals to obtain an amplitude modulated (AM) signal. The silghals drive the IDT’s
of the SAW motor. The four strategies that are discussed aaéfigd by their relative
efficiency and their ability to eliminate the dead zone.

4.2.1 Single-sided actuation

The simplest way to achieve two actuation signals is by utiagign ofu for switching.
Signalupys is u if the sign ofu > 0 and signakimi, is w if the sign ofu < 0. Figure4.8
already showed two experiments performed with this sedaBingle-Sided Actuation
(SSA). It demonstrates that both the dead zone and the iearisgmain. In order to
define the relative efficiency, we approximate the relatietwieen the no-force velocity
ts and the control input where0 < u < 1 (figure4.8) by:

{ Ts,max (u _ uth) for u > Uth

1—utn 4.5
t 0 for 0<u <up (4.5)

j’"S —
whereuy, is the threshold control input ang, max is the slider velocity foru = 1. By
rewriting equatiort.5we can findu = u(i,) for 0 < i, < 1, wherei, = is/ismaxiS the
normalized slider velocity.

u(zy) = (I —um)tr+up for for 0<3 <1 (4.6)

Accordingly, the wave power can be written as a functioti,of

2 2
Pssa = Pssa,maX(Uplus + Umin)

= Pssa,ma{l.'r — TyUth + uth)2 for 0<, <1 4.7)

wherePssa maxS the wave power foju| = 1. Now, we can define the relative efficiency as
the wave power of other actuation methed@o be discussed next) with respect to SSA:

Trel = —F/— (4-8)
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Figure 4.10: Relation between input signal and actuation signals for sidgd-actua-
tion with compensation.

4.2.2 Compensated single-sided actuation

It is possible to eliminate the dead zone if the thresholdldoge wy, is known; a value
corresponding to the (smallest) threshold amplitude igddd the steering signal Note
that overcompensation occurs when the compensation er|drgn the actual dead zone.
Velocities near zero are not reachable in case of overcosapien. Figuret.10shows
results of an open-loop experiment performed with compexssingle-sided actuation
(CSSA). It demonstrates the intended decrease of the dead However, the dead zone
is not completely eliminated, as could be expected. Theivelafficiencyr, is 100 %,
because the relation betweegnandup,s Or umin is identical to SSA.

4.2.3 Dual-sided actuation

A third strategy is proposed B¥ermeulen, Peeters, Soemers, Feenstra & Breed2e@D).
They assumed that the stator roughness causes the deadatbaethan the stick behav-
ior. Nevertheless, this method implicitly tackles the lsfphenomena and consequently
eliminates the dead zone. Since both IDT’s are actuatedltsin@ously, this method is
called Dual-Sided Actuation (DSA). For example, if DSA tor= 1 corresponds to SSA
(only one wave) the actuation signals are

14w 1—u

Umin =

2 2

(4.9)

Uplus =

The principle of slider motion is explained by the surfaceipke displacement shown in
figure4.11 For equal wave amplitudes  0), the motions are symmetric (a standing
wave). Consequently, the slider does not move. For unequed aaplitudes, the surface
particle motion is elliptical and may generate slider motid’he dead zone disappears
when the normal wave amplitude is such that constant stibl\wer between slider and
stator is overcome. For a smaller wave amplitude, the tiotdsimplitude only reduces.
Overcompensation is not possible. Figdr&2shows the results of an experiment per-
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Figure 4.11: The particle motions due to DSA at the surface of a stator.

formed with this strategy, which shows that this actuaticeethnod almost eliminates the
dead zone.

However, figure4.11shows that the particle displacement amplitudes depenbeopd-
sition x. This dependency causes an additional position dependsntithnce. Apart
from the position dependent disturbance, this method hathandrawback: the relative
efficiency is decreased. Consider equatidhand suppose = i,. Then, the input power
for DSAis

=2
P _ p > .2y _ p 14 a7
dsa = I'ssamax{Uplus T Umin) = 1L'ssamax 5

for —1<, <1 (4.10)

Hence,50 % of the maximal power is dissipated for a zero slider vejodiigure4.13
showsn for uy, = 0.2. The relative efficiency of DSA i$00 % for &, = 1 and only8 %
for z, = 0.

4.2.4 Pulse-width modulation

The fourth actuation method consists of the application piilge train of constant am-
plitude but variable pulse-width, therefore, this methedalled pulse-width modulation
(PWM). We emphasize that the PWM signals are multiplied by aeragignal before the
motor is driven, rather than driving the motor directly whis sometimes the case for
ultrasonic motors Yeha & Tomikawa 1998 The dead zone disappears if the applied
amplitude exceeds the threshold amplitude. Figuidillustrates the principle of opera-
tion. In order to visualize the behavior, the PWM frequencghesen rather small. The
top plot shows the PWM signal for a duty cyclté:) of 0.5 (dashed) and 0.25 (solid). The
second subplot shows a step response and two PWM signalgavith).5 (dashed) and
dc = 0.25 (solid). The bottom plot shows the slider displacementcivitiontains a small
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Figure 4.12: Experiment performed with dual side actuation. Experimerkes taom
Vermeulen et al. (2002).
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Figure 4.13: The relative efficiency of the four actuation methods.

ripple. This ripple decreases with an increasing PWM freqgueBepending on the sign
of u the signals:mi, anduyys are zero or equal to the generated PWM signal.

PWM frequency The allowable ripple on the displacement and the allowabtis
tic noise limits the lower bound of the PWM frequency. Acoastoise is an undesired
audible disturbance in the audio frequency range. Acoustise is circumvented when
the frequency is chosen above 20 kHz. At this frequency, ifi@e is negligibly small
because the frequency is considerably larger than the bdtidef a practical SAW mo-
tor. On the contrary, the pulse train lengtle (fry /) should be sufficient large to reach
the constant wave amplitude; the IDT response becomes domior small pulse train
lengths (sectior2.3.1). Therefore, a proper choice is a frequency of 20 kHz. We emph
size tha~tfPWM < frzRaerigh
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Figure 4.14: Slider behavior with pulse-width modulation (simulation).

Equivalent damper In section3.2.4 we have discussed the motor characteristic of a
SAW motor. We have demonstrated that a SAW motor charatitecign be interpreted
as series connection of an ideal velocity source and an &guivdamper. However, as
expected, the relation of the equivalent damfechanges by applying PWM actuation.
Experiments showed that the equivalent damper value iseseaith a decreasing duty
cycle. A sound relation between the equivalent damper anduky cycle requires further
research.

Experiment Figure4.15shows the result of an experiment with a PWM frequency of
20 kHz that demonstrates the elimination of the dead zone. dtielvetween input signal

u and slider velocityi.is rather constant and is defined as the velocity congtaniThe
velocity constant i9.1. This linear relation is obtained by assigning the duty eyalue
asdc = \/m Accordingly, the PWM wave power for a constant amplitude=1) and
variable width is

Ppwm = Pssa,ma?fdc = Pssa,mak\/;r for 0 <z <1 (4-11)

Hence, the input power is zero for a zero slider velocityuFegt.13showsrne for PWM
actuation. The relative efficiency i€)0 % for dc = 1 anddc = 0. The minimum
efficiency is25 %. A drawback of this method is the requirement of extra harew
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Figure 4.15: Experiment performed with pulse-width modulation.

4.2.5 Overview of actuation methods

Table4.2 contains an overview of the four discussed actuation meth8g comparing

the discussed methods it follows that the best results asenaa for PWM actuation: it
eliminates the dead zone and its efficiency can be qualifigdh@s. Therefore, actuation
by means of PWM is to be preferred and is used in the remaindarsothapter.

method | eliminates dead zone relative efficiency

SSA no best

SSA + compensation partly best
DSA yes low

PWM yes good

Table 4.2: Actuation methods.

4.3 Open-loop control

It is informative to analyze the smallest (open-loop) slidesplacement possible, e.g.,
to determine the specifications of a SAW motor or to select asmeement system. The
slider displacement depends on the duration of actudti@ength of a burst) and on the
wave amplitude. We assumed in the previous chapters thaatimebetween the input
amplitude and the wave amplitude is constant (static). @ksumption is valid if the
input is smooth or if length of a burst is large, i.€.;> 2N/ f., whereN is the number of
finger pairs and. the center frequency. However, for small bursts the tramsesponse
of the active IDT needs to be taken into account (se@i@nl).

It turns out that the step size can be made very small by chgasfixed (small) number
of periods and simply decreasing the wave amplitude. Thieisllisplacement of the
experimental setup is measured for a number of bursts wifireint durations. A laser
vibrometer with a resolution of 2 nm measures the displacéntagure4.16shows the
result. The displacement is averaged 10 times for the buawstsisting of 11 periods
and 5 times for the other experiments. The minimal step sizéis experiment is 1.7
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Figure 4.16: Measurement of the slider displacement. The burst lengthiég va

nm for 11 periods, which is already below the vibrometer ggmn. In literature, e.g.
Shigematsu et a[2003 and Shigematsu & Kurosawé004), steps are mentioned of 2
and 0.5 nm. Therefore, it seems that the step size can be miadeesimally small.

Open-loop control by using stepping motion is possible. E\mwy, attention should be
paid to the reproducibility of the step size, because thatran in the step size increases
with a smaller number of excitation periods.

4.4 Closed-loop controller

In this section, we propose a controller for a SAW motor withi® actuation. The
controller parameters are found by utilizing an LTI modeindfy, the controller is im-
plemented and tested.

4.4.1 Controller design

We choose to control the plait — the SAW motor by PWM actuation — by a PID con-
troller. Figure4.17 shows the basic structure. Signais a reference signalsp is the
proportional gain and1(+ % = %K') represents a pure integrator with an extra zero
in s = —K,. The integrator deals with the quasi constant disturbarddesg. guiding
friction) at the input of the plant. The derivative actiéfy, is applied for extra damping
and the low-pass filtef. P is used to suppress high-frequency noise in the velocity mea
surement. The displacementis measured by the encoder and the slider velogjtys
measured by the vibrometer (figutel(a).

The controller parameters will be found by a model of the pl&o far we have found
an LTI mechanical model which describes the relation betvtbe no-force velocityis

and the encoder displacementand the slider velocityi,, (section4.1). Furthermore,
we have shown that the dead zone between the actuationssigpaland s, and the
no-force slider velocity:s can be eliminated by utilizing PWM actuation (sect2.4),
such that a linear relatiok’, remains. The combined model — the mechanical model
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Figure 4.17: Control scheme of the system.
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Figure 4.18: Bode plot of controller and plant + controller.

plus the linear relation — will serve as plant model. We usegghrameters of tabké. 1.
Therefore, the value of the equivalent dampgrcorresponds with a duty cycle with a
value of 1. DampeRR; will increase for smaller values of the duty cycle (sectbB.4.
Therefore, the controller parameters derived from the hiodg be changed at the real
setup in order to improve the closed-loop behavior.

The controller parameters are found by pole placementt, Firs proportional gairk’p
Is determined. Suppose a specifiedl dB bandwidth o#460 rad/s. Accordingly, the gain
Kpis chosenl2 10? such that the smallest conjugated closed-loop poles aretar fa7
below the resonance frequengy = 800 rad/s. Next, the damping gaifip is chosen
2.2 1072 such that the smallest complex conjugated poles have aveeldamping of
approximately0.7. The integrator gairk, is chosenl00 such that it is large and that it
does not influence the relative damping a lot. The low pass,fatthird order Bessel filter
with a cut of frequency 0% kHz, is part of the vibrometer controller.

Figure4.18(a)shows the resulting bode-plot of the controllerae — w), where we as-
sumed that:,, = i.. Figure4.18(b)shows the bode plot of the open and the closed-loop
system (plant + controller). The bandwidth is ab8d rad/s. The pole-zero configura-
tion of the closed-loop and open-loop system and the rooblabe open-loop system is
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Figure 4.19: Pole-zero configuration of open-loop and closed-losiesyand root loci
of open-loop system./( is a closed-loop pold,] a closed-loop zerox an open-loop
pole ando is an open-loop zero).

shown in figuret.19 The root loci demonstrate that the two open-loop poleserotigin
move to approximately = —300 + 370:. Figure4.4.1shows the step response of the
closed-loop system. The overshoot % and the resonance behavior due to the poles is
w = 786 rad/s.

4.4.2 EXxperiments

The controller is implemented in Simulinkv@thworks, Inc. 2008 The code for the
acquisition hardwaredSPACE 200} -DS1103- is directly generated by Simulink. By
using the graphical user interface ControlDedRPACE 200} that runs on the acqui-
sition hardware, we can set parameters and observe sighhts.sample frequency is
10 kHz. Three experiments are discussed with successiveyglaid step, a constant
velocity and a continuous cycloid reference profile.

Tracking of a cycloid step

In this experiment we are interested in the steady state esitber than the maximal
tracking error. The duration of the step is 0.13 seconds hedtroke is 1.5 mm. The
controller of figure4.17is used with controller parametek$ = 12 103, Kp = 10~* and
K, = 100. The motor velocity is filtered with a low pass filter with a @ff frequency
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Figure 4.20: Step response of the closed-loop system.
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Figure 4.21: Cycloid step. The error is plotted for two experiments. Thieedikne is
the simulated error.

of 5 kHz and the measurement resolutionzgfis 6.67 nm. To obtain better results, the
D-action is chosen a fact@2 smaller than determined in subsecti®d.1 This is not a
surprise, since the system model is considerably simpliiethe purpose of controller
design. The decrease &fp is explained by an increase of the equivalent damper
due to PWM actuation. An increase ff causes more mechanical damping hence less
D-action (Kp) is required. Although the D-action appears to be smallfilit Isas its
influence on the closed-loop behavior. Figdr@l shows the measured (solid) and the
simulated (dashed) result. For the simulation we used thariddel of figure4.17 and

the model parameters of tablel and the controller parameters applied for the real setup.
The results are remarkably close, despite the considenatdie! simplification. The non-
smooth reproducing error while moving is due to the surfacghness as will be shown

in the next experiment.

To obtain an indication for the reproducibility, the expeent is repeated 15 times. The
maximal tracking errotyacing, max@nd the maximal steady state eregyare determined
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Figure 4.22: Tracking of a constant motion experiment. The dashed lingrsuéation
result.

for each experiment. Next, the mean valuand the standard deviatienare calculated.
For the maximal tracking error we found = 10.8 ym ando = 0.81 um and for the
steady state errgr = 20.3 nm ando = 1.7 nm. See the inset of figuke21 Because the
standard deviation is small with respect to the mean valee¢canclude that the experi-
ment is reproducible. The steady state error has a meanoftinee encoder increments.
Therefore, the steady state error is mainly limited by thesneng resolution.

Tracking of constant motion

In this experiment, we are interested in the error during @stamnt motion rather than
a transient. The reference signal is a ramp with a constdaotite of 3 mm/s. The
controller parameters adgr = 10 10%, Kp = 1073 and K, = 100. The motor velocity is
again filtered with a low pass filter with a cut-off frequendypdkHz and the measurement
resolution is 13 nm. In this experiment, the errors are moitdd by the measurement
resolutiort. Figure4.22shows the measured (solid) and simulated (dashed) resitthw
match again well. The maximal measured tracking ef§Qing, maxduring the transient
is 4.1 um and the tracking errafiacing during motion is 0.2um. Figure4.23(a)shows
the error as a function of the displacement for three rapest It shows that the tracking
error is position dependent. Figude23(b)shows the absolute value of the fast fourier
transform (FFT) of the error vs. the displacement. The datimig spatial period is 20
wm, which corresponds with the stator roughness. The assdc{éitne) frequency is
3mmst/20um = 150Hz.

1The encoder input of the acquisition hardware has a maxinaumting frequency, which should not be
exceeded to preserve stability of the closed-loop plang. Atmber of pulses generated by the encoder mea-
surement system is proportional to the velocity times thasaeement interpolation. Hence, the maximum
velocity increases by lowering the measuring interpofatiad thereby the resolution or the measurement
accuracy increases for lower velocities.
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Figure 4.23: Position dependent error

In this particular experiment the frequency of the errorasstant due to the constant ve-
locity. Therefore, the controller could be designed suei this frequency is suppressed.
Because the error is position dependent, it would also beljjess compensate the error
by means of (learning) feed forward contrdk{thuis 2000, (De Kruif 2004). The error
could be decreased by design as well. One possibility is¢cedse the stator roughness.
For example, the RMS roughness of a Lithium Niobate statoldcbea as small ag.3
nm, while the RMS roughness of the applied statdy.isnm. Another possibility is to
increase the proportional gain, which increases the eupression and the bandwidth.
However, the practical maximum bandwidth is often limitgdtbe ‘parasitic’ vibration
modes of the system.

Tracking of a continuous cycloid reference

In this final closed-loop experiment, the reference is ainapus cycloid signal with an
amplitude of 10 mm and a period time of 13.3 s. We use the clbeitraf the previous
experiment with an additional I-action. The motivation foe extra I-action is discussed
next.

The number of pure integrators in the forward path (plans glontroller) determines the
type-number of the system. This is 1 for the ‘plant’ and 1 fa E-action of the controller
of the previous section, which makes the type-number 2. Tdteelst power of the polesin
the denominator of the Laplace transform of a profile deteesithe order of the profile.
Hence, for a ramp profilel(s?) the order is 2 and for a cycloid profilé (s*(s* + 1))
the order is 4. The type-number of the system should be no thareone integer value
lower to achieve a bounded steady state evan(Amerongen 1992 Therefore, for the
slowly varying cycloid path we use an additional I-actiomi@h makes the type-number
3. See figuret.24 The controller parameters ar&s = 12 103, Kp = 0.2 102 and
K, = 100. The motor velocity is filtered with a low pass filter with a @ft frequency
of 5 kHz and the measurement resolution is again 13 nm. Tls®ndar the smallekp
value is discussed in the first closed-loop experiment.
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Figure 4.25: Continuous cycloid experiment.

Figure4.25shows the experimental result. The maximal tracking esd).7m. The
eITOr €xracking, maxiS @gain dominantly caused by the roughness of the statoorder to
suppress this disturbance, the sensitivity functigid = 1/(1 + PC') should be chosen
small in the disturbing frequency band, rather than at oaguency only. Alternative
solutions were discussed in the previous experiment.

4.4.3 Review

In the previous subsection different experiments wereudised. Tabld.3list the results.

experiment z [mm] Thnotion [S] Umax [mm/S] Ft max [N] €track, max[ﬂm] €ss [Mm]

cycloid step 15 0.13 22.5 0.06 10.8| 20.3 1073

constant motion - - 3 - 4.1 0.2
continuous cycloid 10 13.3 3(/0151073 0.7

Table 4.3: Summary of the experiments.
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4.5 Conclusions

In this chapter we have examined the actuation and closgaldontrol of a SAW motor.
To this end, a linear dynamic model of the SAW motor was derivehich took the first
vibration mode of the guiding into account. Next, the disamces sources of the motor
were discussed, which are:

variation of wave amplitude along stator length;

friction of slider guiding;

stator roughness;

variation of preload force;

variation of frictional behavior between stator and slide

We have shown that the inherent SAW motor threshold am@itaties due to these dis-
turbances. A dead zone with a time-variant and positionigipg threshold amplitude is

not beneficial from a control point of view. Therefore, foatwtion methods have been
compared:

— single-sided actuation (SSA);

— compensated single-sided actuation (CSSA);
— dual-sided actuation (DSA);

— pulse width modulation (PWM).

By adding a constant value with a proper sign the dead zone mantyy disappears
(CSSA). Furthermore, CSSA allows overcompensation. The fisgocoopposite prop-
agating waves (DSA) eliminates the dead zone without tHe afsovercompensation.
However, the input power for a zero slider velocity is largeally, this examination has
shown that pulse width modulation (PWM) also eliminates teadizone, also without
the risk of overcompensation, but with considerably smatiput power compared to
DSA in case of small slider velocities. Therefore, this noetis recommended for SAW
motor control, in particular closed-loop control.

An experiment was performed to determine the stepping uésal of the SAW motor.
The smallest open-loop steps measured vigram. Smaller steps could not be measured
due to the limited measurement resolution. However, it Setivat the step size can be
made infinitesimally small.

A PID and a PiD controller was used for closed-loop control of the SAW mnofbhe
controller parameters were determined by pole-placinizung the derived linear dy-
namical model. The controller was implemented and experisn@ere performed. Some
conclusions regarding the closed-loop experiments were:

— The maximal tracking error depends on the velocity and esigminantly caused
by the stator roughness.

— The steady state errors are small and are limited by théutesoof the measure-
ment system.
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Hence, a SAW motor with PWM actuation performs well for pasitng applications,
especially regarding the relative large stroke. Since #&/ $hotor tracking is predomi-
nately hampered by the stator roughness, we expect impresetts by applying a stator
with a smaller roughnessAlternatively, the error could be decreaseditmprovingthe
sensitivity functiorfor the associated roughness frequency band. Finallye ghre error
due to roughness is position dependent, it could be podsilciempensate it by means of
feed forward contral






Chapter 5

Design procedures

Overview: In this chapter, we consider the design of a SAW motor to olaaim-
dication for the applied materials, the geometry, the cargdton and the actuation.
First, the inherent SAW motor is discussed, where a desigectay is proposed to
obtain design parameters. Next, the guiding design and tel@d mechanism are
examined. Finally, the electronics of the control loop aigcdssed.

5.1 Introduction

Suppose we need to design a system which has to perform andegt, for example the
displacement of a sample with a particular motion profile aith a maximum allow-
able tracking error. By considering a mechatronic desigedtary, we could distinguish
different phases and iterations of such a system until ttz diesign is readyQoelingh
2000 (Van Amerongen & Breedveld 2003This final design contains the specification
for the construction (configuration, stiffness, mass),dbetroller structure and parame-
ters, the sensor placement and requirements and the spgoifi for the actuator(s) or
in particular the specifications for a SAW motor. Based ondlssecifications a SAW
motor has to be designed.

The goal of this chapter is to give an indication of the apgpiieaterials, the geometry, the
construction and the actuation, such that the specified mspiecifications are satisfied.
Furthermore, the parameter limits and the effect of a paranahange on the motor
behavior are discussed. To this end, we have subdivided Allé ®otor design into
three parts: the inherent SAW motor design (seci@), guiding and preload mechanism
design (sectio®.3) and the design of the electronics for the control-loopt{sad.4).

In the SAW motor design section a design trajectory is predo3 he guiding and preload
mechanism design section gives suggestions to achievelaaovaitioned slider-stator

contact interface. Furthermore, the guiding itself andgheoad mechanism are con-
sidered. Finally, in the electronics for the control-logxon we briefly discuss the
electronics and related aspects of the SAW motor contiag-lo

111
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5.2 Motor design

In this section, we discuss a possible design trajectorg 8AW motor (without guiding).
The goal of the design trajectory is to generate a set of dgsgameters —the required
choice of, for example, material and geometry in order tisBathe given specifications—
and to show the relation between specifications and desigmeders. Figuré.1shows
the flow chart of the design trajectory. We distinguish twoda of input parameters.
The first kind is the group of predefinegecification®f a SAW motor, e.g., the stroke
and the velocity. These specifications are underlined inrdi§ul. The second kind of
input parameters is the group sélectionswhich are related to the projection geometry,
the properties of the applied materials and quality relate@meters, e.g., the attainable
attenuation due to beating (secti®di.4 and the wave amplitude. In subsect®mg.1, we
discuss rules and considerations to utilize a proper sefecthe interrelations between
the design parameters, the selections and specificatierexamined in subsectidn?2.2
Additional design parameters are explored in subseé&iarg

5.2.1 Selection rules and considerations
Stator-IDT material and composition

The stator-IDT composition of a SAW motor has two functiomse function is to gener-
ate waves and the other function is to use these waves toajergeslider motion. For the
generation of waves, a piezoelectric material is requirgd preferably

— a high piezoelectric coupling factor;
— and a large quality factor.

(section2.3.2. For the generation of a slider motion we prefer a statan wit

— a high stiffness (Young modulus, Poisson ratio);
— a high coefficient of friction with respect to the slider eadl;
— high wear resistance.

The first two properties have been elaborated in se@®ién The property of wear is
important in the context of lifespan and vacuum applicaiokVe will not explore the
wear resistance in this thesis. Additional issues are #iterstoughness, which should be
small to minimize the associated disturbance and the dtatoess, which should be high
to achieve a conditioned contact with the slider projedi(sectiorb.3).

We discuss three possibilities to obtain a stator-IDT cositppm with the summarized
properties. One possibility is to appbne materiathat meets (in some degree) all sum-
marized properties. Materials that have proven to work1ag8Y-X Lithium Niobate
(LINbO3) and PZT (PXE43). Lithium Niobate is recommended becausstifiness, the
piezoelectric coupling factor and the quality factor amgéa than those of the PZT type.
A second possibility is to generate waves by usingiezoelectric thin film on a non-
piezoelectric substratésection2.3.2. The application of thin films increases the design
freedom since the substrate does not have to be piezoele&trSAW motor based on
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piezoelectric thin films has not yet been fabricated. A tloiption, is the application of
a coating on a piezoelectric substrafgection2.1.3, e.g., to improve the contact stiff-
ness or decrease we&takamura et al(2003 have demonstrated that the application of
coatings can increase the motor force and velocity. A maltesith a high stiffness, good
wear properties and that can be applied as coating is Alu(ieninum Oxide, ALOs).
This material is applied as stator material in the commé#yci@ailable ultrasonic motors
of the company Nanomotion Ltd. Takiel summarizes the possibilities.

substrate thin film for . (?oatmg f(_)r SAW motor reference
wave generation slider motion
PZT (PXE43) - - Dijk (2000
128° LINbO3 - - Kurosawa et al(1994)
Sapphire; AJOs in the purest form ZnO - -
LiINbO; - Al;,03 Nakamura et al(2003

Table 5.1: Examples of stator composition.

The input parameters (selections) for the design trajgabdrfigure 5.1 are the stator
material properties, which include the Young mod&liand the Poisson ratias of the
stator coating and the stator substtate

Slider material and projection geometry

We prefer, similar to the stator, a slider with

— a high contact stiffness (Young modulus, projections, Ineinof projections), (sec-
tion 3.6);

— a high coefficient of friction with respect to the stator eratl (sectiors.6);
— high wear resistance.

The projections are commonly fabricated by lithographahteques. Therefore, silicon
(Si) is a useful slider material as the fabrication of semdctors has given rise to the
collection of a large volume of knowledgklédou 2002 (Senturia 2001L For reference:
the Young modulus of silicon lies in between the Young modufilithium niobate and
PZT (PXE43). Furthermore, similar to the stator, the tridgatal properties can be im-
proved by a coating.

The slider projections in the experimental setup were §ladlped. Although, cylindrically
shaped projections have been used as well, for examp&hlgematsu et a(2003, we
only elaborate ball-shaped projections. Ball-shaped ptigjes can be fabricated by so-
called thermal reflow processes and reactive ion etching)(Bt&cessesijk 2000),
where the errors between the desired radius and the fadwlicatiius can be less than
+8 % (Yang et al. 2004 The optimal geometry of the ball-shaped projections,ciwhi

1The Raleigh wave velocity for a stator with a small coatinighkhess & < \,) is determined by the
stator substrate propertieSl{ner et al. 1978
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label name Dijk (2000 Shigematsu & Kurosawg004)
R projection radius 5 mm -

h height 0.4 pm 2 pm

D diameter 40 pm 2 pum

lpich  pitch 50 pm 50 pm

Figure 5.2: Ball-shaped projection values

is determined by the balance between the contact stiffnesdshee prevention of an air-
film, is not explored. Instead, figufe2 shows typical dimensions, which can be used as
starting point.

The length and width of the slider follows from the designectory (subsectio®.2.2
and the thickness of the slider is discussed in subsebti®d For reference; the slider
size of fabricated SAW-motors varied betwegn 10 - 1 mm? (Dijk 2000) and2 - 2 - 0.5
mm? (Shigematsu & Kurosawa 204

Additional input parameters (selections) for the desiggettory of figure5.1 are the
properties of the slider coating or substrate material Aaedgeometry (radius and pitch)
of the projections.

Nominal wave amplitude

An increase of the wave amplitude increases the motor fardettee motor velocity but
also the power consumption. Furthermore, the wave amglituch constant power de-
creases with the frequency. These relations demonstratettis difficult to choose a
wave amplitude at forehand. Nevertheless, we recommeni@riovath an amplitude in
the range ob — 15 nm and approach a suitable nominal amplitude value by iterasing
the design trajectory of figure L

The maximal amplitude of PZT material is limited by qualigcfor degradation, which
results in considerable heat generation if a certain vimmatelocity is exceeded, max =
0.3 — 0.6 m/s (sectior?.3.2. Therefore,

. 1 -
Uzmax = ﬁuz, max (5-1)
r

The effect of degeneration is small for single-crystal mate

Peeters & Vermeule(0049 mention that the wave amplitude should exceed the stator
roughness, which implies the existence of a minimal wavelifaumde. However, the stator
roughness of the experimental setup of sectidhis R, = 13 nm (measured over a
distance ob0 um) and we have utilized wave amplitudes belowm to generate a slider
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motion (figure3.34). Our experiment falsifies this hypothesis. Consequerdgbgarch is
required to lay down a rule for a minimum wave amplitude.

Interdigital transducer

In this thesis we have only considered bidirectional IDTT6ie length of a bidirectional
IDT is determined by the number of finger pairs times the wawvgdh. There exist no
general rule for the number of finger pairs (sectiB.l). Often the number is chosen
betweenl0 and20. Alternatively, the number can be chosen such that therelatad-
mittance is easily matched (secti®r3.1). Bulk wave generation reduces for an increasing
number of finger pairs.

The length of bidirectional IDT’s is small compared to thedéh of unidirectional trans-
ducers, which is an advantage of bidirectional IDT’s. Egbcat low frequencies, the
absolute length of unidirectional IDT’s can be large (foamwple 50 mm for 50 finger
pairs at 2.2 MHz on a PZT stator). On the other hand, the efitgi®f a unidirectional
transducer is approximate/dB better. Refer t&Vhite (1970, Oliner et al.(1978 and
Campbell(1998 for some possible configurations.

In order to overcome reflections between the fingers, th&negs of the fingers should
be much smaller than the wavelengtty 4 < 1%). However, the thickness should be
larger than50 nm in order to obtain a good conductivitZémpbell 1998 A common
used material for an IDT finger patern is aluminum. The fingémur experimental stator
are made of silver, since this material attached well to tamsand since it had a hight
conductivity. For the manufacturing process we refebémturia(2001), Madou (2002
andDijk (2000.

5.2.2 Design parameters

In this subsection, we estimate the interrelations betwkerdesign parameters, the se-
lections and the specifications. These interrelations eneted in figureé.1 by the gray
blocks.

Average tangential force

We will derive a relation between the input and output patensethat are shown in ta-
ble 5.2 and indicated by block | in figur&.1. The goal is to find the optimal preload
force and the minimal number of projections. A global ariagftrelation between the
parameters cannot be found. However, for one specific casaménd a solution.

Figure3.38(b)demonstrates that for each wave amplitude a preload foistséar which
the tangential force is maximal. From simulation it appehed the so-called release
preload force (equatio®.23 approximates this optimal preload force.

-3/216 Kn

Fpopt = 11" 5 (5.2)
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stator Young modulu&’s
stator Poisson ratio,
slider Young modulug’;
slider Poisson ratio;
radius of ball-shaped projectidr
coefficient of frictionpg
force ratiorg

normal wave amplitudé,
specification (input): average tangential fordg
preload forcef,

number of contact points

selection (input):

design parameters (output):

Table 5.2: Overview of input and output parameters used in the subsebtierage
tangential force’.

iz [nm]
R [mm] 4 8 125
1| 05802 0.5799 0.581
5] 0.5798 0.5791 0.5804
10 | 0.5797 0.5798 0.5801

LASZNE S

Table 5.3: Force ratiog: = Fi/(uqFp) for different radii and wave amplitudes found by
simulation. The preload is set to the optimal value. The slider is made of silicothand
stator is made of PZT (PXE43).

wherek, is the normal stiffness of one projection (equatd®, which is a function of the
selection parameters (talle?). In the remainder, we denote the approximated preload
force by Fpop Furthermore, the ratios between the average tangential forgeand

the maximum tangential forge,F,, is approximately constant if the preload force equals
Fp.opt

F
F = o (5.3)

Moreover, this ratio is almost independent of the projectiadius and the wave ampli-
tude. The simulation values in talle3 demonstrate this relation for a silicon slider and
a PZT stator. The simulation is performed with the model ctisa 3.2 and the simula-
tions parameters of tabe4. The force-ratior is approximately0.58 for all simulated
configurations. Tabl®.4 lists also the force-ratior for a slider made of silicon and a
stator made of lithium niobate. Now it is possible to calteltdhe preload force and the
ideal number of projections. Witideal we assume that every projection behaves like a
single projection (sectiof.3.1). The actual number of projections can be estimated on
the basis of performed experiments. We illustrate the ¢aticun with an example.

Example 5.1. We like to move a load with a certain motion profile. This regaia
maximal no-velocity force of; = 0.8 N. The stator and slider materials are respectively
128° Y-X LINbO 3 and silicon. The radius of one slider projectior6ieim and the wave
amplitude is10 nm.
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slider (1) stator (2)| F, [Gpa] E:[Gpa] o1 P Lid rE
Silicon PXE43 107 77 03 0.3 0.13 0.58
Silicon LiNbO; 128° Y-X 107 172 0.3 0.27 0.1830.52

Table 5.4: Force-ratios: found by simulation.

Solution: The normal contact stiffness of one projection (equalidi is
4
kn = g\/EE =74 [GPam/| (5.4)

The optimal preload force of one projection is accordingly

Ag/QE kn

31mv/2

and the tangential force of one projection is found by
Ft,single = Hd Fp,opt re = 0.84 [mN] (5.6)
Theideal number of projections and the total preload force are tleeatespectively

F B 0.8
Ft,single ©0.8410°3
Fp,total = pideale,opt =10008.9~9 [N] (5.7)

~ 1000

Dideal =

In section3.5it is shown that the actual number of projections is appratety a factor
30 larger than the ideal number of projections. Hence, aication for the actual number
of projections i = 30000. U

We showed that the motor force can be increased by the chbmaterial, the projection
radius/shape and the number of projections. The effect pfarement (with respect to
already a proper material choice) is the highest for the rermabprojections, medium for
the projection radius and low for the material choice. MeB¥pthe number of applicable
materials is limited. The projection shape is constraingdb emerging air-film that
degrades the motor behavior. The number of projectionsrigdd by the slider size,
which complicates the uniform preload distribution (se®.3) and an increasing slider
length increases the wave attenuation at the contactactersuch that the trailing edge
of the slider can block. Note that the number of projecticas loe increased by applying
multiple sliders.

Slider velocity

We will derive a relation between the input and output patensethat are shown in ta-
ble 5.5 and indicated by block Il in figur&.1 The goal is to find the minimal SAW
frequency, given the no-force slider velocity.
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iz [nm]  fy = 2.2 [MHZz] | 4, [nm] f; = 5 [MHz] | @, [nm] f, = 10 [MHZz]
R [mm] 4 8 125 4 125 8
1] 0.4682 0.4731 0.47460.4713 0.4730 0.4689

5| 0.4693 0.4755 0.477%
10 | 0.4709 0.4772 0.4803

Table 5.6: Velocity ratios, for different radii, wave amplitudes and frequencies found
by simulation. The preload is set to the optimal value. The slider is made of siliwbn a
the stator is made of PZT (PXE43).

slider (1) stator (2)| £, [Gpa] FE,[Gpa] o Iop) td  Txz Ty
Silicon PXE43 107 77 03 0.3 0.13 0.64=0.47
Silicon  LiNbO; 128° Y-X 107 172 0.3 0.27 0.18 0.89=0.45

Table 5.7: Velocity-ratios, found by simulation.

stator wave amplitude ratiq,

selection (input): velocity ratiory
normal wave amplitudé,
specification (input): no-force slider velocitytg

design parameters (output): frequencyf

Table 5.5: Overview of input and output parameters used in the subsddbeiorce
slider velocity’.

In theory, s does not depend on the number of projectipni§ the preload force per
projection remains the same. Therefore, we only consideipoojection for determining
the frequency. Furthermore, we can also determine arabetween the no-force slider
velocity s and the tangential wave velocity amplitude where the preload force equals
the optimal preload force (optimal with respect to the tamigéforce). Note that a higher
velocity is obtained with a smaller preload force).

7’v fr— & = N xs (58)
Uy UzWTxz
wherery, = %, (section2.1.3. Table5.6 tabulatesr, for different radii, frequencies

and amplltudes The values are found using the simulatiothehaf section3.2 and the
simulations parameters of tale7. The velocity-ratior, is approximately).47 for all
configurations. The resulting velocity-ratigsare listed in tabl&.7. We demonstrate the
obtained design parameter by an example.

Example 5.2. The parameters and variables of exantpleare used. We like to find the
frequency required to achieve a no-force velocity gfm/s.

Solution: The SAW frequencyf; follows directly from the data given in tabte7
Ts

fi = ———— =12 [MHZz] (5.9)

27 Uy Tz Ty
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Indeed, the velocity can be increased by increasing theuémecy or by the choice of
material. A velocity increase by applying a different matkeis marginal with respect
to frequency sensitivity. The frequency is hardly limiteat & SAW motor; frequencies
larger thanl GHz are possible. The theoretical maximal slider velogify= wi,ryy is
achieved when the normal force approaches zero.

Stroke

Table5.8shows the input and output parameters for block Il of figute The frequency
was found by the relation derived in the previous subsectidhe goal is to find the
minimal stator thickness and the IDT aperture width.

frequencyf,

stator (substrate) Rayleigh phase veloeijty
beating attenuatiog-

Fresnel distanc&’

specification (input): strokezstroke

thickness statos

IDT aperture widthea

selection (input):

design parameters (output):

Table 5.8: Overview of input and output parameters used in the subs&stiioke’.

In section2.1.4we have found a relation between the stator thickness andetiease
of the wave amplltudeéi due to beating (equatio®.19. The relation is valid for an
isotropic plate that is free at both surfaces and has a Roisg® of ¢ = 0.3. The
expression for the stator thickness was found to be:

arccos (%) 1 (5 10)

Nthickness = _log 3.8Nenath 1.03
. eng '

wherenickness= Ai is the stator thickness in wavelengths anglgn = x is the distance
to the wave generating IDT in wavelengths. The wavelengtthefSAW is found by
Ar = o/ fr wherec, is the Rayleigh wave phase velocity of the stator. In orderrid &

value for the thickness, we need to specify the wave ampaiidmtreasg% atr = Tsioke

We continue with the IDT aperture width. In secti@r2.2we have mentioned that the
diffraction of power is small if a point lies within the Fresnel region , i.e., if the dimen-
sionless Fresnel paramet&r< 1. By rewriting equatior?.24, we find an expression for

the IDT aperture widtl2a (x = Zsroke)-

2 2
Tstroke = Xa_ = Xa fr = 2a=2 Tstroket (5.11)

)\I’ Cr N er

In order to find an aperture width, we need to spedifyFurthermore, for an optimal use
of the wave, the IDT aperture width should equal the slidetting)ger.

bsider = 2a (5. 12)
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The two design parameters are demonstrated by an example.

Example 5.3. The parameters of exampe? are used. We calculate the minimal stator
thickness and the minimal slider aperture width. This madistator thickness is only a
rough estimate because lithium niobate is anisotropic {aadelation is only valid for
an isotropic material). The SAW frequency and the SAW pha$ecity are12 MHz and

¢ = 3980 m/s respectively. The stroke (plus the slider length)dgke = 4 cm, the
maximal attenuatiog% atz = xgrokelS 0.95 and the Fresnel parameteris= 0.85.

Solution: First, the minimal thicknessof the stator is determined. The wavelength is:

A = % — 0.33 [mm] (5.13)

Hence, the stroke in wavelengths is

The minimal stator thickness is found by using equa&diD

arccos <5—20> 1
3.87n|ength 103

b = —)\log = 1 [mm] (5.15)

Because this thickness is rather small we recommended todupe stator (sectioh.3.2).
Next, the aperture widtha is found by equatio®.11

TstrokeCr

20 = 2
frX

= 8 [mm] (5.16)

Hence, the slider width should also ®enm. O

Concluding, the stroke may be increased by increasing thea@¥rture width and the
frequency by satisfying the stator thickness relation é&ign 5.10. The effect of the
aperture width with respect to the stroke is quadratic arttl vaspect to the frequency
linear. Since both parameters equally contribute to thegpasnsumption (fok, con-
stant), it is preferred to increase the aperture width ratien the frequency.

5.2.3 Additional design parameters

Additional design parameters can be calculated by usingrigndgously discussed design
parameters.
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Slider length

The slider length is calculated in block IV of figueel We have found relations for
estimating the number of projectiopgnd the slider widtlagqer = 2a. By specifying the
pitch lpich between the projection, we can calculate the minimal slielegthlgiger.

p = (bslider_l_ 1) (lslider+1) -
lpitch lpitch

plgitch N plgitch

— Ulpitch ~

lsider = (5.17)

bslider + lpitch bslider

Example 5.4. We continue with exampl6.3. The projection pitch igycn = 50 xm, the
found number of projections wa8000 andbgjiger = 2a = 8 mm.

Accordingly the minimal slider length igjiger = 10 mm. O

The maximum slider length depends on the wave attenuatmnthe wave amplitude at
the trailing edge of the slider should be sufficiently largedtive rather than block the
slider.

Power flow

The power flow is calculated in block V of figuEel The total power flow” transported
by the propagating SAW is (secti@n?2.])

(5.18)

wherecs is a material constant. Talkike2lists some power constant for different materials.
Moreover, the power delivered by the power amplifiers, indaige of bidirectional IDT’s,
should at least be 2 times as large (secBdh)). If the power is too large we recommend
to decrease the amplitude by a factorThis results in a proportional frequency increase
and satisfies a decrease of the aperture width with the sqoare Because the power
is proportional to the frequency, quadratic to the ampétadd again proportional to the
aperture width, the total power is decreased by a fac{6t. Unfortunately, an amplitude
decrease reduces the tangential force.

Example 5.5. We continue with examplB.4. The IDT aperture width i = 8mm, the
frequency isf; = 12 MHz, the wave amplitude i8, = 10 nm and the power constant is

approximately3.25 10~¢ [%].

Accordingly, the total power flow is 5.6 W and the power deal@gby the amplifiers is
11.2W .
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Figure 5.3: Ball-joint: variation of the rotation poitt.
5.3 Guiding and preload mechanism design

In the previous section, we examined the inherent SAW magsigh for which we sup-
posed the presence of a preload force and a guiding of thex sfidtion. Design rules and
design considerations of those two items are examinedsrs#ation.

5.3.1 Slider-stator contact

A well conditioned interface between the slider surfacerabier the projections of the
slider and the stator surface is crucial for a proper SAW mpé&sformance. One aspect
Is that slider and stator should be enabled to make contactog whole slider area, i.e.,
the proper degrees of freedom between slider and statortadxxifree. A second aspect
is that the surfaces should be sufficiently flat. In the expental setup we use a ball joint
to setRx and Ry of the slider free (figuré.3) (Also Rz is free). The cente€' of the
ball determines the point of rotation of the slider with resipto bodyA. Hence, due to
the generated force of a SAW a negative torque will act on lidersif point C' is above
the stator surface andce versa As a consequence the pressure distribution at the slider
stator stator is not uniform and moreover it depends on thgetatial force. The pressure
distribution is uniform if theC' lies in the contact, which is the preferred situation. A ball
joint is a simple but frictional configuration. In the litéuae, for examplé&oster(2000,
alternative constructions are given.

A second aspect is the preload distribution at the slid#ostinterface, which ideally

should be uniform, again, for a proper SAW motor performamt@vever, when a slider

is not uniformly preloaded (for example point loading), ti@ler deforms due to the

limited stiffness. Consequently, the preload distributhe slider-stator surface is not
uniform. The distribution improves by

— increasing the rigidity/stiffness of the slider arrangam e.g., by increasing the
thickness (figuré.4) or decreasing length and width of the contact interface;

— including a rubber ‘force distributor’ block in betweencént and a relatively com-
pliant slider (figures.4).

By using multiple sliders, the length and width o$iagleslider can be decreased, while
preserving the projection pitch and the number of projestioSome examples are pre-
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I

ball-joint

I thickness

z
Slider R motion directionz

\ -
stator ;Q

Figure 5.4: Improvement of the preload distribution.

point of rotation

sented in subsectidn 3.3 Rubbery materials, easily change shape but not volume-(simi
lar to water). The incompressibility is described by Pamssoatio. For rubber, the Pois-
son ratio is close to the theoretical upper limitoo$. A rubber block has the advantages
that it can accommodate also some degree of misalignmerthdfmore, production tol-
erances of the slider flatness are partly eliminated by apgply sufficiently small slider
thickness in combination with a rubber block. In the expemtal setup, we use dual-
sided tape as a force distributor (sectibf).

5.3.2 Slider/stator guiding

We start with a brief motivation. A slider that is pressediagia stator will block inz-
andy-direction in absence of waves. The corresponding (drg)im forcesFy and Fy
are determined by the direction of the slider motion;

Fy 1
= —ugfFh—Vv
[ F, } Halmy]

1 .
—pgFn—— { v } for Vi2+ 92> 0 (5.19)
Vii+g? LY

wherez andy are the slider velocity componentsy the coefficient of friction and,
the normal force. The friction forces change when a SAW pgapss inc-direction. For
explanation reasons we consider a rigid tangential coni#uiis, the tangential friction
forces acting on the slider are

F 1 [ & — iy cos(wt)
= —pabh— f 5.20

where F,, = Fy(t) is the time dependent normal forcg, cos(wt) the tangential wave
velocity and

V] = \/(x — tix cos(wt))? + 72 (5.21)
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Is the modulus of the sliding velocity. These relations destiate a considerably friction
force decrease ip-direction if the ratio between the velocity differenceardirection
andy is large. Therefore, also the average (macroscopic)drictorce iny-direction
decreasesStorck 2004, i.e., they-motion is not constrained by a large friction force.
Concluding, a slider guiding is necessary to conduct theslitz direction and prevent
a translation iny-direction (and a rotation around theaxis).

There are numerous ways to achieve a (linear) guiding. Weiareonly two types.

— Linear ball bearings guiding, which consists of a railésaind a slide;

— Flexible beams (flexures) applied in different configunagi. The material can for
example be steeKpster 2000 or silicon, which is usually applied in MEMS de-
vices.

The stroke of a linear ball bearing is basically unlimitedtasstroke of a flexure guiding
Is not. Furthermore, flexures have the drawback of gengratminter forces. Neverthe-
less, they are suitable for application in micro structiremiaturization) and in vacuum
since they do not require additional precautions as balibhgado. Furthermore, flexures
are not affected by backlash and have (almost) no friction.

The specified closed loop motor performance, for examplé#o&ing accuracy of a dis-
placement reference profile, determines the guiding spatidns. These specifications
include the guiding configuration, stiffness and mass. Soase design rules to increase
the frequency of the slider-guiding vibration-modes aee{®n4.1.])

— a decrease of the moving mass;
— an increase of the stiffness of the guiding construction.

The mass is decreased by using truss or sheet construdigitntsmaterials and by in-

tegrating the preload mechanism in the guiding constroctithe stiffness is increased
by reducing the distance between the point of actuation hedytiiding. Furthermore,
the guiding behavior is improved if the center of the movingssilies in the center of
actuation and if the guiding is symmetric with respect togtane of actuation.

The recommendation are applied in the design of the prelasdhamisms.

Stator support

In subsectiorb.2.1, we mentioned that a high stator flatness is preferred. Tesepve
the flatness of a (compliant) stator it is important to overecstator deformation when
attaching the stator to a motor frame or guiding (when thimstaoves). This is achieved
by statically determining the connection between statdrifeame. The approach depends
on the preload mechanism and the stator thickness. For atttior it may useful to first
support the stator by a base plate, preferably with a simdkative expansion, before
attaching it to the frame/guiding. Examples of staticalygtmined construction are given
in Koster(2000.
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5.3.3 Preload mechanisms

In order to generate a friction force, it is necessary toqa@lthe slider against the stator.
The numerous preload mechanisms can be classified as oreefofltdwing types:

mechanical (springs);

magnetic (permanent magnets);
gravitational force;

electrostatic;

electromagnetic;

vacuum;

piezoelectric;

thermoelastic.

©NOoO Ol WNPE

Types 4 until 8 require a power source and are therefore letbke. However, electro-
static preloading can become interesting if the size of a 3Adbr is downscaled, since
the electrostatic force gains over inertial forces as theai a system is decreasédgdou
2002. Types 1 until 3 are all tested on a SAW motor. Gravitatidoate is less useful
for a practical SAW motor application, since it restricte thrientation of a SAW motor.
Permanent magnets generate magnetic fields, which are teohiarcertain applications.
Furthermore, the design of a ‘stable’ and relatively higblpad-force-generating mag-
netic circuit is not trivial, which is seen as a drawback. Te of springs enables a light
design that can generate large preload forces, which isftirerrecommended.

The choice of a preload mechanism is determined by

— the required number of sliders;
— whether the stator or slider moves.

Figure5.5shows the basics of some mechanical preload mechanismgrdload is ad-
justable and the guiding is placed symmetrically with respe the plane(s) of actuation.
Flexures, if required, may replace the ball bearing guiding

5.4 Electronics of the control loop

In this section, we briefly enumerate the design consideratior the electronics of the
control loop. See figurB.6. First, we consider the displacment/veloaitgasurement(s)

of a SAW motor. Basically, there are two limiting actuation easurement configurations
possible, which generate respectively.

1. non-observable behavior: the sensor is placed in the tilg the moving mass is
notactuated in the cog;

2. non-controllable behavior: the moving mass is actuatede cog while the sensor
is notplaced in the cog.
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A _ A .
\ & slider] ' slider]
' stator & stator
N 7\t 1 guiding 7\ guiding

— slider moves, stator is fixed;

— preload mechanisms contributes to
moving mass;

— preload force closed through guiding,
hence preload force limited by guiding;

— stator moves, slider is fixed;

— IDT/matching wires to moving part;

— preload force closed through guiding,
hence preload force limited by guiding;

(a) One moving slider (b) Moving stator with one slider
\

\ & slider] (| 9guiding \ slider] guidi
§ ——————————— stator - - § @ - < ® stator  ©
N\ ® slider] © \ slider]

\

stator moves, sliders are fixed;

two sliders/doubled output force;
preload force is closed;

IDT/matching network wires to mov-
ing part

— sliders move, stator is fixed;
— two sliders/doubled output force;
— preload force is closed;

(c) Two moving sliders (d) Stator moving with two sliders

Figure 5.5: Basic configurations for mechanical preload.

The optimal location is determined by the system requirémen

The controller can be implemented in various ways, for instance on a computh
dedicated acquisition hardware, on a stand-alone diggaks processor (DSP) or with
analog electronics. The controller discussed in sectidroes contain specific features
(besides a homing algorithm).

Next, the control output is converted. In sectib2, we have investigated differeat-
tuationschemes and recommended PWM actuation. The PWM signals canbeated
by the controller hardware or by separate electronics. &uently, the PWM signals
areamplitude modulatedAM). The amplitude modulation electronics can be combined
with the PWM electronics. The resulting signals are highdesgy signals. Hence, the
energy is electromagnetic of nature. Therefore, coaxiallesa(wave-guides) are utilized

—» control — PWM |modulation— amplify » matching|SAW motor

A

v

measuring

high frequency signals

Figure 5.6: Overview of SAW motor control-loop hardware.
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to confine the energy. Furthermore, the amplifiers and thesIBiiould be matched to
the characteristic impedance of the coaxial cables to omeecreflection and dispersion
of the signals.

Next, the high frequency signals amenplified Since, SAW motors operate in the high
frequency (HF) band3MHz to 30MHz), commercially power amplifier (broadcasting)
are available. Anatchingnetwork adapts the HF power before it reaches the IDT's. The
components of the matching network should be rated to hdhdlpower and the applied
frequency. The generated waves drive the slider, whictesltse loop.

5.5 Conclusions

In this chapter, we have discussed the design of a SAW motobtain an indication

for the applied materials, the geometry, the constructimh the electronics. First, the
inherent SAW motor design was discussed and a design wajesfas proposed. The
trajectory input parameters are the specifications of

— force;
— velocity;
— stroke:

and the properties of the selected

— stator and slider materials;
— geometry of slider;
— wave amplitude.

The resulting design parameters were derived at the prdtoad that maximizes the
tangential force (optimal preload force). The resultingige parameters were the

— preload force;

— number of projections;
frequency;

aperture width;

stator thickness;
slider length;

required power.

We have derived new relations to obtain these parameters.opiimal preloadforce

IS given by equatiorb.2 Theforce ratig the ratio between tangential slider force and
preload force is given by equatidn3, the velocity ratiq the ratio between tangential
slider velocity and wave amplitude is given by equato®and a relation for theninimal
slider thicknesss given by equatio®.10

Secondly, the guiding and the preload mechanism designexamined. We concluded
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— that the contact between stator and slider is improved mguwsball-joint, a force
distributor and restricting the maximal slider size;

— the necessity of a guiding;

— that guiding dynamics are improved by reducing mass anmeéasing stiffness, ac-
tuate in the center of mass and positioning the guiding sytmcaéwith the plane
of actuation;

— the stator attachment should be statically determinedesepve stator flatness;

— mechanical preloading by springs enables a light desighdhn generate large
preload forces.

Finally, we have briefly discussed the electronics of theatbloop. We concluded that

— coaxial cables should be utilized after the control sigmamplitude modulated;

— the transmitting and receiving high frequency parts sthbel matched to the char-
acteristic impedance of the coaxial cables;

— the components of the matching networks should be ratedrtdlé the power and
the frequency.






Chapter 6

Conclusions

In this thesis, we have determined and analyzed the chasdicte of a SAW motor which
are interesting for potential applications and we haverdeteed and explained the design
parameters of a SAW motor. The insight was obtained by dpirgjoa SAW motor
contact model, which describes the contact point behawidrthe macroscopic motor
behavior simultaneously.

The main results are:

— Both the maximum motor force and maximum motor velocity éase for rising
contact stiffness. The contact stiffness increases byyagppimaterials or coatings
with a high Young modulus, by optimizing the projection sbamd by increas-
ing the number of projections. Furthermore, the motor fanceeases for a larger
coefficient of friction.

— There exists an optimal preload force to achieve a maximotomnforce for a given
wave amplitude. At this optimum preload force, the contadtdvior transits from
continuous contact to intermittent contact. Moreoverha preload force the ratio
between the wave vibration velocity and the slider velomstialmost) independent
of projection radius and wave amplitude. Similarly, thea&tetween the braking
force and the motor force is (almost) independent of prmactadius and wave
amplitude.

— By means of a design trajectory, we can estimate design péeegnof a SAW
motor as a function of requirements like motor velocity, ardorce and stroke. The
resulting design parameters are the preload force, nuniipeojections, frequency,
aperture width, stator thickness, slider length and thaired power.

— The wave amplitude has to exceed a dead zone before the staits to operate.
This phenomenon is explained at contact point level, isdqus the threshold ampli-
tude (of the dead zone) the contact between slider and wavaims in stick-mode
and accordingly no effective motion of the slider occurse Tireshold amplitude
reduces by increasing the contact stiffness, decreasengpitficient of friction and
decreasing the preload force.

— In practice, the dead zone of the motor varies. By using PWMagicn (PWM
of the high frequency carrier envelope), it is possible imelate this dead zone,
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without the risk of overcompensation and without a largeease of wave power
at small motor velocities.

— By simple closed-loop control, we have achieved a repetgnsitioning accuracy
of 20 nm (which corresponds to 3 encoder counts). This acgughigh with
respect to the stroke of the motor, whictgism.

— The observed tracking error in closed-loop control istegldo the roughness peri-
odicity of the stator surface.

— The features of a SAW motor differ from those of electroredgpal motors. There-
fore, potential applications of a SAW motor may be in areasnalthose features
can be utilized or where electromagnetical motors are iaake, especially ap-
plications that have low duty cycles, require a high acopead a relatively large
stroke.

Potential attractive fields of application are:
— positioning of for example small mirrors, lenses, lasers segnsors in optical
setups;
— positioning of samples in (electron-) microscopes for almation and for
material research (e.g. magnetic resonance force miqogkco
— actuators for use in space, (no lubrication, vacuum cornledfi
— actuators with extreme demands regarding (low) electromtagfields.

6.1 Recommendations

Based on the research described in this thesis a number ohneeondations can be for-
mulated.

Efficiency

Motor loss can cause a temperature rise and thereby a deokdsr example, the po-
sitioning accuracy. The efficiency describes the motor.I0Bse efficiency of a SAW
motor is small with respect to commercial traveling-waveton®. For example, the ef-
ficiency of the traveling-wave motor of Shinsei industry3i¥% (Uchino 1998. The
reported best performance SAW motor that uses coatingsrfpravement and no en-
ergy recycling Nakamura et al. 2003s approximatelyl.3%. (Fxy = 10 N, & = 0.8
m/s, f = 10 MHz, 4, = 25 nm, 2a = 10mMM — Protor ® Fxmad@smay4d = 2W,
P ~ 2Pyave ~ 4auzw/(5 10712) = 150W)

To improve the efficiency we recommend to apply unidirecidnansducers (estimated
gain of a factor2). A second cause of efficiency decrease is that not all wawepo
is utilized for motion generation. In the example the slidedth is 4mm and the IDT
aperture width isOmm. By reducing the IDT aperture width another factdér may be
gained. So, the total efficiency could b%.

The wave power reaching the slider is partly used for motemegation, partly reflected
and partly transmitted. Kurosawa et al. proposed energyletion methods to reuse the
transmitted energy. However, superposition of recycleztggnand input energy appears
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to be difficult due to a varying change of phase velocity altregslider-stator interface.
As an alternative, we recommend to investigate the optidndérsiength such that no
wave energy is transmitted, but directly used for motionegation instead.

Wear

Another important open aspect is the wear resistance of SAons, for example, in
the context of lifespan and clean environments. The weastagge has not yet been
investigated for SAW-motors. Therefore, it is recommentiedtudy the shape of the
projections and the material/coating of slider and statwnfa wear point of view.

Vacuum

An analysis of the SAW motor operation in a vacuum environni€mecommended to
broaden the potential application field of SAW motors.

An experiment was performed to check if a SAW motor would stibrk under low-
pressure conditions. To this end, a stator together witltimag networks and a slider
with an additional mass for preloading was placed in a vacabamber. The vacuum
chamber was equipped with a cover made of glass such thalidiee s1otion could be
observed. The lowest pressure reached W83 mbar. The motor seemed to operate
well under these conditions. No quantitative measuremeats performed, although it
seemed that the low pressure did not influence the stead\starcity.

This result gives rise to recommend further study of the behan vacuum, e.g., the
contact behavior.

Electromagnetic compatibility

For the same reason, to broaden the potential applicatiloh) itiés recommended to ex-
plore the electromagnetic compatibility. We do not expe@obfems with external electro-
magnetic fields. However, the IDT’s and the matching netwoddiated electromagnetic
fields (when actuated). Shielding of those radiating elémisna possible way to obtain
locally at the slider/stator contact a low electromagniicl.

Squeeze film of air

We concluded that motor force and motor velocity are impddwgincreasing the contact
stiffness. One way to improve the contact stiffness is bynoigtng the projection shape.
However, this also influences the behavior of squeeze filmairobetween stator and
slider. Therefore, it is recommended to find an optimal ptge shape that has a high
contact stiffness and still prevents the buildup of air films
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Tracking error due to the stator roughness

The observed tracking error in closed-loop control is eglab the roughness periodicity
of the stator surface. In order to reduce this tracking ewmerrecommended to inves-
tigated stators with amaller roughness Alternatively, we recommend tonprovethe
sensitivity functiorfor the associated roughness frequency band, which imphiem-
crease of the proportional gain and subsequently it regreincrease of the guiding
vibration frequencies. Finally, since the error due to fouggs is position dependent, it
could be possible to compensate it by meanteedl forward contral



Appendix A

Uniform plane wave solution

In this appendix, we illustrate the solution of uniform parwaves in a non-piezoelectric
linear homogenous solidh(ld 1990. We start by introducing the in acoustics commonly
used reduced notation of stress, strain and stiffnessri&nso

Reduced notation

The strain tenso$ is symmetric and is usually specified by one indéxl@l 1990.

S11 S12 Sis S1 %SG %Ss
S=| S S Sm|=| 1% S Ls (A1)
Sz Soz Sa3 59 1S4 S

Six instead of nine elements now describe the strain, oftétewasS = [S;, Sy, S3, Sy, S5, Sg]” .
The factor a half accounts for the reduction of elements.nAilar reduced subscript no-
tation exist for the stress tensor

Ti1 T Tis n Ts Ts
T=| T Tn Tn |=| T 1T 14 (A.2)
Tiz Tr3 Tz3 Ts Ty, T3

or T = [Ty, Ty, T3, Ty, T, Ts]*. Moreover, an associated reduced stiffness matrix is de-
rived from the stiffness tensor of equati@rb. The components of the rank 4 stiffness
tensor are dependent i.e;;,; = cjiu = cijic = ckij, Which restricts the number of
elements t@21 rather thar81. Therefore, the reduced matrix notation can be used viz.
cry Wherel, J € {1,2,3,4,5,6}. The symmetry in the solid restricts the number of in-
dependent elements further. An isotropic solid, for exanphs only two independent
elements.

Wave solution
Equation2.6 can be described as a matrix multiplication
pii—D'CDu = 0 (A.3)
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by using the matrix operator

0

o o 2L 9 9
Oxrs Oxrg O

and the reducef x 6 stiffness matrixC.

For time-harmonic fields the analysis is greatly simplifigdtioe so-called phasor nota-
tion (Cheng 198R For example, instead of usingeos(wt + ¢) in an analysis, we use
ue’ @+ where the real-part of the resulting exponential soluiaralculated as the final
step.

Consider an uniform plane wave that propagates alond thél,, [, l3)T direction. The
general solution of a plane wave in a linear, homogenoud &l

u = ﬁej(wt—kl-x) (A4)

To obtain the plane wave solution we need to find the amplited¢orsi and the wave
vectorsk. Substitution of equatioA.4 in equationA.3 leads to

— W+ KL'CLa = 0

2
(W—I—LTCLE)ﬁ -0 (A.5)
k? p

wherel is a3 x 3 identity matrix and

I 0 0 0 I3 Iy
L = [0 1, 013 0 I (A.6)
0 0 g ly I1 0

The problem of the uniform plane wave solutions is reducedrt@igenvalue problem
(e.9. (sI — A)x = 0). The square roots of the eigenvalug’s,?/k? correspond to the
associate phase velocitieof the plane wave solution. The eigenvectérgletermines
the type of the plane wave.

Example A.1. Consider an uniform plane wave solution that propagates otaional
symmetric solid (hexagonal crystal class, for example RZa plane normal to the poling
axis) along the propagation vectbe= (I1,15,15)" = (cos(¢),sin(¢),0)". The reduced
stiffness matrix isAuld 1990

C11 Ci12 C13 0 0 0
Ci2 C11 C13 0 0 0
C — Ci13 Ci13 C33 0 0 0
0 0 0 Cq4 0 0
0 0 0 0 Caq 0
0 0 0 0 0 066_
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wherecgs = (11 — ¢12)/2. The eigenvalues = ‘,‘;—j are found by finding the roots of the
characteristic polynomial:

1
sI-L'CL-| = 0
0
_ cos(¢)?c11+sin(e)ces __cos(¢)ci2 sin(¢)+sin(d)ces cos(¢) 0
__cos(¢)ciz2 sin(¢):§in(¢)066 cos(¢) 5 — cos(¢)206g;rsin(¢)2011 0 = 0
0 0 5 — e
p

The positive square roots of the eigenvalues are the phdageities of the three plane
waves modes.

C| - 2, CSV - %, Csh - @ (A?)
p V o V o

(csv = csp for an isotropic solid). From the eigenvectors, which arevee next, we can
see that they relate respectively to a pure longitudinalira phear wave polarized parallel
to x3 axis (sv) and a pure shear wave polarized normal ta:$fddrection (sh) (figure.4).
Note that the values do not depend on the direction in theidered plane, i.e. the phase
velocity is not a function of the angle The eigenvectors are determined by substitution
of the eigenvalues in equati@n5 and solving forni.

cos ¢ 0 —sin ¢
0 = [sing|, Gssy= |0]|, UGssh= | coso
0 1 0






Appendix B

Rayleigh wave solution in an isotropic
half-space

In this appendix we derive the Rayleigh wave solution for atragpic solid by means of
the potential theory (figur.5). The reduced stiffness matrix of an isotropic material has
two independent states.

cii c2 c2 O 0 0
ci2 ¢ ca O 0 0
. Ci2 Ci2 (11 0 0 0
C = 0 0 O ¢y O O (B.1)
0 0 0 0 Cyq4 0
L 0 0 0 0 0 Cy4 i

cl1 = Ci2+ 2Ca

In the literature often the two La@nconstants) and i, are used to describe the wave
equation of an isotropic solid.

[ A+2u A A 0 0O
A A+24 A 0 0 O
B A A A+2z 0 0 O
C = 0 0 0 4 00 (8.2)
0 0 0O O0pu O
0 0 0 0 0 u|

TableB.1 shows the relations between the stiffness tensor elentbetdane constants
and the Young's modulug, the shear modulu& and Poisson’s ratie (Gooberman
1968.
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tensor elements Lamé constantg Young's modulus and Poisson’s ratio

E(1-0)
C11 A+ 2,u 7(1+J)g720)
c12 A 37401
Ca4 Iz ﬁ =(G)

Table B.1: Relation between variables.

Substitution of equatioB.2 in equationA.3 yields

92wy 8%uy 2ugy d2ug uy Puy %u,
%:2 ('921’2 + 82y2 + 8222 Ox2 + &gay + 0x0z
82w . 0%uy 0% uy 0%uy 02%uy 0%uy 02u,
P e =K a2 T a2 922 +(A+p) ayor + a2 T oyo: B.3)
92u 9%u, + 9%u, + 92u, Puy | Puy | 9%u.
ot2 O0x2 oy? 022 020z + 020y + 022
or in compact form
0*u 9
rom = MV A+ p)V(V-u) (B.4)

whereu is the displacement vectéu,., u,, u.)”. By using Helmholtz theorem/decompostion
(Cheng 198Yp.64] we can write the displacement into the sum of graickerl curl:

u = Vé+Vxi (B.5)
00 | s _ 00y
5 o o

00 4 Oy _ Oy
8z+8xy dy

where¢ is a scalar) is a vector. Substitution iB.4 gives.

p82(V¢ +V x )

o = uVi(Vo+V x )+ A+ p)V(V- (Vo +V x 1)) (B.7)

By using some vector identitie€heng 198pwhereA is a vector and” a scalar,

VxVxA = V(V-A)- VA (B.8)
VxVV =0 (B.9)
V- (VxA) = 0 (B.10)
V-VV = VV (B.11)

equationB.7 can be written as

82

82
Vo os — A+ 2)V%0) £V x (058

Por

gradient curl

— V) = 0 (B.12)

J/
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This equation is satisfied if

P 0, 1P oy,
0% 0, 1 0% 2,
pam — IV = 0 = 5o =V =0 (B.14)

where we used the relation = /0171 = 1/“—/f“ and the shear phase velocity =

\ o= \/% (equation2.9, tableB.1).

Finding ¢ and v

Assume that the scalar and the vector) have the following form when searching for
surface waves

¢ = f(z)ethren (B.15)
o= g(z)ethreh (B.16)

2 V4
djz(z ) + (kK —k)f(z) = 0 (B.17)
dzg Z) 2 2 o

The solutions off (z) andg(z) are

fz) = Fe VN 4 pervieh (B.19)
g(z) = Gre VRN 4 GyeVH N (B.20)

where F; and F; are arbitrary scalar constants a@d and G, are arbitrary vector con-
stants. Solutions with positive roots correspond to alanfase motion (the motion de-
cays forz — —oo, k? > k? > k?). Thereforep andy are

6 = VR gilka—w) (B.21)
w _ G26z\/kr27k§€i(k,mfwt) (822)
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Boundary conditions

Consider again figur@.5 where we assume an uniform wave fieldyiulirection and a
stress free boundary{, = T3 and7y, = T5).

0 = T3

= 1251 + 1153

~ Oux ouy

= /\ax+()\+2,u)az

B ¢ 0%, ¢ 0%,

= <@ ; 89582) O+ 20) (@ * 8x82> (8.23)
0 = Ts

= cuSs

B Ouy  Ouy

- A ( 0z * Oz )

(P P, o,
a (28$02 022 i dz? )

(B.24)

where we used the reduced notation (appeAdiand equatio2.4. We define,/k? — k7 =

g and./k? — k? = s. By substitution of equation8.21 andB.22in equation$8.23 and
B.24we find

2iqk k2 + s* F
. =0 B.25
( k?ﬁ —¢*(1+ ﬁ) 15k Gay ( )

By using the relation between the longitudinal and shear weator we find (equa-
tion A.7, tableB.1andk = %)

2 K 2
p— B-2
i A+ 2uks (B.26)
2 2 QA 2 )\
k‘r + 57 = —]{Ir ; +q (2 + ;) (827)

Such that equatioB.25 can be written as

<k?+s2 “2isk )\ Gay ) = U (8.28)

The characteristic polynomial of the matrix of equati®28is called the Rayleigh equa-
tion and is used to find the wave vecigr To find a non-zero solution, the characteristic
polynomial of the previous matrix has to satisfy

dktqs — (K} +s%)? = 0 (B.29)
In Auld (1990 an approximation of the solution is given

ks 0.87—1.12

— = B.30
ky 140 ( )
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Next, F; is derived as a function af’, , is (equatiorB.28)

1 (K7 + 5%)Gay

F pr—
2 9 qk
= 2 ’ B.31
! k2 + s? ( )
Finally, by using
v = 90 _ 0y
’ or 0z
g Oy
S ) B.32
s 0z + ox (B.32)
and substitution of equatioriis 21 andB.22we can derive a relation far, andu,.
U _ g (28 zs (]CQ + 2\ zq\ iwt—ikix
= g qe P4 s%)e) e
C o
U, = Zﬁ (Qk:rgezs — (k* + 52)62‘1) gtk (B.33)
r
Hence, the real Rayleigh wave distribution is
C zs 2 2\ =z
Re(uy) = % (2sqe™ — (ki + s°)e*) cos (wt — k)
Re(u;) = < (2k7e* — (K + s°)e*) sin (wt — k) (B.34)






Appendix C

Lamb dispersion curve

Figure2.10shows a dispersion curve of Lamb waves in an isotropic plates curve
Is obtained by a Matlab routine, which is based on a biseatisearch algorithm. This
routine solves the so-called Rayleigh-Lamb frequency egusgiven byAuld (1990).

The symmetric Rayleigh Lamb frequency equation is

tan (1/2y/(@b/esf — (30?) 4802/ (@bfa) — (B0 (wh]es)® — (D)

tan (1 2,/ (@b]a)? — (61))2) ((wb)/a1)? = 2(53)2)*

tan <1/2W) _ _4x2\/a(7ry)2 —22\/(my)? — 22
tan (1 /2\/W> (a(my)? — 2(x)?)?

wheref = w/cLamp iS the wave vector and ,mp, is the phase velocity. The plate thickness
Is b andcs and ¢, are the shear and longitudinal plane wave phase velocipeotisely.
Furthermore, we have used= 3b, y = 2fb/cs anda = (cs/¢)?. Similarly, the asym-
metric Rayleigh Lamb frequency equation is

tan (1/2y/ WP = (0F) (wh)/cr)? — 2(3b)°)’
tan (1 2/ (@b]ar)? — (m))?) 4(Bb)%/(wb/a)? — (Bb)2\/(wh/cs)? — (53b)?
tan <1/2\/ (ry)? — x2) _ (a(my)? — 2(x)2)2
tan (1 /2\/W> dx2\/a(my)? — 22/ (my)? — o2

We have solved these equations by performing the followiagss

(C.1)

(C.2)

1. determine the intervals of the two tan-functions (begid and point of the inter-
vals) and make an ascending list of these points;

2. setane value. Search for g-solution of equatiorC.1andC.2within every two ad-
jacent points of the list. Approach the solution by utiligia bisectional algorithm.

3. Assign each foung to the proper mode.
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Appendix D

IDT admittance matrix

In an equivalent circuit model each IDT finger is represertgd three-port network.
One port is the electrical port and the other two ports aretetal equivalents of the
acoustic ports. The total IDT model consists out of the adesad three-port networks
and can be represented by an admittance matri€ampbell 1998 FigureD.1 shows a
representation of the total model.

Electrical
+E|n RS
’5.3‘
Acoustic v L == Acoustic
5 Es i
A A
+ +
Y
Go F FEs Go
IDT

Figure D.1: Three port equivalent admittance network representati@nftdT.

The acoustic ports are one-dimensional, i.e., it is assuhsdhere is no diffraction such
that a wave at each point can be represented by a scalathe.ggrmal surface particle
velocity. The equivalent currentand voltageF are related to the velocity and forceF

by

(D.1)
r (D.2)

e
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wherer is the electric acoustic transformation ratio. When thetedele width equals the
with of the gaps the value ofis

r = VG, 0.3

where K2 is the electromechanical coupling constafit,the static capacitance of one
periodic section and, the IDT center frequency. An acoustic impedariGecan be
found by the power flow and the normal particle velocity.

7o = Pl (D.4)

~

U3

where2q is the aperture widthP the acoustic power flow per unit width and the
amplitude of the normal particle velocity. The power flow peit width is discussed in
section2.2.1 The equivalent acoustic admittance is

7,2

GO —= ?O (D'5)

= K2Csf0 (D-6)
We assume that reflections from IDT finger discontinuities loa disregarded. This as-

sumption is valid if the ratio between film-thickness andwaelength £/ o) is < 1%
(Campbell 1998 In that case the current-voltage relation is

3l Y Y2 Y3 E,
19 = Yo Y Vi3 E, (D.7)
i3 Yiz —Yiz Yi E3

The admittance matrix elements are

Yiin = —iGycot(NO) (D.8)
Yio = iGycsc(NO) (D.9)
Yis = —iGotan(0/4) (D.10)
Y33 = wCr +idNGptan(6/4) (D.11)

where N is the number of electrode pai,= 27 f/ f, the electrical transit angle and
Ct = NCsthe total IDT capacitance. By terminating both acoustic pwith the char-
acteristic admittancé&r,, as shown in figur®.1, we can determine the relation between
the input voltagel; and the normal wave particle velocity.

Us Yis Go
— = — D.12
Es Yiin—Y+Gor ( )
1nf Nrf  =in«s Gy
= —tan(=—)sin e 0 — D.13
(37 sin(— ) 72 (D.13)

(D.14)
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At the center frequency, the ratio2sVG,/r. With the same termination, we can deter-

mine the electrical input admittance as well.

2Y2
Yo = — 13 Y-
N Yin — Yo+ Go s

. 2 . 2 o 2

SNZGOSID (x) N '8N2Gosm( x) — 2z e
2 212
_/_/ . ~ V)
Ga Ba

(D.15)

(D.16)

wherex = N=(f — fo)/ fo, G, the unperturbed radiation conductance &hdhe unper-
turbed radiation susceptance. The given approximatiomlid ¥n the neighborhood of

Jo-






Appendix E

Tangential stiffness

In section3.2.3we use the tangential stiffness of a sphere-plane contatitid appendix,
we give the non-linear tangential relation, which is usefirtd the linear approximation.

When a tangential force is applied to two bodies pressed mtact, which is less than
the limiting force, no sliding motion will occur. Nevertless, there will be a relative
motion referred to as presliding displacemént See figureE.1(a) The radius: is the
contact radius as given by Hertz's theory+£ /0,R). The following example explains
the physical behavior. If the normal fordg is kept constant and the tangential (preslid-
ing) displacement is increased steadily from zero, midipovall occur at the edges of the
contact area. See figuEe1(b) As the tangential displacemestapproaches the maxi-
mum displacement; max the stick radiug: approaches zero and the stick region shrinks
to a point at(z, y) = 0. Any attempt to increas& > Jx max CaUSES the contact to slide.

sphere | y
! / c\ a
X
Z \ﬁi
stick
[ micro-slip
(a) Side view. (b) Top view. The radius of the contact
circle is a and the radius of the stick

circleisc.

Figure E.1: The contact interface.

According toJohnsor(1994), Cattaned1938 proposed a solution to the problem of tan-
gential loading for a constant normal forég. FigureE.2 shows the corresponding con-
stitutive nonlinear relation between the tangential farcand the presliding displacement
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152 Chapter E. Tangential stiffness

dx. The relation is described by

3/2
Fo— paFy(1- <1 _ 16G(5X\/52R)
3pakbn

Fn:const

where

. 2—0'1 2—0'2 -1 N
G‘(Gl y Gz> [m]

and G, and G, are respectively the shear modulus of slider and stator.afasotropic

materialG; = QfQiUi. The dynamic coefficient of friction is denoted py.
Fy, = Man """"""""""""""" o
o
_5>;,max 5x 5x,max
: approximation
T —Fy = —paFn

Figure E.2: Relation between tangential displacenigrdnd tangential forcé; at a
constant normal forcé,.

When the normal force is changing, the behavior may be quitgtex, because normal
force, normal stiffness and tangential stiffness are meali, interacting functions of the
normal displacement. In general, the state of contact lmtviwwo bodies subjected to
variations in normal and tangential load depends on thetyisTo a first approximation it
is actually the breakaway displacemeépt.x that is constantArmstrong-Helouvry et al.
1994). The stiffness function is than

F
Ft: b(Sx

5x,max

16G+/6,R

75)(
3

— kt (62) 5)(

wherefF, = uqF, is the breakaway force. The approximation is shown in figti&e
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Nomenclature

Abbreviations and acronyms

AM
cog
CSSA
dof
DSA
EM

sh
SS
SSA
sv

amplitude modulation

center of gravity

compensated single-sided actuation
degrees of freedom

dual-sided actuation
electromagnetic

lowest asymmetric Lamb wave mode
interdigital transducer

lowest symmetric Lamb wave
longitudinal wave

low pass

linear time invariant

multiple points of contact

micro electro mechanical systems
pulse width modulation

Rayleigh wave

shear wave in an isotropic solid
single point of contact

surface acoustic wave
horizontally polarized shear wave
steady state

single-sided actuation

vertically polarized shear wave

Calligraphic symbols

P
X

time-average power flow
Fresnel parameter [-], page 31

Greek symbols

> S

indentation [m]

efficiency

error

Lamé constant [N/rf]; wavelength [m]

159



160 BIBLIOGRAPHY

1 Lamé constant [N/rf]; mean value
Ld dynamic coefficient of friction [-]
Ist static coefficient of friction [-]
W radial frequency [rad/s]
Y angle where wave vibration velocity equals slider velofiaygl]
) mass density [kg/f}
o Poisson’s ratio [-]; standard deviation
0 angle where slider and stator make contact [rad]
Operators
o* complex conjugated of
dot product
° average ob per period of time
V xe curl of e
° time derivative ofe
V-e divergence ob
Ve gradient ofe
° amplitude ofe
X proportional to
Roman symbols
2a aperture width [m]
e distance between encoder and cog [m]
am distance between slider and cog [m]
A, IDT weighting factor for fingeroverlap
b stator thickness [m]
Ba IDT radiation susceptance [2]
Ce phase velocity o# wave [m/s]; power constants sndirection, page 29
Cijkl element of stiffness tensor [NAh
Cry element of reduced stiffness tensor [N]Jnpage 135
Cs IDT static capacitance of one periodic section [F]
Cr IDT total static capacitance [F]
dc duty cycle
DV infinitesimal neighborhood , page 73
E Young modulus [N/rf]
f frequency [Hz]
F, normal force [N]
F, preload force [N]
For release preload force [N], page 84
F tangential force [N]
g gravitational acceleration [n¥ air gap [m]
G shear modulus [N/d)
Gy equivalent acoustic admittance/[?]
Ga IDT radiation conductance [@]
h IDT finger thickness [m]; impulse response

J imaginary unit
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J inertia [kg n¥]

k stiffness [N/m]

ke wave vector o wave [1/m]

En normal ‘stiffness’ [N/n?/?]

Ky tangential stiffness [N/m]

K? Rayleigh wave electromechanical coupling factor [-]
Kp derivative gain

K, integral gain

Kp proportional gain

K, velocity constant

1 wave propagation direction vector [m]

m mass [kg]

n speed-up factor , page 71

TNength stator length in wavelengths [-]

Nthickness stator thickness in wavelengths [-]

N number of finger pairs [-]

P number of projections

Py maximal contact pressure [Pa]

P power [W]

r electric acoustic transformation ratio [V/N]; referenognal, page 148
TE force ratio [-], page 117

Ty velocity ratio [-], page 117

R radius [m]

R dry (Coulomb) friction

Ry tangential compliant damping [Ns/m]

Ry equivalent non-linear damping [Ns/m]

Ry flux reluctance [A/Wb]

R, normal air damping [Ns/m]

slope steepness of dry friction implementation [-]
Sij element of strain tensor [-]

St element of reduced strain tensor [-], page 135
t time [s]

T; rise time [s]

T element of stress tensor [Nfin

T, element of reduced stress tensor [Kfnpage 135
e particle vibration velocity ire direction [m/s]
Uz ‘release’ amplitude [m], page 51

u plant input

Ue particle displacement im direction [m]

Umin actuation signal min, page 95

Uplus actuation signal plus, page 95

Uy sliding velocity [m/s]

i tangential slider acceleration [m]s

x tangential slider velocity [m/s]

Tmax maximal slider velocity [m/s]

Ty normalized slider velocity [-]
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Ts

Xz

Tc

Te
ZLlength
Tm

Y

z
z
A

steady state slider velocity [m/s]
tangential slider displacement [m]
displacement center of gravity [m]
measured (encoder) displacement [m]
stator length [m]

slider displacement [m]

yield stress [Pa]; electrical admittance(pl/
normal slider velocity [m/s]

normal slider displacement [m]

electrical impedance]]



Index

acoustics3
actuation94
compensated single-side?h
dual-sided96
pulse-width modulatior7
single-sided95
air film, 3, 133
AM, 14,95, 127
aperture width12, 30, 35, 120
apodized IDT35
attenuation32, 69, 92

Barth,2

beating,24

breakaway displacemeriy
Brown, 2

bulk wave,seeplane wave

causality,56

ceramics4l

closed-loop controll 01
computation time71

contact model45, 58
coupling factor36, 41, 42, 112

dead zoneseethreshold amplitude

delta-function model36
dielectric loss42
diffraction, 30, 92, 120
dispersion curve24, 145
domain wall motion42
dot product20

edge transduceB4
efficiency
IDT, 40, 43

piezoelectric ultrasonic motat, 132

SAW motor,65, 132

Einstein’s summation conventioh8

electromagnetic feedthrough)
EM-fields,41, 127, 133
equivalent non-linear dampe3

far-field region seeFraunhofer region
force-ratio,117

Fraunhofer region31

Fresnel region31, 120

guiding dynamics87

Helin, 4

Hertz theoryA7

horizontally polarized shear wave)
hybrid model,71

IDT, 12, 34,116
admittance35, 149
insertion loss40, 43

interdigital transduceseelDT

isotropic material20, 139

Kurosawa3

Lamé constants]1 39
Lamb waves23, 145
leaky wave 33
longitudinal wave 20

m-poc,seemultiple points of contact
mass loading33, 41, 69
matching network}14, 39, 128
mechanical loss}2
motor characteristigl

measured/8
multiple points of contac§5, 75, 77
mutual interference70

near-field regionseeFresnel region
non-leaky SAW28
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INDEX

open-loop control100

phase velocity20, 23, 46, 133

plane wave solutior 9, 135

power flow,28, 122

preload force
distribution,69, 123
mechanisml4, 126
variation,83, 93

projections3, 12, 114, 133

propagation velocityseephase velocity

PWM, 97

PZT,11, 41,112

quality factor,42, 112

Rayleigh equatiorn??2, 142
Rayleigh wave
at a thin layer23
in an isotropic half spac]1, 139
reflection,69
release amplitudé&l, 62
release preload forc&4, 116
rise time,51, 54, 61, 69

s-poc,seesingle point of contact
Sashida2
SAW, 3, 44
SAW motor
circular motion,6
features8
planar motiong, 8
power,64, 122
rotation,7
scattering34
single crystald4l, 42
single point of contac$46, 74
slider,12, 114
squeeze film of airseeair film
stator,11, 112
roughness92, 134
stepping motion101
strain,19, 135
stress18, 135
surface acoustic waveeeSAW

thin-films, 41
threshold amplitude§2, 94, 95

traveling wave motorseeSashida
triple transit interference4O

ultrasonic motor2

velocity-ratio,119
vertically polarized shear wava(
vibrometer,15

wave equation]7

wave scattering33

wave vector20, 22

wedge transduceB4

weighted IDT,seeapodized IDT
Williams, 2



Summary

A Surface Acoustic Wave (SAW) Motor utilizes Raleigh waved fv@pagate at the sur-
face of a stator. Due to these waves, material particleseastdtor surface describe a
microscopic elliptical motion. Subsequently, the elliali particle motion can generate
a macroscopic motion of a slider that is pressed againstt#ter surface. The elliptical
particle motion drives the slider by means of friction. Thaw amplitude is small (nm)
and the wave frequency is large (MHz).

This thesis introduces Rayleigh waves and describes theajemeof Rayleigh waves.
Furthermore, the principle of operation of a SAW motor islgped. The analysis is
based on a contact model, which describes the behavior bptshieler and stator. Due to
the contact model, the microscopic and the macroscopicvilahean be studied simul-
taneously. This model explains typical SAW motor featumeds determines the influence
of parameters. The influence of the model parameters on thé ®Ator behavior is
studied in order to find the requirements for an optimal conb@tween slider and sta-
tor. The models are validated. To control the SAW motor adirténe invariant system
model of the SAW motor is derived and the disturbance sourtéise SAW motor are
determined and discussed. For closed-loop control, it guligo eliminate the exist-
ing varying dead-band between input and slider velocitythl® end, different actuation
methods are investigated. Furthermore, controllers asigded, implemented and tested.
Finally, the motor design is studied to obtain an indicafimnthe applied materials, the
geometry, the construction, the actuation and the prddicgations. Moreover, a design
trajectory, to find initial design parameters, is proposed.
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Samenvatting

Een Surface Acoustic Wave (SAW) Motor maakt gebruikt van Ralgjolven die pro-
pageren aan het oppervlak van een stator. Door deze golgehrijeen materiaaldeeltje
aan het statoroppervlak een microscopische elliptischeetpeg. Deze beweging kan
een macroscopische beweging van een slider, die tegenatet spperviak aangedrukt
IS, genereren. De aandrijving is gebaseerd op wrijving. @agplitude is klein (nm) is
en de golffrequentie is hoog (MHz).

Dit proefschrift introduceert Rayleigh golven en beschtigt opwekken van Rayleigh
golven. Bovendien wordt het werkingsprincipe van de SAW mgtanalyseerd. De
analyse is gebaseerd op een contactmodel dat het gedrag slister en stator beschrijft.
Doormiddel van het contactmodel kunnen beide; het micqgisch en het macroscopisch
gedrag worden bestudeerd. Hiermee worden typische SAWrrketonerken verklaard
en wordt de invioed van de modelparameters gevonden. Deedwan de modelpa-
rameters op het SAW motor gedrag wordt bestudeerd voor hdexrivan de eisen voor
een optimaal slider-stator contact. De modellen worderalggzerd. Voor het regelen
van de SAW motor wordt een lineair tijdinvariant model vanS#VN motor afgeleid en
worden de storingsbronnen van de SAW motor bepaald en hesdiserd. Voor gesloten
lus regeling is het zinvol om de vérende dode-band tussen het ingangssignaal en de
slidersnelheid te elimineren. Hiertoe worden een aantaetijge methodes bestudeerd
en vergeleken op basis van effectiviteit en efficiency. ¥exdorden regelaars ontworpen,
gemplementeerd en getest. Tot slot wordt het SAW motororvibestudeerd voor het
verkrijgen van een indicatie van de toepasbare materidieigeometrie, de constructie
de actuatie en de praktische begrenzingen. Bovendien wendirgwerptraject, waarmee
initiéle ontwerpparameters gevonden kunnen wordéntrgeluceerd.
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