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Een doctoraat is één scherp detail waarbij de onderzoeker ook wordt
geconfronteerd met zichzelf. Ik kreeg, zocht, vond en wil het nu graag
doorgeven.

Naast mijn werk kon ik genieten van de mentale steun van familie
en vrienden. In het bijzonder dank ik Els, die er steeds was voor mij.
Ook wil ik de supporters van het thuisfront bedanken: mijn ouders,
mijn oma, mijn zus Sofie en Stefan, mijn schoonfamilie Liliane, Eric,
Bart en Hedwige.

Dit werk draag ik op aan mijn moeder zaliger, voor een liefdevol
verleden en aan mijn vrouw Els, voor een liefdevolle toekomst.

Steven Devos
Leuven, februari 2006

III



IV



Abstract

To meet the higher accuracy, stiffness and speed demands of
positioning systems of machine tools and measuring instruments,
two motor concepts are developed with an integrated bearing-driving
functionality. For both concepts, piezoelectric technology is used as
actuator principle.

In the first concept, the limited stroke of piezoactuators is overcome
by a travelling-wave principle, which assures an intrinsically smooth
motion so that the controller requirements for this motor do not limit
the speed. Because of their high resolution and stiffness, travelling wave
motors are suited for an accurate positioning system where multiple
degrees of freedom are integrated.

The second concept is based on the combined drive principle.
Here, a motor module is designed to work in a high-resolution
slow stepping-operation mode, as well as in a lower resolution high-
speed ultrasonic-operation mode. A planar prototype has shown the
potential to effectively integrate multiple degrees of freedom. An
experimentally verified motor model was developed to investigate
the effect of resonance on the motor-performance and on the heat
dissipation of the piezoactuators. A resonant motor allows for higher
speeds, while a quasi-static motor is more compact and robust. Heat
dissipation in piezoactuators can be significantly reduced by working
in a resonance mode. It was shown that the optimal working frequency
regarding heat dissipation lies between the resonance and the anti-
resonance frequency.
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Beknopte Samenvatting

Om tegemoet te komen aan de hogere nauwkeurigheids-, stijfheids-
en snelheidseisen gesteld aan positioneersystemen van bewerkings-
en meetmachines, werden in dit doctoraat twee motorconcepten
ontwikkeld met een gëıntegreerde aandrijvings- en lageringsfunctie.
Beide concepten zijn gebaseerd op piëzoelektrische technologie.

In het eerste concept wordt het nadeel van de beperkte slag
van piëzoactuatoren opgelost via een gedwongen lopende-golfprincipe.
Door de intrinsiek continue overname van het contact vormen de
controlevereisten geen beperking voor de snelheid. Hun hoge resolutie
en stijfheid zorgen ervoor dat lopende-golfmotoren kunnen gebruikt
worden als aandrijfmotor voor een nauwkeurig positioneersysteem
waarin meerdere vrijheidsgraden gëıntegreerd zijn.

Het tweede concept is de gecombineerde motor. Hiervoor
wordt een motormodule ontworpen om zowel in een nauwkeurige,
maar trage stappende werkingsmode te functioneren als in een
snellere hoogfrequente werkingsmode. De mogelijkheid om meerdere
vrijheidsgraden te integreren werd aangetoond met een planair
prototype. Er werd een experimenteel geverifiëerd motormodel
opgesteld om het effect van resonantie te onderzoeken op de
motorprestaties en op de warmteontwikkeling van de piëzoactuatoren.
Een resonante motor laat hogere snelheden toe, terwijl een quasi-
statische motor robuuster en compacter is. Warmteontwikkeling in
piëzoactuatoren kan drastisch verminderd worden door in de buurt
van de resonantiefrequentie te werken. De optimale werkingsfrequentie
voor minimale warmteontwikkeling ligt tussen de resonantie- en de
antiresonantiefrequentie.
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Symbols, definitions and
abbreviations

General abbreviations
DOF : Degree-of-freedom
EDM : Electrical Discharge Machining
FEM : Finite Element Modelling
FRF : Frequency Response Function
MDOF : Multi-degree-of-freedom
MLA : Multi-Layer Actuator
PMN : Lead Magnesium Niobate
PZT : Lead Zirconate Titanate
SDOF : Single-degree-of-freedom
SEM : Scanning Electron Microscopy
TEM : Transmission Electron Microscopy

General symbols and definitions
C : capacitance of the piezoactuator [F ]
Eyoung : Young’s modulus [N/m2]
f : frequency [Hz]
F : force [N ]
I : current [A]
k : stiffness [N/m]
L : inductance [H]
m : mass [kg]
R : resistance [Ω]
t : time [s]
x : displacement [m]
v = ẋ : velocity [m/s]
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List of symbols

V : voltage [V ]
V̂ : voltage amplitude [V ]
ρ : mass density [kg/m3]
ω : angular frequency [(rad)/s]

Piezoelectric actuators
A : cross section of the actuator [m2]
A′ : electrode surface area of a single layer [m2]
At : surface area of heat transfer [m2]
cD : elastic stiffness constant of the piezo material under open-

circuit conditions [N/m2]
cE : elastic stiffness constant at constant electric field [N/m2]
CT : capacitance of the piezoelectric actuator at constant me-

chanical stress [F ]
Ce : clamped capacitance [F ]
d : piezoelectric strain coefficient [m/V ]
D : dielectric displacement [C/m2]
e : piezoelectric constant [C/m2]
E : electric field strength [V/m]
h : inverse piezoelectric charge coefficient [N/C]
l : length of the actuator [m]
n : number of layers [−]
Pdiss : dissipated power in the piezoactuator [W ]
sD : elastic compliance constant of the piezo material under

open-circuit conditions [m2/N ]
sE : elastic compliance constant at constant electric field

[m2/N ]
S : relative strain [m/m]
Ŝ : amplitude of the alternating strain [m/m]
tl : distance between the individual electrodes (layer thick-

ness) [m]
tan(δ) : dielectric loss factor [−]
tan(φ) : mechanical loss factor [−]
tan(θ) : piezoelectric loss factor [−]
T : mechanical stress [N/m2]
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List of symbols

T̂ : amplitude of the alternating stress [N/m2]
Tenv : temperature of the environment [℃]
Tpiezo : average temperature of the piezoactuator [℃]
Ue : the electrostatic potential energy per unit volume stored

during a quarter cycle [J/m3]
Uem : the piezoelectric potential energy per unit volume stored

during a quarter cycle [J/m3]
Um : the elastic potential energy per unit volume stored during

a quarter cycle [J/m3]
we : the dielectric energy loss per cycle per unit volume [J/m3]
wem : the piezoelectric energy loss per cycle per unit volume

[J/m3]
wm : the mechanical energy loss per cycle per unit volume

[J/m3]

α : heat transfer coefficient
[

W

m2.K

]

εS : dielectric permittivity at constant strain
[

C

V m

]

εT : dielectric constant at constant mechanical stress
[

C

V m

]
φ : mechanical phase lag between stress and strain [(rad)]
Φ : electric potential [V ]
χi : position in direction i [m]

Magnetostrictive actuators
A : cross section of the actuator [m2]

B : magnetic flux density
[
T =

kg

A s2

]
d : magnetostrictivity coefficient [m/A]
Eyoung : Young’s modulus of the actuator material [N/m2]
H : magnetic field strength [A/m]
k : stiffness of the actuator [N/m]
l : length of the actuator [m]
L : inductance of the coils [H]
Rs : series resistance of the coils [Ω]
sH : elastic compliance constant at constant magnetic inten-

sity [m2/N ]
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List of symbols

S : relative strain [m/m]
Smax : maximum obtainable strain of an actuator material [−]
Sdyn−max : maximum dynamic strain [m/m]
T : mechanical stress [N/m2]
T0−max : maximum prestress [N/m2]
vsound : speed of sound in a material [m/s]
µT : magnetic permeability at constant mechanical stress[

H

m
=

kg m

A2s2

]

Voice-coil actuators
B : magnetic flux density [T ]
lc : length of the conductor that carries the current [m]

Reluctance actuators
Ap : section of the pole face [m2]
I : coil current [A]
N : number of turns in winding [−]
z : gap size [m]

µ0 : permeability of vacuum
[
kg m

A2s2

]

Travelling wave motors
a : amplitude of the travelling wave [m]
k : wave number [1/m]
v : maximum horizontal velocity of the contact point [m/s]
χ : position [m]
z0 : distance from the contact point to the neutral line of the

elastic body [m]
λ : wavelength of the travelling wave [Hz]

Combined motor & modelling
Aff : force factor of the piezoactuator [N/V ]
Ah : amplitude amplification of the horizontal motion [−]
Av : amplitude amplification of the vertical motion [−]
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List of symbols

b1 : section width of the piezoactuator in direction 1 [m]
b2 : section width of the piezoactuator in direction 2 [m]
Ce : equivalent electrical capacitance of the piezoactuator [F ]
Cm : equivalent mechanical capacitance of the piezoactuator

[F ]
fp

r1 : first resonance frequency of a piezoactuator (one side
clampled) [Hz]

fpp
r1 : first resonance frequency of a piezoactuator with an ad-

ditional passive material [Hz]
fpp

a : anti-resonance frequency of a piezoactuator with an ad-
ditional passive material [Hz]

F0 : static preload force to the motor [N ]
Fin : mechanical equivalent force corresponding to the applied

electric field over the piezoactuator [N ]
Fp : external force on the piezoactuator [N ]
Hx : phasor representation of the excitation signal of the

horizontal mode by the piezoactuators in X-direction [V ]
Hy : phasor representation of the excitation signal of the

horizontal mode by the piezoactuators in Y-direction [V ]
Iin : input current to the piezoactuator [A]
Ip : motional current of the piezoactuator [A]
kc : contact stiffness between the motor and the slider [N/m]
ke : equivalent electrical stiffness of the piezoactuator [N/m]
k∗

e : equivalent complex electrical stiffness of the piezoactua-
tor [N/m]

km : equivalent mechanical stiffness of the piezoactuator
[N/m]

k∗
m : equivalent complex mechanical stiffness of the piezoactu-

ator [N/m]
kp : stiffness in parallel with the piezoactuator [N/m]
kpas : equivalent stiffness of the passive beam [N/m]
ks : stiffness in series with the piezoactuator [N/m]
mp : equivalent mass of the piezoactuator [kg]
mpas : equivalent mass of the passive beam [kg]
msl : mass of the slider [kg]
pi : phasor representation of the excitation voltage to piezoac-

tuator number i [V ]
Pin : input power to the piezoactuator [W ]

XIII



List of symbols

real(Iin) : active current to the piezoactuator [A]
tan(αm) : equivalent mechanical loss factor of the piezoactuator [−]
tan(αe) : equivalent electrical loss factor of the piezoactuator [−]
tan(αpas) : equivalent mechanical loss factor of the passive beam [−]
vpp
out : output velocity of the resonant motor with passive mate-

rial [m/s]
vp : piezoactuator top velocity [m/s]
vpp

p : piezoactuator velocity of the resonant motor with passive
material [m/s]

vq
p : piezoactuator velocity of the quasi-static motor [m/s]

V : phasor representation of the excitation signal of the
vertical mode [V ]

V i
in : input voltage to piezoactuator number i [V ]

Vx : phasor representation of the excitation signal of the
vertical mode by the piezoactuators in X-direction [V ]

Vy : phasor representation of the excitation signal of the
vertical mode by the piezoactuators in Y-direction [V ]

xin : mechanical equivalent displacement corresponding to the
dielectric displacement in the piezoactuator [m]

xout : displacement of the end point [m]
xp : extension (or tip displacement) of the piezoactuator [m]
xsl : position of the slider [m]
zin : mechanical equivalent displacement corresponding to the

dielectric displacement in the piezoactuator (in vertical
direction) [m]

zout : displacement of the end point in vertical direction [m]
zp : extension (or tip displacement) of the piezoactuator in

vertical direction [m]
zsl : vertical displacement of the slider [m]

βi : phase shift of the voltage to piezoactuator number i
[(rad)]

β21 : phase delay of piezo 2 with respect to piezo 1 [(rad)]
ηn : effectiveness of the motor in the normal-force motion [−]
ηt : effectiveness of the motor in the thrust-force motion [−]
φh : phase shift of the horizontal motion [(rad)]
φv : phase shift of the vertical motion [(rad)]
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List of symbols

Appendix: frequency
L : reference dimension of the structure [m]
ωri : angular resonance frequency of the eigenmode number i

[1/s]
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greerde lagering-aandrijvingsfunctie . . . . . . . . . . II

3 De gedwongen lopende-golfmotor . . . . . . . . . . . II

4 De ellipsvormige gecombineerde motoren . . . . . . . IV
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Chapter 1

Introduction

Don’t bother just to be better than your contemporaries or
predecessors. Try to be better than yourself.

William Faulkner, (1897-1962).

The purpose of this chapter is to indicate the growing need for fast,
accurate and rigid positioning systems. Then, the concept of integration
of the driving and the bearing function will be introduced by means
of the piezostepper principle which offers a solution to the accuracy
and rigidity needs. Finally, two alternative concepts will be proposed,
inheriting the high resolution and rigidity of the integrated concept, and
which can solve the limited speed of the stepping principle.

1.1 Importance of fast, accurate and rigid po-
sitioning

Positioning systems are built into machines to achieve controlled mo-
tion. Specific measuring instruments and precision machine tools re-
quire accurate positioning systems. Examples of measuring instru-
ments are scanning electron microscopy, atomic force microscopy scan-
ning, electrochemical microscopy and DVD-players. Examples of ma-
chine tools are high-precision milling machines, pick-and-place ma-
chines and grinding machines. Driven by current market demands for
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higher accuracy and faster availability of mechanical components, the
accuracy and productivity of these machine tools increase, as most me-
chanical components are directly or indirectly manufactured by these
machine tools. In order to verify accuracy, accurate measuring instru-
ments are necessary. The goal of the positioning system is thus to
move as accurately and as fast as possible. In order to achieve the
desired accuracy, the positioning system should have a high resolution
(i.e. minimum incremental motion), be stiff and have a high stability
and repeatability. A typical example where a high speed, accuracy
and rigidity for the positioning system are required is SEM (scanning
electron microscopy) where the following specifications are required:

• a stiffness of 20 N/µm

• point to point positioning with a maximum coarse speed of
> 100 mm/s

• following a trajectory with an accurate speed between 10 nm/s
and 100 nm/s with less than 10 % variation on the speed

• lifetime travel distance: 12 km

• stroke in X-direction: ∼ 100 mm

• stroke in Y-direction: ∼ 100 mm

• reproducibility: 0.1 − 0.5 µm

• max. vibration amplitude: 0.1 − 0.5 nm

• max. drift: 1 − 5 nm/min

• absolute accuracy for complete system: 1 − 2 µm

• minimal heat dissipation

• vacuum compatible

• no generation of a magnetic disturbance field

Also applications such as wafersteppers for photolithography [Kallen-
bach and Saffert, 2000; Kim and Trumper, 1998], precision machining
devices [Chu and Fan, 2006] and transmission electron microscopes
(TEM) [Zuurveen, 1997] show the growing need for fast, accurate and
stiff positioning systems with long travel in multiple degrees of freedom.
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1.2 Classical approach

1.2 Classical approach

Following one of the most important principles in precision engineer-
ing, i.e. the principle of functional decomposition [Nakazawa, 1994],
current precision machinery is traditionally designed to operate with
respect to a number of kinematic constraints, including linear guide-
ways and rotating axes, that ensure the necessary precision. These
kinematic references are often assemblages of mechanical members and
need to be compounded or cascaded in order to achieve multi-degree-
of-freedom (MDOF) motion, see for example [Mori et al., 1989], thus
hindering the implementation of an actuation scheme with high band-
width [Shan et al., 2002]. Basically, the serial stacking leads to an
increase of mass and a reduction of stiffness. As a result the lowest res-
onance frequency of the system decreases. Therefore, the bandwidth
of the closed loop positioning system decreases [Rankers, 1997]. In ad-
dition, errors in the bearing plane are amplified to the workpiece plane
because the stacking places the workpiece plane at another height than
the bearing plane. Therefore, serial stacking leads to an accumulation
of errors in the individual axes [Warnecke et al., 1998] and requires
thus high precision of the individual components. Moreover, stacking
leads to a non-symmetric design. In addition, friction in the guideways
limits the precision in machines. Although progress is made in this
field, for example by Lampaert [2003] 1 and Symens [2004] 2, friction
is to be avoided in precision positioning systems whenever possible.
We can summarize that serial stacking of single-degree-of-freedom
(SDOF) systems to obtain a MDOF system results in a lowered band-
width and an accumulation of errors. It is thus very difficult to develop,
based on the current technology, high performance MDOF-actuation
systems capable of large travel with nanometre accuracy at an elevated
bandwidth [Shan et al., 2002].

1Lampaert [2003] modelled this friction to improve the control characteristics
2Symens [2004] studied the influence of hysteretic friction on the dynamical be-

haviour of machine tools.
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1.3 Combining multiple degrees of freedom by
integrating the bearing and the driving
function

An alternative to the serial stacking of SDOF (single-degree-of-
freedom) systems is integrating multiple degrees of freedom. When
some DOF are integrated by means of a special lay-out or geometry, one
can speak of an integrated MDOF actuator [Molenaar, 2000]. When
DOF with short and long strokes are integrated, one could speak of an
integrated motor-bearing. The best distinction between a bearing and
a motor is made when the obtainable stroke of a given DOF is com-
pared to the stroke of other DOF of the system under consideration,
and with the dimensions of the system itself. Molenaar [2000] made
an overview of the existing electromagnetic integrated motors-bearings
and discussed electromagnetic large-range planar micropositioning sys-
tem solutions that are combinations of bearing, motor or integrated
motor-bearing units.

As will become clear in chapter 2, next to electromagnetic actua-
tors, other actuator technologies are also suitable for integration of the
bearing and the driving function, thereby integrating multiple degrees
of freedom. Using piezoactuator technology, Shamoto et al. [2000] and
Versteyhe [2000] also built 3-DOF micropositioning systems with in-
tegrated motor-bearings. Fig. 1.1 shows a positioning table, built by
Shamoto et al. [2000], which can travel smoothly over a long stroke in
the driving direction i.e. the X and Y-translations and the C-rotation,
although the stroke of each actuator is extremely small. In the bearing-
directions, i.e. the Z-translation and the A and B-rotation, the table
can be moved with short strokes. This micropositioning table has a
resolution of 10 nm, a maximum output force of 33 N , a stiffness of
50 N/µm, but a limited speed of 6 mm/s. The operating principle is
similar to that of the piezostepper, shown in Fig. 1.2. To illustrate the
working principle, advantages and limitations of this type of piezoelec-
tric stepping motors, the remainder of this section is focussed on the
piezostepper, which was developed at K.U.Leuven by Versteyhe [2000].

1.3.1 The piezostepper concept and its advantages

Versteyhe [2000] also combined multiple degrees of freedom into one
unit of the drive system. Fig. 1.2 shows the working principle of a lin-
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Figure 1.1: Ultraprecision 6-axis table driven by means of walking
drive [Shamoto et al., 2000].

Figure 1.2: Operating principle of the linear piezostepper. Top: Lin-
ear piezostepper with four units. Bottom: Operation cy-
cle of a single unit [Versteyhe et al., 1998].

ear piezostepper. A planar version of this piezostepper was also built
(see Fig. 1.3). The problem of the short stroke of piezoactuators is
overcome by adopting a step-wise method to achieve motion. Because
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X
Y

Z
C

Figure 1.3: Drive system of the planar piezostepper [Versteyhe,
2000].
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Figure 1.4: Performance of the piezostepper [Versteyhe, 2000].

the bearing function is integrated in the drive unit [Dona, 1996], no sep-
arate bearing elements are needed to support the piezostepper in the
non-driven degrees of freedom. The main advantages of the piezostep-
per concept are its high resolution and stiffness in combination with
a large stroke. The piezoactuators allow for high resolution. As an
example, Fig. 1.4(a) shows that the minimum incremental motion is
better than 10 nm in the bearing direction. This high resolution is nec-
essary, together with a high measurement accuracy, to obtain a high
positioning accuracy. The stepping principle allows a large stroke. Fig.
1.4(b) shows that the so-called quadrant glitch or inversion errors, due
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to stick-slip and backlash of the guideways of classical positioning sys-
tems are absent when positioning with this piezostepper. In this figure,
the desired and the measured X- and Y- position coincide. The integra-
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Figure 1.5: Dynamic tests on the piezostepper [Versteyhe, 2000].

tion of the bearing and driving function allows active bearing control
which improves the low-frequency stiffness characteristics significantly
as shown in Fig. 1.5(a) where the active stiffness is shown next to the
passive stiffness in Z-direction. From this figure it can be seen that the
compliance is below 0.0025 µm/N - or the stiffness is above 400 N/µm
- for a disturbance force with a frequency content of up to 50 Hz.

1.3.2 Speed limitation of the piezostepper

Although the piezostepper of Versteyhe [2000] exhibits a high resolution
and a high stiffness over a large stroke, its speed is however limited to
2 mm/s. In fact, a positioning speed of about 100 mm/s is desirable
for some applications (see section 1.1). The speed of a piezostepper
can be increased in two ways:

• by increasing the step-size of the stepping unit (see section
1.3.2.1)

• by increasing the stepping frequency (see section 1.3.2.2)
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1.3.2.1 Step-size

Piezoactuator length.
The step-size of a piezostepper module can be increased by enlarging
the used stroke of the piezoactuators or by increasing the amplifica-
tion ratio of the amplifying mechanism. Both ways reduce the perfor-
mance of the system to some extent. The output displacement of the
piezoactuators used in the piezostepper is 17.4 µm when the maximum
DC-voltage of 150 V is applied. However, the recommended maxi-
mum voltage, which is limited to guarantee lifetime and stability, is
100 V , for which the stroke is 11.6 µm. This corresponds to a strain
of 580µm/m, which is a typical strain for soft multilayer actuators on
the market (see section 2.2.3). Therefore, the best way to increase the
stroke of the piezoactuators is by increasing its length l. To maintain
the same stiffness of the piezoactuator, their section A should also be
increased according to the following relation:

k =
Eyoung.A

l
(1.1)

with:
k : stiffness of the piezoactuator [N/m]
Eyoung : Young’s modulus of the piezo material [N/m2]
A : cross section of the piezoactuator [m2]
l : length of the piezoactuator [m]

Applying larger actuators in a complete system has several dis-
advantages. Firstly, they inevitably decrease the lowest resonance fre-
quency of the system (see also section 1.3.2.2). Note that the resonance
frequencies of a system are inversely proportional to the dimensions (see
appendix C). Thus when the total positioning system would be scaled,
the maximum speed would be the same because the maximum step-
ping frequency would decrease in the same proportion as the step-size
would increase. Moreover, the piezoactuator resolution, which is de-
termined by the amplifier noise, also decreases with increasing length
of the piezoactuator since the piezoactuator itself offers a theoretically
unlimited resolution [PhysikInstrumente, 2001]. A larger piezoactuator
with length l2 instead of l1 would also mean that the capacitance, and
thus the required current to the piezoactuators would increase with a
factor (l2/l1)2, thus a more expensive power amplifier would be needed.
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In addition, the cost of a piezoactuator increases more than proportion-
ally with its volume because of the increased risk of failure during the
production process.
To sum up, the speed of the piezostepper of 2 mm/s cannot be signif-
icantly (for example by a factor 10) increased by using larger piezoac-
tuators without loosing too much performance of the system as far as
resolution, compactness and lowest resonance frequency are concerned.
Furthermore, the cost of the piezoactuators and the amplifiers would
increase significantly.

Amplification mechanism.
A second way to increase the step-size is by increasing the mechanical
amplification factor. The piezostepper uses an amplification 2 for the
horizontal motion (there is no vertical amplification). The stiffness of
one piezostepper foot in the driving direction decreases with the square
of the amplification factor [Koster, 1998]. The design resolution also
lowers proportionally to the mechanical amplification factor. Thus, we
can conclude that using a larger amplification mechanism would be
strongly at the expense of its stiffness and resolution.

1.3.2.2 Stepping frequency

Another way to increase the speed of the piezostepper is to raise the
stepping frequency. In practice, there are four main conditions to be
able to increase the stepping frequency:

• no resonances of the total system should be excited

• the bandwidth of the controller should be sufficiently high

• the maximum current and bandwidth of the amplifiers should
be sufficiently high

• the piezoactuators should not exceed their maximum temper-
ature

Resonances.
Fig. 1.5(b) shows the response of a point on the stage (top) and a point
on the metrological reference (bottom) under influence of a disturbance
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force applied at the centre of the stage [Versteyhe, 2000]. The first res-
onance frequencies corresponding to the in-plane rigid-body modes (C
and X or Y) (see Fig. 1.3) appear from 300 Hz onward. The lowest res-
onance frequency of the metrological reference frame is 175 Hz, which
is due to its relatively compliant suspension. Since the position of the
stage is measured with respect to this reference, this peak also appears
in the response of the entire positioning system and compromises the
bandwidth of the entire positioning system. To increase the lowest res-
onance frequency, the reference frame should be attached more rigidly
to the world, the construction should be made more lightweight for
the same stiffness, the damping of the squeeze film damper should be
increased, or the construction should be miniaturised. However, none
of these options allows to increase the lowest eigenfrequency of the to-
tal system to one order higher. The resonance frequency limitation is
the most fundamental limitation why the stepping frequency cannot be
significantly increased.

Controller.
Beside the position feedback with PI-controllers, the following algo-
rithms were also implemented in the controller to avoid hammering:

• learning algorithm for the position of the six units

• taking into account the variable Hertzian contact stiffness

• compensation of the hysteresis between the obtained displace-
ment and the applied voltage to the 18 (=6x3) piezoelectric ac-
tuators

Furthermore, calibration data to compensate for the geometry errors
of the capacitive reference plates should be compiled in look-up tables.
To implement all this, the piezostepper needs a fast controller. With
the currently implemented controller, the maximum sample rate when
no hysteresis compensation is used for the piezoactuators, is 6 kHz,
resulting in a maximum stepping frequency of 200 Hz, using 30 samples
per period. This way, a maximum speed of 2 mm/s can be achieved.
When hysteresis compensation is applied, the maximum sample rate is
1.5 kHz, resulting in a maximum stepping frequency of 50 Hz. This
results in a speed of 0.4 mm/s. Hysteresis compensation is thus the
most time consuming algorithm.

10



1.3 Combining multiple degrees of freedom by integrating the bearing and the
driving function

Amplifiers.
From an electrical point of view, piezoactuators operate as capacitive
loads. This means that the necessary (reactive) current to the piezoac-
tuator is equal to:

I = C
dV

dt
(1.2)

When a sinusoidal voltage V = V̂ sin(2πft) is applied, then

I = 2πf CV̂ cos(2πft) (1.3)

The necessary current amplitude is thus proportional to the driving
frequency. This increases the cost of the necessary power amplifier.
Also the bandwidth of the amplifiers should be sufficiently high. In
order to ensure accuracy, the bandwidth of the amplifier should cover
the frequency content of the voltage signal applied to the piezoactuator.

Piezoactuators.
Another consequence of a required high reactive power is that the as-
sociated active power to the piezoactuators is also high. As will be ex-
tensively treated in section 5.4, this active energy is mainly due to the
hysteretic losses in the piezo material, and results in heat dissipation.
This thermal active power generated in the actuator during harmonic
excitation can be estimated with the formula for the dissipated power
Pdiss in a piezoactuator: [PhysikInstrumente, 2001]

Pdiss ≈ π tan(δ) f C (V̂ )2 (1.4)

Where tan(δ) is the dielectric loss factor arising from the dielectric
hysteresis in the piezoactuator (see also section 5.4). The maximum
temperature in the piezo material should be kept sufficiently below
the Curie-temperature, at which depolarisation occurs. For common
multilayer soft PZT-actuators, 150 ℃ is a typical maximum operating
temperature. Assuming a heat transfer coefficient α, the steady-state
temperature in the piezo material can be calculated by:

Tpiezo = Tenv +
Pdiss

At α
(1.5)

with:
Tpiezo : average temperature of the piezoactuator [℃]
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Tenv : temperature of the environment [℃]
At : surface area of heat transfer [m2]

α : heat transfer coefficient
[

W

m2 K

]

For the piezostepper, this means that the maximum temperature
would be reached around 1 kHz, assuming α = 3.5W/m2K. When
using higher frequencies, the piezoactuators should be externally cooled
with forced air or liquid to obtain a higher heat transfer coefficient α.
The dielectric loss factor tan(δ) can also be minimised by using hard
PZT, but this is at the expense of the maximum stroke (see section
2.2.3).

1.4 Aim of this work

Precision machine tools as well as measuring instruments require posi-
tioning systems with high accuracy, rigidity and speed demands. The
objective of this research is the development of nanometre-resolution,
stiff (> 50 N/µm) and fast (> 100 mm/s) motor units for a MDOF-
positioning system, which integrate the bearing and the driving func-
tion. In this research, two concepts are developed in order to integrate
the advantages (i.e. the high stiffness and resolution) of the combined
bearing-driving function of the piezostepper principle, while increasing
the speed of the motor units. Since one of the main limiting factors
for the speed is the controller requirement to avoid hammering at the
contact while stepping, a first alternative concept, called the forced
travelling wave principle, is proposed with an intrinsic smooth take-
over of the contact point. A second alternative concept is the combined
motor principle where high speeds are achieved using very high fre-
quencies. The inertial effect of the mechanical components at these
high ultrasonic frequencies also results in low controller requirements.
Furthermore, it is shown that this ultrasonic principle leads to a very
low heat dissipation when applied at resonance, reducing the errors
caused by thermal deformation.

1.5 Structure of this thesis

Fig. 1.6 shows a schematic of the structure of this thesis. In this in-
troductory chapter 1, the growing need for fast, accurate and rigid
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Introduction of the concept of integrated
bearing-driving positioning systems (Chapter 1)

Choice of actuation principle for an integrated
bearing-driving motor unit (Chapter 2)

Piezoelectric forced travelling
wave motor :
- linear prototype
- planar prototype

(Chapter 3)

Ellipse-shaped motors (Chapter 4):
- linear prototype
- planar prototype

Extensive investigation of the
motor in

comparison with a quasi-static
motor

longitudinal resonance

(Chapter 6)

Modelling of a piezoelectric
ultrasonic motor (Chapter 5)

Piezoelectric combined motors
(=combination of stepping & ultrasonic)

Figure 1.6: Schematic of the structure of this thesis.

positioning systems is indicated. The concept of the integration of
the driving and the bearing function was introduced by means of the
piezostepper principle which offers a solution to the accuracy and rigid-
ity needs with, however, a limited speed. The goal of this research is to
develop faster motor units with an integrated bearing-driving function-
ality which can be applied in MDOF positioning systems, with a high
accuracy and stiffness. From an evaluation of different actuation prin-
ciples with respect to combining the bearing and the driving function
in chapter 2, piezoelectric actuators seem to be the best candidate.
The main challenge for applying piezoactuators lies in their limited
stroke, for which two engineering solutions are presented in this thesis.
In chapter 3, a first solution is provided by using the travelling wave
principle, for which the controller requirements are much less stringent
than in the case of a stepping principle. Whereas the piezostepper
needs fast control to avoid hammering of the feet, the travelling wave
principle assures an intrinsically smooth motion so that the controller
requirements for this motor do not limit the speed. In a second concept
for an integrated bearing-driving motor which allows higher speeds, a
motor module is designed to work in an ultrasonic mode, as well as
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in a stepping mode. This principle is introduced in chapter 4 as the
combined motor principle. In order to study the influence of the de-
sign parameters on the performance, a fully mechanical model for this
piezoelectric motor is derived in chapter 5. This motor model is used
in chapter 6, where the effect of using resonance for an ultrasonic
motor is studied.
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Chapter 2

Comparison of actuation
principles for an integrated
bearing and driving
function

Wer der Wahl hat, hat die Qual.

famous German adage

The purpose of this chapter is to evaluate different actuator prin-
ciples with respect to combining the bearing and the driving function.
Compared with magnetostrictive, electrostrictive and electromagnetic
actuators, piezoelectric actuators are found to be the most appropriate
technology.

2.1 Introduction

As shown in chapter 1, most designs of positioning systems use a serial
stacking of SDOF systems. This results in a lowered stiffness, increased
mass and an accumulation of errors. These drawbacks can be overcome
by integrating multiple degrees of freedom into one positioning unit.
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2 Comparison of actuation principles for an integrated bearing and

driving function

As resulted from the experiments on a piezostepper [Versteyhe, 2000],
piezoelectric actuators are well-suited to combine the bearing and the
driving function with a high stiffness and a high resolution. However,
other actuator principles are also qualified to combine multiple degrees
of freedom. Next to induced-strain actuation, also electromagnetic
actuation will be evaluated in this chapter for its use in integrated
bearing-driving systems.
We will focus on the specifications of the SEM-application as men-
tioned in section 1.1. First, the characteristics of piezoelectric actua-
tors, which are relevant for this work, will be discussed in section 2.2.
In sections 2.3, 2.4 and 2.5, piezoelectric actuators will be compared
with electrostrictive, magnetostrictive and electromagnetic actuators
regarding their compactness, actuator-stroke, stiffness, bandwidth, res-
olution and heat dissipation. Thermal actuators, such as shape memory
alloys, will, despite their high force and strain, not be considered here
because of their limited bandwidth and high heat dissipation.

2.2 Piezoelectric actuators

Piezoelectric actuators are the most mature technology of the induced-
strain actuators today [Pons, 2005]. In the precision-mechanics and
mechanical-engineering domain, they are used for fast-tool servos
[Slocum, 1992], out-of-roundness turning [Okazaki, 1990], wear cor-
rection, vibration compensation [Dierick, 1990], [Holterman, 2002a],...
Lead Zirconate Titanate (PZT) is the most used piezoelectric material
today [Uchino and Giniewicz, 2003].1

2.2.1 Basics

In this section, we will briefly deduce the basic equations for a standard
piezoelectric actuator from the constitutive equations of a piezoelectric
material. The piezoelectric effect can be mathematically described by
what are known as the constitutive equations, for which the relation
between the different notations are given in appendix A. Only the

1Driven by concerns regarding the toxicity of lead, Saito [2004] has recently
discovered a lead-free alternative with an electric-field-induced strain comparable to
PZT.
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d-formulation is given here:

S = sET + d E (2.1)
D = d T + εT E (2.2)

with:
S : relative strain [m/m]
T : mechanical stress [N/m2]
E : electric field strength [V/m]
D : dielectric displacement [C/m2]
sE : elastic compliance constant at constant electric field

[m2/N ] (i.e. the inverse of the Young modulus Eyoung)
d : piezoelectric strain coefficient [m/V ]

εT : dielectric constant at constant mechanical stress
[

C

V m

]

In equations 2.1 and 2.2, hysteresis of the piezoelectric material is
not taken into account. In section 5.4, the constitutive equations will
be extended with the hysteretic losses.
Let us now consider the linear constitutive equations in the case of a
slender actuator as given in Fig. 2.1(a) with the electric field applied
in the length direction (as in appendix A.3). When equation (2.1) is
integrated over the length l of the actuator, we obtain the relation
between extension x, force F and electrical voltage V :

x =
F

km
+ d.V (2.3)

with mechanical stiffness km =
A

sE l
, with:

l : length of the induced-strain actuator [m]
A : cross section of the induced-strain actuator [m2]

Fig. 2.2(a) represents equation (2.1) and Fig. 2.2(b) represents
equation (2.3). Now the resulting extension and force depend on the
environment on which the piezoactuator acts. In a first case that the en-
vironmental impedance is a spring with stiffness kenv (see Fig. 2.1(b)),
i.e.:

−F = kenv.x (2.4)
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Figure 2.1: A piezoactuator under different load conditions.
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Figure 2.2: Stress-strain and force-extension characteristic of a
piezoactuator, described by linear constitutive equations.
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Figure 2.3: Displacement and force of a piezoelectric actuator with
external forces.

Combining equations (2.4) and (2.3) give the incremental extension
(�x)1 (see Fig. 2.3).:

(�x)1 =
d.�V

1 + kenv
km

(2.5)

Equation (2.5) shows that the incremental extension is reduced by the
environmental spring stiffness kenv. In a second case that the environ-
ment can be modelled by a constant force (for example F = −m.g for
a mass m acting vertically on the piezo, see Fig. 2.1(c)), we can deduce
from equation (2.3) that:

(�x)2 = d.�V (2.6)

This equation (2.6) corresponds to equation (2.5) for a spring kenv with
zero stiffness, which results in a maximum extension �x. Equation 2.5
shows that the stiffness of the prestress-spring kenv to avoid tensile
stress on the piezoelectric actuator should have a low stiffness to ob-
tain a high extension x. PhysikInstrumente [2001] advises that the
stiffness of the preload spring should be less than 10% of the actuator
stiffness. Fig. 2.3 shows the displacement and force of a piezoelectric
actuator with a spring and a mass preload.
From the other constitutive equation (2.2), the necessary current to
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the piezoelectric actuator can be derived. When equation (2.2) is inte-
grated over the area A of the actuator and differentiated to time t, we
obtain:

I = d.
dF

dt
+ CT .

dV

dt
(2.7)

with the capacitance CT of the piezoelectric actuator at constant me-
chanical stress:

CT =
εT .A

l
(2.8)

Note that in order to calculate the necessary current to a piezoactuator
at a constant force F , the piezoactuator can be considered as a capaci-
tor. Equation (1.2) can thus be used for most quasi-static applications
in the case where a large displacement x, rather than a large force F is
required, such as in the case of the travelling wave motor (see chapter
3). For resonant applications however, where the effect of the external
force on the current is not negligible, equation (2.7) should be used
(cfr. chapter 5).

2.2.2 High-voltage versus low-voltage actuators

High-voltage piezoelectric actuators require a voltage in the order of
1000 V to produce their maximum strain. In order to keep the operat-
ing voltage within practical limits, low-voltage ( 100 V) PZT actuators
consist of thin layers of electroactive ceramic material electrically con-
nected in parallel. Fig. 2.4 shows such a multilayer actuator. The
total extension is the sum of the extensions of the individual layers.
The thickness of the individual layer determines the maximum operat-
ing voltage for the actuator. Typical layer thicknesses are in the range
of 20 µm to 100 µm. While equation (2.8) is valid for high-voltage
actuators, the capacitance of low-voltage actuators is:

CT = n.
εT .A′

t
≈ n2.

εT .A′

l
(2.9)

with:
n : number of layers [−]
A′ : electrode surface area of a single layer [m2]
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2.2 Piezoelectric actuators

Figure 2.4: Configuration of a multilayer actuator [PhysikInstru-
mente, 2001].

t : distance between the individual electrodes (=layer thick-
ness) [m]

Comparing actuators with the same maximum stroke, high-voltage
actuators are smaller than low-voltage actuators. This smaller length
contributes to an increased stiffness of the actuator. Because low-
voltage actuators consist of many thin layers, their capacitance and re-
quired current is higher than that of high-voltage actuators. However,
low-voltage amplifiers are more common and therefore cheaper than
high-voltage amplifiers. Because of the application of the thin layers
technique, low-voltage actuators are more expensive than high-voltage
actuators and can withstand less high temperatures than high-voltage
actuators.

2.2.3 Hard versus soft PZT actuators

Hard piezoelectric ceramics are characterised by their low hysteresis
and thus high quality factor. However, their piezoelectric coefficients
are moderate. Soft piezoelectric ceramics exhibit higher strains, but
have higher loss factors. For comparison, table 2.1 shows the physical
properties of a hard and a soft PZT-material for multilayer actuators
[NOLIAC, 2002]. Pz26 is a medium-strain hard PZT-material for high
dynamic operation such as in piezoelectric motors and in applications
requiring low heat generation. Pz27 is a high-strain soft PZT-material
for static or medium dynamic applications. As can be seen in the table,
hard and soft do neither reflect mechanical hardness, nor the Young
modulus. Because the development of multilayer actuators made of
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hard PZT is more difficult than of soft PZT [Schoenecker et al., 1996],
the commercial market is dominated by soft PZT multilayer actuators.

Table 2.1: Properties of a hard and a soft PZT-material, measured at
room temperature. Dielectric properties are small signal
values measured at 1 kHz. Young’s modulus measured for
100 µm layer thickness [NOLIAC, 2002].

Parameter Units Pz26 Pz27
(hard) (soft)

Relative dielectric constant εT
33r - 1.300 1.800

Dielectric dissipation factor, tan(δ) - 0,003 0,017
Curie Temperature, Tc ℃ 330 350
Max. recommended temperature ℃ 200 200
Coupling factor kp - 0,57 0,59
Coupling factor, kt - 0,47 0,47
Coupling factor, k31 - 0,33 0,33
Coupling factor, k33 - 0,68 0,70
Piezoelectric strain coefficient, d31 m/V -130E-12 -170E-12
Piezoelectric strain coefficient, d33 m/V 290E-12 425E-12
Voltage coefficient, g31 V m/N -11E-3 -11E-3
Voltage coefficient, g33 V m/N 28E-3 27E-3
Density ρ kg/m3 7,7E3 7,7E3
Elastic compliance constant sE

11 m2/N 13E-12 17E-12
Elastic compliance constant sE

33 m2/N 20E-12 23E-12
Elastic compliance constant sD

11 m2/N 12E-12 15E-12
Elastic compliance constant sD

33 m2/N 11E-12 12E-12
Young’s modulus Eyoung Pa 4,5E10 4,5E10
Poisson ratio ν - 0,33 0,39
Mechanical quality factor, QM - > 1000 80

2.2.4 Non-linearities of piezoelectric actuators

The non-linearities of piezoelectric materials that are relevant for the
motors of chapters 4 and 6, are mentioned in this section. In addition
to the hysteresis curve when the applied voltage is positive (see Fig.
2.5), also the butterfly curves, which define the behaviour of the mater-
ial through a complete cycle of positive and negative operating electric
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Figure 2.5: Butterfly curves of a hard and a soft piezoelectric ma-
terial, measured at low frequency < 0.1 Hz [NOLIAC,
2002].

fields, are shown. Negative fields produce negative strain up to the de-
poling field where the extension suddenly turns positive. The butterfly
curve provides a characterisation of the depoling and repoling process.
Comparing the butterfly curves of a hard and a soft piezoelectric mate-
rial, it can be seen that the maximum positive strain is higher for a soft
piezoelectric material, as was mentioned in the previous section 2.2.3.
The recommended maximum negative electric field is −0.7 kV/mm for
the soft PZT (about −25 % of the maximum positive electric field),
while it is −1.5 kV/mm for the hard PZT. This means that hard PZT
is better suited for bipolar operation. Stronger negative fields than the
maximum negative field can cause depolarisation. High temperatures
can also cause depolarisation. The temperature at which a PZT ce-
ramic completely looses its piezoelectric properties, is called the Curie
temperature (see table 2.1). The maximum recommended working tem-
perature is far (about 150 ℃) below this Curie temperature.
The linear constitutive equations were given in formulas (2.1) and (2.2).
However, the material properties of piezoelectrics such as permittivity
ε, piezoelectric strain coefficient d, elastic compliance constant s and
dissipation factors tan(δ), tan(φ) and tan(θ) depend on various para-
meters such as mechanical stress, electric field strength, temperature
and operating frequency. The dissipation factors tan(δ), tan(φ) and
tan(θ) represent the hysteretic mechanical, dielectric and piezoelec-
tric loss respectively (see Fig. 5.17(a), 5.17(b) and 5.18), which will
be further used in section 5.4.2. Table 2.2 gives an overview of the
non-linear dependencies of the properties of a PZT-material [Ander-
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sen et al., 2000a,b; Uchino and Giniewicz, 2003] as far as the data are
available. Fig. 2.6(a) shows that the piezoelectric strain coefficient d

Table 2.2: Non-linear dependencies of the properties of a PZT-
material.

If stress T ↑ If field E ↑
Elastic compliance constant s ↓
Piezoelectric strain coefficient d see Fig. 2.6(a) see Fig. 2.7

Permittivity ε ↑
Dielectric loss factor tan(δ) ↑ see Fig. 2.6(b)

Mechanical loss factor tan(φ) ↑ ↑
Piezoelectric loss factor tan(θ) ↑ ↑

initially increases up to moderate mechanical stresses, where it reaches
its maximum.
Fig. 2.7 shows the correction coefficient for the strain coefficient d33

that should be applied for electric field strengths E lower than the max-
imum of 3 kV/mm. It can be seen that in general, the strain coefficient
of a piezoelectric material increases for higher electric fields.

Fig. 2.6(b) shows that the dielectric loss factor tan(δ) initially in-
creases until a relatively high electric field strength E of 1.5 kV/mm.
Table 2.2 shows that in general, the hysteretic loss factors tan(δ),
tan(φ) and tan(θ) increase for an increasing mechanical stress T and
electric field E.

2.3 Electrostrictive actuators

The electrostrictive effect can be classified as an electric-field dependent
contribution to the linear piezoelectric effect. In principle, however, the
two effects are distinguishable because the piezoelectric effect is possi-
ble only in non-centrosymmetric materials. The electrostrictive effect
describes the non-linear (second order or quadratic) dependence of the
strain on the applied electric field [Damjanovic and Newnham, 1992].
The electrostrictive effect cannot be described by linear constitutive
equations since strain varies quadratically with electric field. For ex-
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(a) Influence of mechanical
stress T on the piezoelectric
strain coefficient d [Andersen
et al., 2000b].

(b) Influence of the electric field E on

the dielectric loss factor tan(δ) [Uchino
and Giniewicz, 2003].

Figure 2.6: Non-linearity of the piezoelectric coefficients.

ample for zero stress T , the relation between strain S3 and electric field
E3 in direction 3 (see convention on Fig. A.1) is characterised by the
electrostrictive coefficient M33 [Pons, 2005]:

S3 = M33(E3)2 (2.10)

A typical actuator material is Lead Magnesium Niobate (PMN or
Pb(Mg1/3Nb2/3)O3)), for which the electrostrictive strains are com-
parable to those of conventional piezoelectric ceramics. Compared to
piezoelectric actuators, electrostrictive actuators have the advantage of
a strongly reduced hysteresis (approx. 2%) and absence of creep (see
Fig. 2.8) [Piezomechanik, 2005]. However, these features are only true
in a very narrow temperature range of 10 ℃. Therefore, the electrostric-
tive material is used preferentially for static positioning applications so
that there is only a negligible heat generation, since an electrostric-
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Figure 2.7: Correction coefficient for d33 in function of the electric
field strength E (Noliac: H1=Pz26 / S1=Pz27).

tive actuator is, like a piezoelectric actuator, mainly a capacitor. An-
other disadvantage is that the capacitance of electrostrictive actuators
is higher than those of comparable piezoelectric actuators. Because of
these drawbacks, electrostrictive actuators rarely are applied outside
laboratory-environments. This means that also for the application of
an integrated bearing and driving function, they are less eligible than
piezoelectric actuators. Note that the main disadvantages of piezo-
electric actuators compared to electrostrictive actuators can be solved
by means of control. Hysteresis can be compensated in feedforward
and creep of piezoelectric actuators can be compensated for by using a
feedback loop [Versteyhe, 2000].

2.4 Magnetostrictive actuators

Magnetostrictive actuators have already been implemented in several
micropositioning applications. Kiesewetter [1988] has built a linear
inchworm motor providing a maximum force of 1 kN . Vranish et al.
[1991] constructed a rotating stepping motor with a low speed and
a very high torque. Akuta [1992] has built motors based on elliptical
vibrations. In this section, magnetostrictive actuators will be evaluated
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Figure 2.8: Creep of piezoelectric actuators (Pz26, Pz27 and Pz29)
versus electrostrictive actuators (Es91). Creep in PZT
is noticed only for a few seconds after application of a
voltage step and then declines. It varies in the percent
range of the initial achieved stroke [NOLIAC, 2002].

for their use in integrated bearing-driving motor units.

2.4.1 Basics

Terfenol-D, a magnetostrictive alloy consisting primarily of Terbium,
Dysprosium and Iron, is the most used magnetostrictive material. This
material presents the best compromise between a large magnetostrain
and a low magnetic field at room temperature. It offers the largest
field-induced strain in static condition. This giant magnetostrictive
material, which appeared in the 80’s, has been in competition with the
multi-layer piezoelectric actuators since their development in the 90’s.
The main manufacturer of these actuators is ETREMA [2005].
Fig. 2.9 shows that the magnetostrain is quadratic and occurs always

in the same direction whatever is the field direction. Positive magne-
tostrains of 1000 to 2000 µm/m are obtained with field strengths of
50 to 200 kA/m for bulk materials. When mechanically prestressed,
positive magnetostrains of about 1200 µm/m can be obtained with a
magnetic field strength of 80 kA/m. The mechanical prestress orients
the magnetic domains normal to the compression axis to maximise ex-
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Figure 2.9: Magnetostrictive strain versus magnetic field.

tension and to avoid tensile stresses of the fragile material. Because a
linear behaviour is preferred, a magnetic bias is applied in the active
material. The magnetic bias expands the drive rod into the middle
of its linear strain region to increase the sensitivity and to minimise
the electrical requirements. The most used notation of the constitutive
equations is [Van Brussel, 2002]:

S = sHT + d H (2.11)
B = d T + µT H (2.12)

with:
S : relative strain [m/m]
T : mechanical stress [N/m2]
H : magnetic field strength [A/m]

B : magnetic flux density
[
T =

kg

A s2

]
sH : elastic compliance constant at constant magnetic inten-

sity [m2/N ]
d : magnetostrictivity coefficient [m/A]
µT : magnetic permeability at constant mechanical stress[

H

m
=

kg m

A2s2

]
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A typical magnetostrictive actuator is shown in Fig. 2.10 where
one can see that the bias magnets make the actuator more bulky.

permanent bias magnet

winding

prestress
spring

displacement

magnetostrictive
drive rod

Figure 2.10: Typical magnetostrictive actuator construction
[ETREMA, 2005] (cylindrical shape).

2.4.2 Suitability for the bearing-driving function

In order to evaluate magnetostrictive materials compared to piezoelec-
tric materials for implementation in a combined bearing-driving motor
unit, we will discuss them according to the following criteria:

Compactness and stroke
The maximum obtainable strain Smax of magnetostrictive materials un-
der an applied magnetic field is similar to that of piezoelectric materials
under an applied electric field. Therefore, the length of a magnetostric-
tive actuator will be comparable to the length of a piezoelectric actuator
with the same free extension. Table 2.3 shows the physical properties
of terfenol-D. For reference, properties of a typical PZT-material are
also given (Tokin N-10). However, the total section of the actuator is
larger than that of PZT because of the magnetic bias magnets and the
surrounding coil to create the magnetic field. This increases the mass
of the system and thus decreases the lowest resonance frequency when
these actuators are built into a machine.

Stiffness

The stiffness of an induced-strain actuator is determined by the geome-
try of the material and its Young’s modulus according to the following
formula:

k =
Eyoung.A

l
(2.13)
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Table 2.3: Properties of a typical magnetostrictive material compared
to a typical piezoelectric material [ETREMA, 2005; Tokin,
2002]

terfenol-D soft PZT for MLA
Etrema Tokin (N-10) unit

Smax 1200 870 µm/m

Eyoung 30 55 GPa

ρ 9400 8000 kg/m3

vsound =
√

Eyoung/ρ 1790 2620 m/s

with:
k : stiffness of the actuator [N/m]
Eyoung : Young’s modulus of the actuator material [N/m2]
A : cross section of the actuator [m2]
l : length of the actuator [m]

The lower Young modulus of the magnetostrictive material will de-
crease the stiffness, but since the actuator can be made shorter because
of the higher maximum strain (for the same free extension), this shorter
length will increase the stiffness. Taking into account both effects, the
stiffness of magnetostrictive actuators is comparable to the stiffness of
piezoelectric actuators.

Bandwidth

The bandwidth of an induced-strain actuator is inversely proportional
to its longitudinal resonance frequency, which is proportional to the
speed of sound vsound in the material. Table 2.3 shows that the sound
speed in the considered piezoelectric material is higher than in terfenol-
D. In practice, the impact of the coils and bias magnets of magnetostric-
tive actuators is more important than the material characteristics. This
additional mass will reduce the bandwidth of the total positioning sys-
tem.
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Resolution

Piezoelectric and magnetostrictive actuators both offer theoretically
unlimited minimal incremental motion. In practice, the resolution of
a piezoelectric actuator depends on the resolution of the input volt-
age, while the resolution of a magnetostrictive actuator depends on the
resolution of the input current. Therefore, piezoelectric and magne-
tostrictive actuators are of equal performance regarding their position-
ing resolution. In flexure stages, nanometre and even sub-nanometre
resolution can be achieved [PhysikInstrumente, 2001].

Heat dissipation

Because of their capacitive nature, the power consumption of piezo-
electric actuators is very low at low frequency, while magnetostrictive
actuators are mainly inductive components. The Joule losses in the coil
can be reduced by using a large section of copper but then the mass is
further increased. Table 2.4 shows the formulas to calculate the heat
dissipation (= active power) of magnetostrictive and piezoelectric ac-
tuators, with:
Rs : series resistance of the coils [Ω]
L : inductance of the coils [H]
I : current in the coils [A]
ω : angular excitation frequency [(rad)/s]
V : voltage over the piezoelectric actuator [V ]
C : capacitance of the piezoelectric actuator [F ]
tan(δ) : loss factor of the piezoelectric material [−]

Table 2.4: Comparison of the heat dissipation between magnetostric-
tive and piezoelectric actuators

Magnetostrictive Piezoelectric

Strain ∼ current I ∼ voltage V

Impedance jω L
1

jω C

Reactive power jω LI2 jω CV 2

Active power RsI
2 ωCV 2 tan(δ)
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As an example, table 2.5 shows the characteristics of a magne-
tostrictive actuator equivalent to the piezoelectric actuators used for
the piezostepper discussed in section 1.3.1. Assuming a maximum cur-
rent density of 2 A/mm2, the surrounding coil should have a radial
thickness of 6 mm to obtain the necessary magnetic field. From table
2.5, it is clear that for quasi-static applications (for example 1 Hz),
piezoelectric actuators offer a significant advantage regarding the heat
dissipation. Because of the integrated bearing function, the actuators
have to carry the weight of the slider, which is a constant DC-load for
the actuator. The large heat dissipation at constant force can thus be
considered as the main disadvantage for magnetostrictive actuators for
this application.

Table 2.5: Parameters of a piezoelectric actuator of the piezostepper
compared with its magnetostrictive equivalent actuator.

Magnetostrictive Piezoelectric

Stroke 12 µm 12 µm

Stiffness 55 N/µm 55 N/µm

Necessary input 35810 A/m 100V

Length 14.5 mm 20 mm

Section (5.2 mm)2 (5 mm)2

Active power @ 1 Hz 1.66 W 9 mW

Active power @ 400 Hz 4 W 3.6 W

Further drawbacks of magnetostrictive actuators compared to
piezoelectric actuators

• magnetostrictive actuators generate magnetic disturbance fields
while piezoelectric actuators do not

• piezoelectric actuators are more generally available than magne-
tostrictive actuators

• the magnets needed for the bias are considered as a dangerous
material, for example in transport [Sullivan et al., 1994]
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2.4.3 Applications suited for magnetostrictive actuators

Although magnetostrictive actuators do not appear to be advantageous
for the combined bearing-driving application, it is interesting to note
that the following features may lead to a choice for magnetostrictive
actuators in certain cases:

Resonance application

Table 2.6 shows the maximum static and dynamic strains of magne-
tostrictive and piezoelectric materials, experimented by Quandt and
Claeyssen [2000]. The maximum static strain Smax is determined by
the magnetostrictive and the piezoelectric effect, respectively, while
the maximum dynamic strain Sdyn−max depends on the maximum me-
chanical stresses in the material. Since tensile stresses are to be avoided
because they initiate cracks in the material, only compressive stresses
are applied. The maximum dynamic strain Sdyn−max can be calculated
from (see Fig. 2.11):

Sdyn−max = 2
T0−max

Eyoung
(2.14)

Due to the low stiffness value of Terfenol-D and its ability to operate

Table 2.6: Maximum static and dynamic strains in magnetostrictive
and piezoelectric materials, experimented by Quandt and
Claeyssen [2000]

Terfenol-D Soft PZT MLA unit

Max field-induced strain Smax 1800 1250 µm/m

Young’s modulus Eyoung 25 40 GPa

Max. prestress T0−max 50 40 MPa

Max dynamic strain Sdyn−max 4000 2000 µm/m

under large prestress, the dynamic strain at resonance is higher for
the magnetostrictive material than for a piezoelectric material. This
feature of magnetostrictive actuators is an advantage for producing
low-frequency resonators of compact size in the longitudinal direction.
Eddy currents limit the bandwidth of bulk terfenol-D to some kilohertz.
The use of thin lamination can overcome this limit, but it increases the
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Figure 2.11: Dynamic operation range of an induced-strain actuator.

price because of lost material and machining [Quandt and Claeyssen,
2000].

Combining piezoelectric and magnetostrictive actuators

Another case in which magnetostrictive actuators offer specific ad-
vantages is in combination with piezoelectric actuators. Hybrid
piezoelectric-magnetostrictive systems exhibit unique attributes and
advantages over those containing a single material. Each material el-
ement has different electrical, mechanical regimes, as well as unique
coupling interactions among regimes. The complementary properties
of certain classes of active material can be employed effectively to de-
sign hybrid systems which augment the performance characteristics of
or add functionality to any one individual material [Downey, 2003].
Research on hybrid designs has targeted two specific metrics for im-
provement.
A first metric for improvement concerns the energy efficiency. In the
design of a linear inchworm motor, Janocha and Clephas [1996] used
magnetostrictive actuators for the clamping motion and piezoelectric
actuators for the feed motion. By optimising the total impedance, the
energy consumption was reduced. Energy efficiency gains stem from
the fact that more mechanical output can be achieved with less elec-
trical input if a system’s available energy is shared between different
active elements with complementary electrical properties: a piezoelec-
tric actuator is mainly a capacitor and a magnetostrictive actuator is
mainly a solenoid.
A second metric for improvement concerns the bandwidth. Butler and
Tito [2000] improved the frequency bandwidth of sonar transducers. A
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double resonant system was designed where the piezoelectric actuator
controls the upper resonance and the magnetostrictive section controls
the lower resonance. It has been demonstrated that such architectures
can produce increased velocity output in the low frequency range when
compared with conventional piezoelectric devices.

2.4.4 Conclusion for magnetostrictive actuators

On the one hand, concerning the stroke, stiffness, resolution and band-
width of the actuator itself, piezoelectric and magnetostrictive actua-
tors are of equal value. On the other hand, magnetostrictive actuators
exhibit two major disadvantages compared to piezoelectric actuators.
Firstly, because of their need for bias magnets and excitation coils, they
are less compact and are heavier, which results in a reduced bandwidth
of the total positioning system. Secondly, their heat dissipation, espe-
cially for quasi-static application is significantly higher.

2.5 Electromagnetic actuators

There are two major types of electromagnetic actuation, namely lat-
eral and axial type of actuation [Chen et al., 2002]. Voice-coil actuators
correspond to the lateral type of actuation, while reluctance actuators
correspond to the axial type of actuation. In the next subsections, we
will evaluate both types regarding their ability to be integrated in a
combined bearing-driving motor unit.

2.5.1 Voice-coil actuators

2.5.1.1 Basics

Voice-coil actuators are the most commonly used electromagnetic linear
motors [Compter, 2002]. Besides in the well-known loudspeaker, they
are used in semiconductor manufacturing, for example in wafer cleaners
and microlithography and in optical systems, such as scanners, eye
surgery and autofocus. For precision positioning applications, voice-coil
actuators are a logical alternative for piezoelectric actuators in cases
where the stroke of piezoelectric actuators is insufficient, for example
when displacements of more than 1 mm are required. With forces
higher than several thousands of Newton, speeds higher than 2 m/s
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and displacement accuracies in the sub-µm-range, they are worthwhile
to consider as an alternative for piezoelectric actuators for an integrated
driving and bearing function.

A classical design of a voice-coil actuator is shown in Fig. 2.12(a).

F

B
I

B

permanent
magnet

winding

soft
magnetic
material

(a) Typical configuration of a voice-coil actu-

ator (cylindrical shape).

I
z

N windings

Ap

F

(b) Typical configu-
ration of a reluctance
actuator.

Figure 2.12: Electromagnetic actuator configurations.

Voice-coil actuators are also known as Lorentz actuators, because the
resulting force F stems from the Lorentz force of a conductor that
carries a current I in a magnetic field:

F̄ = I

∫ lc

0
dl̄ × B̄ (2.15)

with:
B : magnetic flux density [T ]
lc : length of the conductor that carries the current [m]

Note that only the length lc of the conductor with the current per-
pendicular to the magnetic field and inside the magnetic field should
be taken into account. The design of Fig. 2.12(a) is very efficient in the
way that the whole circumferential length of the conductor contributes
to the force.
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2.5.1.2 Suitability for the bearing-driving function

Compactness and stroke
The stroke of voice-coil actuators is determined by the possible dis-
placement of the coils so that they are still in the permanent magnetic
field. For the configuration of Fig. 2.12(a), the stroke is determined by
the length of the coils and the stroke of the guiding of the coils. For ex-
ample, Bloch et al. [2004] used a configuration of Fig. 2.12(a) with leaf-
springs as a guiding and obtained a relative stroke of 6 %. De Lange
and Auer [1996] built a planar design with a stroke of 100 mm in
both directions using air bearings and long coils. Although the relative
stroke of voice-coil actuators is significantly higher than the relative
stroke of induced-strain actuators, they are less suited for miniatur-
isation. The potential of miniaturising an actuator is advantageous
because this leads to a higher stiffness, less weight and thus the low-
est resonance frequencies of the system will be higher (see appendix
C). The forces generated by voice-coil actuators scale in the same way
as piezoelectric actuators, i.e. proportional to the square of the size
(F � L2) [Peirs, 2001]. However, the producibility of small voice-coil
actuators becomes more difficult because of their number of compo-
nents and need for assembly. Downsizing voice-coil actuators reduces
their performance, while the performance of piezoactuators is almost
independent of its size. Nevertheless, miniature voice-coil actuators are
successfully applied in optical pickup units for DVD recorders. In this
application, a large acceleration of a small moving mass (m < 1 gram),
rather than a large force, is desired. For the integration of the bearing
function, a significantly larger force is required than in the case of an
optical pickup unit.

Stiffness
The passive stiffness of a voice-coil actuator depends the stiffness of
the guiding mechanism and on the variation in the Lorentz force with
displacement. Since the Lorentz force is ideally constant over the full
stroke of the actuator, this actuation mechanism has an intrinsic quasi-
zero static stiffness. To minimise the necessary power to achieve a
certain displacement, the stiffness of the guiding (e.g. leaf-springs)
is also minimised. Therefore, a feedback loop is needed to achieve a
high stiffness of this actuator. The closed-loop stiffness depends on
the bandwidth and is frequency-dependent. A disadvantage of the zero
static stiffness is that extra measures have to be taken to ensure a fail-
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safe operation. Fig. 2.13 shows that the fundamental difference be-
tween induced-strain actuators and electromagnetic actuators is that
induced-strain actuators have a large passive stiffness while electromag-
netic actuators are pure force actuators.

kF=d.c .E
~ V

E
F=d.c .H

~ I

Hk F =B.L.Iv

piezoelectric magnetostrictive voice-coil

body
with coil

body with
magnet

body 1

body 2

body 1

body 2

Figure 2.13: Fundamental difference between induced-strain actua-
tors and electromagnetic actuators.

Bandwidth
The response time of the actuator for a certain stroke depends on the
maximum force and the moving mass. The bandwidth of a voice-coil
actuator also depends on the proportional amplification factor of the
controller.

Resolution
As for induced-strain actuators, also voice-coil actuators have a very
fine minimum incremental motion depending on stiction, friction and
elastic deformation during the motion. Voice-coil actuators have no
hysteresis. When leaf-springs are used for the guiding system, very high
resolutions can be achieved. In [Renkens, 1997], a resolution smaller
than 5 nm was demonstrated.

Heat dissipation
For voice-coil actuators, the heat dissipation arises from the resistance
in the windings, like in the case of magnetostrictive actuators (cfr. table
2.4). Bloch et al. [2004] developed a space compliant voice-coil actua-
tor with a low electrical power consumption. For a continuous force of
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10 N , the electrical power dissipation is 3 W , which is small compared
to the voice-coil actuators from BEI [2005]. However, this power con-
sumption is high compared to piezoelectric actuators which dissipate
negligible power for static loads. However, the heat dissipation of voice-
coil actuators can be minimised by using compensation mechanisms
such as a counterweight, a constant force spring, a pneumatic cylinder
[Vermeulen, 1999]. But these solutions tend to be bulky and still con-
sume energy for imperfections of this compensation, while piezoelectric
actuators intrinsically do not require energy for static loads such as the
gravity force.

2.5.1.3 Conclusion for voice-coil actuators

Voice-coil actuators are used in applications where conventional lead-
screw drives are too slow and piezoelectric drives do not offer sufficient
travel. However, it is difficult to deal with constant force, such as the
gravitational force or prestress forces because this leads to significant
heat dissipation. Therefore we can conclude that voice-coil actuators
are less suited than piezoelectric actuators for motor units which also
integrate the bearing function together with the driving function. Fur-
thermore, compared to piezoelectric actuators, voice-coil actuators are
less suited for miniaturisation which increases the bandwidth of the
total system.

2.5.2 Reluctance actuators

Fig. 2.12(b) shows a typical configuration of a reluctance actuator.
For this axial type of actuation, the theoretical relationship between
force F , current I, and gap size z between solenoid core and moving
ferromagnetic target for a single actuator can be expressed as [Chen
et al., 2002]:

F =
Apµ0N

2

4

(
I

z

)2

(2.16)

with:
N : number of turns in winding [−]
Ap : section of the pole face [m2]

µ0 : permeability of vacuum
[
kg m

A2s2

]
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I : coil current [A]
z : gap size [m]

Although the force density in this type of actuator is higher than
in voice-coil actuators, the characteristic is unfavourable because the
force is strongly position-dependent. A compensation mechanism to
compensate the position dependence or just to centre with zero power
would result in a bulky system, difficult to miniaturise. Therefore,
as for voice-coil actuators, reluctance actuators are less suited than
piezoelectric actuators for the integration of the bearing and the driving
function and will not be further discussed.

2.6 Comparison of the considered actuation
principles

From the considered actuation principles in this chapter, piezoelectric
actuators seem to be the best candidate to build integrated bearing-
driving motor units. Since heat generation is the main source of inac-
curacies in positioning systems, a major advantage of piezoactuators is
that no energy is dissipated to hold a static position, which is important
in the bearing function to compensate gravitational forces. Moreover,
piezoactuators are more compact, which is beneficial for the bandwidth
of the total system and it also makes them well-suited for miniaturi-
sation. Furthermore, piezoelectric actuators do not generate electro-
magnetic disturbance fields. The main disadvantage of piezoactuators
is their limited stroke, for which engineering solutions are presented in
chapter 3 by using the travelling wave principle (explained in section
3.2) and in chapter 4 by using the stepping principle (explained in sec-
tion 4.2.1) and the ultrasonic operation principle (explained in section
4.2.2).
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Chapter 3

The forced travelling wave
motor

The purpose of this chapter is the experimental investigation of a linear
and a planar motor based on the forced travelling wave principle.

3.1 Introduction

One of the main limitations of the speed of motors based on a step-
ping principle (see Fig. 1.2) is the limited speed of the controller (see
section 1.3.2). Because the control algorithm should guarantee smooth
stepping, it has to compensate hammering resulting from the discon-
tinuous way of motion. In this chapter, a first alternative concept for
the piezostepper is presented that will inherit the advantages of the
integrated bearing-driving function of the piezostepper concept, but
performs an intrinsically smooth motion so that the controller require-
ments are less stringent. In a first section, the working principle of
a forced travelling wave motor is explained. Then, the linear forced
travelling wave motor [Symens and Croonenborghs, 1999] will be pre-
sented. Based on this linear motor, a 2-DOF version [Vanthuyne and
Eeckhout, 2001] is built which allows planar movement in X and Y di-
rection. Experiments show that operation of the motor is ensured down
to very low frequencies, leading to a high resolution of movement.
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3 The forced travelling wave motor

3.2 Principle

The operating principle of a forced travelling wave is similar to that
of a rotary ultrasonic travelling wave motor [SHINSEI, 2005] [Sashida
and Kenjo, 1993]. This concept of resonant waves cannot be transposed
directly to a linear medium because of wave reflections at the end of
the medium. First, the general principle of the rotary ultrasonic trav-
elling wave motor is explained and then a solution is provided for how
this principle can be applied to linear media by using forced travelling
waves.

3.2.1 General travelling wave principle

In this section, it will first be explained how a slider can be driven when
pushed onto an elastic medium on which a travelling wave is induced. In
the case of a rotative ultrasonic motor (see below: Fig. 3.3), this elastic
medium is ring-shaped and the wave travels in this circular body. Fig.
3.2 shows that the points of the elastic medium which lie in the neutral
plane, perform a sinusoidal vertical motion. For elastic bending, the
hypothesis of Bernoulli is valid which states that plane cross sections
which are perpendicular to the neutral axis before deformation remain
plane and perpendicular to the neutral axis after deformation. The
points at a distance from the neutral plane thus have also a horizontal
motion component. Combining the horizontal motion and the vertical
motion results in an elliptical trajectory (Fig. 3.2). This bending wave
thus causes all points on the surface of the elastic body to perform an
elliptic motion. When a slider is loaded onto the elastic medium, it
comes in contact with the wave tops (Fig. 3.1). Since the horizontal
and the vertical motion are shifted by 90o, the speed in horizontal
direction at the crest of the wave is maximal at the moment when the
speed in vertical direction is zero. A force can be transmitted from
the motor to the slider by means of traction. The slider, prestressed
against the elastic body, is in this way driven in the opposite direction
of the travelling wave. In the ultrasonic travelling wave motor of Fig.
3.3, a travelling bending wave is actuated in an axisymmetric elastic
body using piezoelectric actuators. This travelling wave is induced
by combining two standing waves. Simpson’s formula shows that a
travelling wave can be considered as the sum of two standing waves:

cos(kχ − ωt) = sin(kχ) sin(ωt) + cos(kχ) cos(ωt) (3.1)
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Figure 3.1: A slider is driven by the motor when pushed against the
elastic medium [Kurosawa, 1997].

Neutral line

Elastic body

Travelling wave

advancing direction

Neutral line

Elastic body

Travelling wave

advancing direction

Travelling wave

advancing direction

Travelling wave

advancing direction

Figure 3.2: Elliptical motion caused by a bending wave.

with:
k = 2π/λ : wave number [1/m]
λ : wavelength [m]
χ : position [m]
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3 The forced travelling wave motor

Figure 3.3: Construction of a rotative ultrasonic motor [Aoyagi et al.,
1994].

The two standing waves, with the same amplitude, frequency and
wavelength, are shifted by 90o in phase, in time as well as in space. In
the rotative ultrasonic motor, these two standing waves are excited at
the most suitable frequency near the resonance frequency1 [Kawasaki
et al., 1987]. Identical mode shapes which are shifted in space are
called orthogonal mode shapes. Orthogonal mode shapes can only ex-
ist in an ultrasonic motor in the case of an axisymmetric structure. The
ring shaped elastic medium thus allows these orthogonal mode shapes.
Fig. 3.4 schematically shows a section of a ring in a rotary motor. At
the bottom of the elastic medium, a piezoceramic layer is attached in
order to excite two orthogonal mode shapes. The piezoceramic layer
is divided into different pairs. Each of the neighbouring pairs are po-
larised in the opposite direction. The upper electrodes are the common
ground. The two other electrodes are phase A and B. When a positive
voltage is applied to phase A, the first part expands while the neigh-
bouring part contracts. By applying an alternating voltage to phase
A near the resonance frequency of the selected mode shape, the corre-

1In section 6.4.1.4, it will be shown that the optimum working frequency for
resonant motors does not necessarily coincide with the resonance frequency.
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3.2 Principle

Figure 3.4: Principle of the travelling wave motor [Sashida and
Kenjo, 1993].

sponding resonant standing wave is excited. Phase B excites the other
mode shape. The phase in time between A and B is 90o and they are
shifted a quarter of a wavelength λ/4 in space. This is the simplest and
most used configuration of an ultrasonic motor. Fig. 3.5 shows the full
polarisation pattern and it can be seen that the excitation electrodes
for one phase do not need to be installed over the entire surface of the
elastic medium because of the resonant excitation. In order to enlarge
the distance to the neutral plane without increasing the bending stiff-
ness of the elastic medium, the elastic body has a toothed structure
(see Fig. 3.3).

3.2.2 Forced travelling wave principle

Alternative linear travelling wave motors

Because of the circle symmetry of the elastic body in the rotary motor
of Fig. 3.3, a travelling wave can be formed by superimposing two or-
thogonal resonance modes that are 90o out of phase, in space as well as
in time. This technique of combining standing resonant waves cannot
be transposed directly to a linear medium because of wave reflections at
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3 The forced travelling wave motor

Figure 3.5: The excitation electrodes for one phase do not need to
be installed over the entire surface of the elastic medium
[Sashida and Kenjo, 1993].

the end of the medium which would distort the wave pattern, thereby
resulting in the improper operation of the motor. Therefore, other
ways have to be found to generate a linear travelling wave. A first
type is the actuator-absorber type of travelling wave motor [Sashida,
1985], shown in Fig. 3.6(a). The first vibrator generates travelling
waves in the transmission bar, while the second vibrator absorbs them
to prevent reflections. In this way, the slider which is pressed against
the transmission bar, can be driven by the motor. Due to reflections
near the slider and the non-ideal absorber, and due to damping in the
rod, this kind of linear motor is not suitable for accurate positioning.
Furthermore, the normal stiffness of this motor is relatively low.
Fig. 3.6(b) shows a second type of linear motor that closes the structure
mechanically [Sashida and Kenjo, 1993] [Hermann and Schinkoethe,
1996]. Similar to the ultrasonic motor of Fig. 3.3, two almost orthogo-
nal vibration modes are actuated in the stator to get a travelling wave.
Because the waveforms are not completely orthogonal however, the be-
haviour of the motor is not as desired. Similar to the motor of Fig.

46



3.2 Principle

(a) Actuator-absorber type of lin-

ear travelling wave motor [Sashida,
1985].

(b) Linear travelling wave motor
with a mechanically closed struc-
ture [Hermann and Schinkoethe,
1996].

Figure 3.6: Alternative linear travelling wave motors.

3.6(a), also this motor has a low normal stiffness.

Forced travelling wave principle

Because these alternative concepts suffer from their complexity and
low motor efficiency [Hemsel and Wallaschek, 2000], the use of forced
waves is proposed here. First, a linear travelling wave motor was built
(section 3.3), of which the working principle is shown in Fig. 3.7. A
travelling bending wave is actuated in an elastic body using piezoelec-
tric actuators. This bending wave causes all points on the surface of the
elastic body to perform an elliptic motion. Ideally, each point makes
contact with the base at the top of its elliptical motion, where the nor-
mal speed is zero and the speed in horizontal direction is maximal. In
this way, the frame is driven in an opposite direction to that of the
travelling wave at the instantaneous velocity of the wave tops in the
friction contacts. The maximum velocity of the contact point is given
by [Symens and Croonenborghs, 1999]:

v =
4π2 a z0 f

λ
(3.2)
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3 The forced travelling wave motor

Figure 3.7: Linear forced travelling wave principle.

with:
v : maximum horizontal velocity of the contact point [m/s]
a : amplitude of the travelling wave [m]
z0 : distance from the contact point to the neutral line of the

elastic body [m]
f : frequency of the travelling wave [Hz]
λ : wavelength of the travelling wave [Hz]

It will be shown in section 3.3.2 that with four actuators per wave-
length, the waveform is sufficiently accurate to induce a travelling wave
that is capable of driving the system (see Fig. 3.8). As the motor does
not work at resonance, the speed can be controlled by adjusting the
frequency of the travelling wave. The frequency of the travelling wave
can thus be chosen arbitrarily, allowing additional speed control of the
motor. Because piezoelectric actuators support the elastic body over
its full length, it can be made very stiff. In order to extend this appli-
cation to a planar motion, a two-dimensional configuration was built.
Fig. 3.9 shows how a movement in X and Y-direction can be realised
independently by using two layers of piezo-actuators. In principle, we
now have several point contacts instead of line contacts. By using dif-
ferent excitation frequencies, in the two directions different speeds can
be achieved. The contact point speed in each direction is given by:
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Figure 3.8: Four actuators per wavelength are sufficient to introduce
a forced travelling wave.

Figure 3.9: Superposition of waves in X and Y-direction [Firlefijn
and Robben, 2000].

vx =
4π2 a z0 fx

λ
(3.3)

vy =
4π2 a z0 fy

λ
(3.4)

3.3 The linear forced travelling wave motor

This section will show the construction aspects and experimental test
results of the linear forced travelling wave motor which are valuable
for the design of the planar forced travelling wave motor. It was built
during a final year project [Symens and Croonenborghs, 1999].
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3.3.1 Construction aspects

prestress
module with
leaf springs

direction of motion

base elastic medium with toothed structure

elastic hinge

230 mm

Figure 3.10: The linear forced travelling wave motor (side view)
[Symens and Croonenborghs, 1999].

Table 3.1: Properties of the piezoactuators used for the linear
forced travelling wave motor (Company: Tokin / Type:
AE0505D16).

Parameter Value Unit

Length 20 mm

Section 5x5 mm x mm

Dissipation factor < 0.05

Free extension at 150 V (maximum) 17.4 ± 2 µm

Free extension at 100 V (recommended) 11.6 ± 2 µm

Capacitance 1.4 ± 20% µF

Blocking force 850 N

Resonance frequency 69 kHz

Fig. 3.10 and 3.11 show the prototype of the linear forced travelling
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Figure 3.11: The linear forced travelling wave motor (top view)
[Symens and Croonenborghs, 1999].

wave motor. It consists of 21 individually prestressed piezoactuators
to avoid tensile stress on the piezoactuators. A prestress mechanism
with leaf springs was chosen is one monolithic part made by wire-EDM
(Electrical Discharge Machining). The design was made compact in
one dimension limited so that the actuators can be stacked. The elas-
tic body is a metal strip provided with teeth that increase the distance
of the contact point to the neutral line of the flexible body. In this way,
the velocity of the motor will increase according to equation (3.2). In
theory, only infinitely stiff piezoactuators are able to enforce a perfect
travelling wave to the elastic layer. In practice however, the stiffness
and the boundary conditions of the elastic layer have their influence
on the forced travelling wave. The optimal parameters of the elastic
layer, like dimensions, boundary conditions and material were opti-
mised based on a finite element analysis [Symens and Croonenborghs,
1999]. The piezoelectric stack actuators used in this design (see table
3.1) only have a stroke of about 10 µm. If the elastic body would have a
flatness deviation that exceeds these 10 µm, the travelling wave would
periodically loose contact with the base surface, preventing proper op-
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3 The forced travelling wave motor

eration of the motor. Therefore, ”in-situ”mounting is used to connect
the elastic body to the modules. The elastic body is pressed against
the flat-ground hardened steel base surface. Then, the unit holding
the modules is glued against the elastic body. This way, imperfections
in the production of the modules and the elastic body are cushioned
during assembly and the elastic body has the same shape as the base
surface. The piezoactuators are acting on the elastic layer through flex-
ural hinges, as these hinges do not suffer from play. Initially, the linear
prototype of the forced travelling wave motor is only prestressed against
the base surface by its own weight. The influence of vertical loads is dis-
cussed in section 3.3.2. The motor is further kinematically supported
using air-bearings in the remaining DOF i.e. in the Y-direction and in
the rotational direction around the X- and Z-axis (Fig. 3.11).

3.3.2 Experiments
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Figure 3.12: Speed in function of the operating frequency for the lin-
ear forced travelling wave motor [Symens and Croonen-
borghs, 1999].

This section describes the tests that are performed on the prototype.
The motor can be driven in two configurations: one with eight piezo-
electric actuators per wavelength and one with four. In the first case,
the waveform can be better enforced upon the elastic layer, but there
are only two contact points between the elastic layer and the ground.
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3.3 The linear forced travelling wave motor

In the second case, there are more contact points, but the wave will
not be as smooth. From equations (3.2), the velocity is expected to be
linearly proportional to the driving frequency. An experiment in which
the linear motor was driven with different frequencies confirms this the-
ory (Fig. 3.12). Theoretically, the speed of the motor in eight-phased
configuration should be half of the speed in the four-phased configura-
tion because the wavelength is halved (see equation (3.2)). Fig. 3.12
also shows that the linear relation between actuation frequency and
speed stays valid for very low frequencies. The motor can thus move
very slowly allowing very accurate positioning. Fig. 3.13 shows that
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Figure 3.13: Speed in function of the amplitude of the applied volt-
age with a driving frequency of 200 Hz for the lin-
ear forced travelling wave motor [Symens and Croonen-
borghs, 1999].

the velocity increases more than proportionally with the amplitude of
the travelling wave. The non-linearity is due to the non-linear relation
between voltage and extension of a prestressed piezoelectric actuator
(see section 2.2.4). The relation between the traction force and the
speed of the motor is called the load characteristic. Fig. 3.14 shows
the load characteristic of the motor in function of the driving frequency
and the actuation configuration. It can be seen that the four-phased
configuration gives better results because the speed is more than twice
as high as in the eight-phased configuration and because the load char-
acteristic is steeper for a given speed of the motor. As shown in Fig.
3.15, the maximum traction force is higher with increasing preload and
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Figure 3.14: Load characteristic of the linear forced travelling wave
motor [Symens and Croonenborghs, 1999].
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Figure 3.15: Load characteristic of the linear forced travelling wave
motor with varying preload (four-phased, 200 Hz)
[Symens and Croonenborghs, 1999].

the speed of the motor becomes less sensitive to a change in traction
force with increasing preload. The preload is in this case a weight
added to the weight of the motor. The linear forced travelling wave

54



3.4 The planar forced travelling wave motor

motor will be further discussed in section 3.5, together with the planar
forced travelling wave motor, described in the next section.

3.4 The planar forced travelling wave motor

Based on the SDOF motor which proved the concept of propulsion by
forced travelling waves in an elastic medium, a planar version [Van-
thuyne and Eeckhout, 2001] is built which allows movement in X and
Y direction.

3.4.1 Construction aspects

prestress bolts
with ball-tip

flexural hinge

bo l ts

assembly bolts

housing
wall n 2

o

hole for
connector

prestress bars

elastic
membrane

tightening
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housing wall n 1
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prestress module

holes with
screw-thread

piezoactuators
and electrodes
for Y-movement
for X-movement

intermediate
parts with
spherical
holes

Figure 3.16: Exploded view of the planar forced travelling wave motor
[Vanthuyne and Eeckhout, 2001].
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Figure 3.17: Detailed view of the construction of the planar forced
travelling wave motor [Vanthuyne and Eeckhout, 2001].

Equations (3.3) and (3.4) show that the shorter the wavelength, the
higher the speed is. Different from the linear version, the dimensions
in all direction of the prestress mechanism should be kept as small as
possible. This requires a very compact configuration of the prestressed
piezoactuators and electrodes. In this design, the piezostacks are con-
figured in a matrix structure (Fig. 3.16), and they are individually
prestressed in order to avoid tensile forces. Each actuator was mounted
and prestressed within a section of 7mm by 7mm. Fig. 3.17(a) shows a
detailed view of the prestress mechanism. In the prestress module, pro-
duced by spark erosion, four bars around each actuator act as prestress-
springs. The stiffness of the bars is sufficiently low to ensure sufficient
extension of the containing X- and Y-piezos. The layer of actuators for
the movement in Y-direction is placed above the layer for movement in
X-direction. Bolts with a spherical tip are screwed onto the spherical
hole of the intermediate part to tighten the actuators without intro-
ducing tilting and shearing forces. Preformed copper strips connect all
piezoactuators of one row. In each degree of freedom, three wavelengths
are used, each requiring four rows of actuators. The result is a matrix
of 12x12 piezoactuators for each moving direction. The prestress mod-
ule is glued to the flexural hinges of the elastic membrane (see Fig.
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3.4 The planar forced travelling wave motor

3.17(b)), thus inducing no internal stresses in the membrane by pre-
stressing the actuators. The backlash-free, compact hinges ensure that
only axial forces are transmitted and no bending forces are induced
from the membrane back to the prestress module. The thickness of the
membrane is optimised to find a compromise between the sufficiently
high vertical stiffness between two actuators on the one hand and a low
bending stiffness to guarantee sufficient wave amplitude on the other
hand. As the speed of the motor depends on the distance between the
contact point and the neutral line in the bending mode, this distance
is enlarged by using an elastic membrane with a toothed structure.
This increases the speed without appreciably increasing the bending
stiffness, which would decrease the amplitude. The required stiffness
in planar direction limits the length of the teeth. This elastic mem-
brane is also produced by spark erosion. The amplitude of the bending
wave depends on the extension of the actuators and the stiffness of the
system. From the stiffness model, shown in Fig. 3.18, we can derive

Figure 3.18: Stiffness model of the planar forced travelling wave mo-
tor [Vanthuyne and Eeckhout, 2001]. The values of the
parameters are given in table 3.2.

the actual wave amplitude in the elastic membrane as a function of the
free piezo-extension:

�xel =
1

(1/kv + 1/kb + 1/kl)(kv + kel) + 1
�xp (3.5)
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3 The forced travelling wave motor

The parameters of equation are explained in table 3.2. Using the

Table 3.2: Parameters of the stiffness model of Fig. 3.18.

Parameter Symbol Value Unit

Stiffness of 2 piezoactuators (in series) kp 15 N/µm

Stiffness of bolt and intermediate part kb 35 N/µm

Estimated normal stiffness of glue layer kl 13 N/µm

Stiffness of 4 prestress bars kv 4 N/µm

Equivalent stiffness of elastic membrane kel 2.4 N/µm

Wave in the elastic membrane(peak-peak) xel 2.4 µm

Extension of one piezoactuator xp 5 µm

connector for driving voltage input

prestress module
air supply connector

Figure 3.19: Exploded view of the planar forced travelling wave motor
[Vanthuyne and Eeckhout, 2001].

connectors in the housing wall (3.19), the piezomotor can be driven
by only eight signals to induce the required wave amplitude in the
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3.4 The planar forced travelling wave motor

toothed elastic membrane. For precision applications, attention should
also be paid to temperature control. By using forced travelling waves
(instead of resonant waves), more energy is required (see section 6.4).
To ensure a sufficiently high heat transfer coefficient α (see equation
(1.4)), a forced airflow is used to cool the piezoactuators.

3.4.2 Experiments

Figure 3.20: Elliptical movement of the top of the teeth of the planar
forced travelling wave motor (f = 5 kHz / Vin = 100 V )
[Devos et al., 2002].

Fig. 3.20 shows the elliptical movement of the top of the teeth. It
is measured on a plane glass plate that is supported on 3 teeth having
the same phase. The figure shows that for a vertical displacement of
2.4 µm of the bending wave, the horizontal displacement is 1.8 µm and
shifted by 90o with reference to the vertical motion. Fig. 3.21 shows
the position of a gauge block that is driven by the piezomotor in Y-
direction at a frequency of 5 Hz. The measurement of the position is
done with capacitive sensors (Fig. 3.22). By comparing both sensor
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3 The forced travelling wave motor

Figure 3.21: Driving speed of the planar forced travelling wave motor
at 5 Hz (f = 5 Hz / Vin = 100 V / F0 = 1.2 N) [Devos
et al., 2002].

Table 3.3: Parameters used in the experiments with the planar forced
travelling wave motor.

Parameter Value Unit

Mass of the gauge block 0.123 kg

Surface of the gauge block 4.5 cm2

Mass of the piezomotor 2.42 kg

Wavelength 28 mm

Voltage to piezos (sinusoidal) 50 + 50 ∼ V

Maximum operating frequency 200 Hz

Thickness of elastic membrane 0.7 mm

signals, it was verified that the slider did not tilt during motion. The
average speed is 30 µm/s. Because the (lapped) contact surface of
the piezomotor is not perfectly flat, there is still a speed fluctuation,
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3.4 The planar forced travelling wave motor

X Y

Figure 3.22: Position measurement setup of the gauge block driven by
the planar forced travelling wave motor in Y-direction
[Devos et al., 2002].

which is periodic. This speed fluctuation is due to the deviation from
flatness of the contact surfaces, which is generally higher for larger
surfaces. Ideally, only the wave crests - where the speed in horizontal
direction is maximal - make contact when the piezoactuators induce
a travelling wave. In case of deviation from flatness, a surface peak
will make contact with the slider before it is situated in the crest of
the wave. Since the horizontal speed of the contacting surface peak
is lower than the horizontal speed at the wave crest, this results in a
reduced slider speed. Since the speed fluctuation results from these
geometrical imperfections, it is repeated periodically as can be seen in
Fig. 3.21. We can state that a very high flatness is required for both
contact surfaces. In the case of a small working area, this requirement
can be overcome in the assembly phase of the motor. When the elastic
layer is glued onto the prestress module by pressing it on the walking
surface, both surfaces are ideally in contact. This was done for the
linear version of this motor (section 3.3), explaining its better speed
characteristics. Actuating the glass plate uphill by changing the slope
of the contact surface, the traction force of the piezomotor is tested.
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Figure 3.23: Load characteristic of the planar forced travelling wave
motor (f = 200 Hz / Vin = 100 V / F0 = 1.2 N)
[Devos et al., 2002].

Fig. 3.23 shows that without traction force, a speed of 0.57 mm/s is
reached and that the traction force is more than 0.25 N for a speed of
< 0.2 mm/s (at an excitation frequency of 200 Hz). More slip occurs
when the traction force is increased. An overview of used parameters
in the experiments is given in table 3.3.

3.5 Discussion of forced travelling wave motors

3.5.1 Controller requirements

Compared to a stepper motor, it can be seen that the necessary con-
troller for a travelling wave motor is significantly simpler than in the
case of a stepping motor. Firstly, when four actuators per wavelength
are used, only two sinusoidal signals are sufficient to drive a slider in
one direction of motion since signal 3 is opposite to signal 1 and signal
4 is opposite to signal 2 (see Fig. 3.8). When the positive and negative
electrodes of signals 3 and 4 are thus reversed compared to the elec-
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3.5 Discussion of forced travelling wave motors

trodes of signals 1 and 2, they do not require a separate signal. This
means that for motion in two directions in the case of a planar mo-
tor, only four sinusoidal signals are necessary while 18 stepping signals
were needed for the piezostepper. Secondly, the controller for travelling
wave motor is also simpler because no compensation of contact stiffness
variation is needed since the contact stiffness remains constant during
motion. Furthermore, when hysteresis can be represented as a slight
phase lag (cfr. section 5.4.2) between the input voltage and the result-
ing displacement, the resulting displacement of the different actuators
will have the same phase lag for sinusoidal input signals. The result-
ing travelling wave will still have a sinusoidal shape and therefore no
further hysteretic compensation is needed.
Note that compared to the piezostepper, the intelligence needed for
smooth stepping is incorporated in the mechanics of the motor: the
way of motion is intrinsically smooth which avoids hammering, the
necessary displacement in X and Y motion are mechanically summed
and the necessary input signals are reduced by adjusting the electrode
connections.

3.5.2 Integration of the bearing and driving function

The travelling wave principle provides the transmission function; it
converts the relatively high actuation frequency of the piezoelectric
actuators into the relatively low linear speed of the motor. It also inte-
grates the bearing function in the same element. Therefore, in contrast
with traditional guideway technology, no configuration with separate
bearing and drive part, which would decrease the vertical stiffness, is
needed.

3.5.3 Comparison with resonant motors

Compared to the resonant motors described in this chapter, the forced
travelling wave principle requires more piezoelectric material due to
two fundamental differences. Firstly, more actuator material is needed
to generate the wave with the same amplitude because no amplifica-
tion by resonance can be used. Secondly, because no resonant standing
waves can be used, piezoactuators are now required over the full length
of the elastic medium, while this was not required for the rotative ultra-
sonic resonant motor, as can be seen on Fig. 3.5. The need for a higher
volume of piezoelectric material increases the cost of this type of motor
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3 The forced travelling wave motor

regarding the amount of piezo material, as well as regarding the ampli-
fier requirements. Due to the higher capacitance of the piezoactuators,
the necessary current to drive the piezoactuators increases according to
equation (2.7). In the case of the forced travelling wave motor, equa-
tion (1.2) can be used with a good approximation since the current
drawn by external forces is negligible compared to the current drawn
by the capacitor, as explained in section 2.2.1. Another drawback of
using forced travelling waves instead of resonant waves, is the larger
heat dissipation, which is to be avoided in precision machine designs.
In section 6.4, the heat dissipation of a resonant versus a quasi-static
application will be compared.
Since the necessary amplitude is critical for good performance of the
travelling wave motor, a very good flatness2 of the contact surfaces is
required for the slider surface as well as for the elastic layer surface.
In the linear version, this was solved by using a flat ground steel base
and by gluing the modules against the elastic body while pressing the
elastic body against the flat-ground hardened steel base surface. In
the planar version, this was solved by using a flat granite base and
by lapping the steel surface of the motor. Deformation of the contact
surfaces by thermal influence or wear should be avoided. To a certain
degree, the deviation from flatness of the motor surface can also be
compensated by setting different DC-voltages to the piezoactuators.

3.6 Conclusions

The working principle, construction aspects and some testing results
of travelling wave motors are described. The linear motor consists of a
row of, individually prestressed, piezoelectric multilayer actuators that
force a sine wave upon an elastic body. With the elastic body as con-
tact element, the motor is placed on a flat base surface made of hard-
ened steel. Compared to resonant motors, more piezoelectric material
is required for the generation of forced travelling waves. The planar
motor consists of a matrix of compact prestressed actuators to force
a wave pattern upon an elastic body. A piezoelectric travelling wave
stage has been built for independent movement in X- and Y-direction.
Experimental results shows that speed increases almost linearly with

2For example a flatness requirement of 0.5µm i.e. the whole surface must fall
within a tolerance zone of 0.5µm or two planes separated by 0.5µm.
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frequency and amplitude of the forced wave. For flat surfaces, opera-
tion of the motor is ensured down to very low frequencies, leading to a
high resolution of movement. The forced travelling wave motors allow
a high controllability of speed and have a high stiffness. These char-
acteristics make them usable as a driving unit for a stiff positioning
system with high precision.
This concept has the advantage of stepping motors that it also com-
bines the sub-micron positioning resolution of piezoelectric actuators
with the high passive stiffness achieved by integrating the driving, bear-
ing and transmission function. By incorporating the intelligence needed
for smooth stepping in the mechanics of the motor, the complexity of
the controller that was needed for the stepping motor, is significantly
reduced for the travelling wave motor.
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Chapter 4

The ellipse-shaped
combined motors

The purpose of this chapter is the experimental investigation of a linear
and a planar prototype based on the combined motor principle.

4.1 Introduction

In this chapter, the working principle of a combined motor will be
explained in section 4.2 and two prototypes will be studied to verify
the combined motor concept experimentally. The first prototype is a
linear motor, where two eigenmodes are used to amplify the normal-
force motion as well as the thrust-force motion [Devos et al., 2003].
The second prototype is a planar extension of the linear version, where
three eigenmodes are used to amplify the normal-force motion as well
as both thrust-force motion directions [Devos et al., 2004a]. For both
prototypes, an elliptical shell-shaped structure is chosen to enhance the
compactness of the motor.

4.2 Working principle of the combined motor

As explained in section 1.3.2, the principle of the piezostepper does
not allow to generate high motion velocities. Therefore, a new driving
concept is proposed. In this combined-motor concept, the motor is de-
signed to operate in two modes. For high-resolution, but slow position-
ing, the motor can operate in the stepping mode, like the piezostepper.
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4 The ellipse-shaped combined motors

Figure 4.1: Stepping motion of the combined motor.

For fast, but coarse motion, the ultrasonic-motor operation principle
will be applied. The motors of this chapter and chapter 6 are based on
this combined motor concept.

4.2.1 Stepping operation mode

Fig. 4.1 shows a typical motor configuration of a combined motor.
This is the configuration of the longitudinal and the quasi-static com-
bined motors of chapter 6. For the stepping motion it is necessary that
the piezoactuators are rigidly attached to the fixed frame. The figure
shows how the motor performs a stepping cycle. Piezoactuator 1 moves
the contact point horizontally and piezoactuator 2 moves it vertically.
This way, a slider, supported by the motor, can be positioned within
the maximum stroke of piezoactuator 1. With a mechanism to support
the slider when the contact point is retracted into the initial position,
a virtually infinite stroke can be obtained. Note that three degrees of
freedom are determined by one motor unit and the guiding mechanism
should determine the other three degrees of freedom. When the guid-
ing mechanism consists of other motor units, such as in Fig. 1.3, the
motion can be continued by these motor units when the first motor
retracts into the initial position. This way, the driving function as well
as the bearing function are integrated into these motor units. This
operation principle is the same as in references [Shamoto et al., 2000]
and [Van Brussel et al., 2003]. In order to ensure smooth stepping,
hysteresis compensation of the piezoactuator and compensation of the
Hertzian contact deformations have been implemented [Van Brussel
et al., 2003].
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Figure 4.2: The elliptical motion of the contact point.

4.2.2 Ultrasonic operation mode

Because of the limited stroke of piezoactuators (∼ 10 µm), high speeds
(> 10 mm/s) can only be obtained by increasing the working fre-
quency (> 1 kHz). Furthermore, choosing the working frequency in
the ultrasonic range i.e. (> 20 kHz), has two advantages. Firstly,
the vibrations generated by the motor are not audible for humans.
Secondly, at this frequency, the supported slider represents a large in-
ertia so that the working principle of ultrasonic motors can be applied.
This ultrasonic motor principle works as follows: the piezoactuators are
excited so that the contact point of the motor performs an elliptical
motion (see Fig. 4.2). By prestressing a slider or a wheel against the
contact point, it is driven by the motor. The motion of the contact
point parallel to the sliding surface, called the thrust-force motion, de-
termines the speed of the slider. The sinusoidal motion perpendicular
to the surface, varying the normal force, will be called the normal-force
motion. The main advantage of this ultrasonic working principle over a
fast-stepping principle, is that the slider does not have to be supported
to hold its vertical position while the motor is retracting into the initial
position, because the slider represents a large inertia at the ultrasonic
frequency. A continuously smooth support of the slider during step-
ping has demanding requirements such as a fast controller to include
the time-consuming control algorithms (see section 1.3.2.2). Note that
for a successful execution of the stepping principle, a stiff connection of
the piezoactuators to the fixed world is necessary, which is not the case
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4 The ellipse-shaped combined motors

in commercially-available ultrasonic linear motors [Karasikov, 2000],
[PI, 2002], [CEDRAT, 2005], [ELLIPTEC, 2005]. Therefore, these mo-
tors can only carry out the driving function and need a separate guid-
ing because they have an insufficient stiffness to carry out the bearing
function.

4.3 Linear ellipse-shaped motor

Being a combined motor, the linear ellipse-shaped motor is built to
work in a stepping mode, as well as in a resonant mode [De Volder and
Schillebeeckx, 2002]. The normal force motion as well as the thrust
force motion are amplified by resonance. First, the design and the
working principle of this motor will be explained in section 4.3.1. Sec-
tion 4.3.2 will describe the relation between the driving signals and the
resulting elliptical motion in the resonant mode. Experimental results
in the resonant mode as well as in the stepping mode are presented
in section 4.3.3. This prototype was built during a final year project
[De Volder and Schillebeeckx, 2002].

4.3.1 Design and working principle

In this prototypes, an elliptical shell-shaped stator is used to enhance
the compactness of the motor, as shown in Fig. 4.3. The ellipse-shaped
stator is connected to the fixed frame by leaf springs. Two piezoelectric
actuators are mounted in the stator, able to shift the stator relatively
to the fixed frame by bending the leaf springs. A slider or a wheel can
be actuated by pressing it onto the stator at the contact point. To
avoid bending of the piezoactuators mounted inside, leaf springs were
designed to guide the vertical forces from the contact point to the fixed
frame.

4.3.1.1 Stepping mode

By applying high-voltage, low-frequency signals to the piezoactuators
in the stepping mode, the motor operates as a walking drive [Hender-
son, 1995; Henderson and Fasick, 2000]. The stepping mode is based
on the inchworm principle as sketched in Fig. 4.4(a), and corresponds
to the stepping principle of the piezostepper described in section 1.3.1.
Starting from the initial position, the contact point is moved vertically
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contact point

elliptical motion

ellipse-shaped stator

fixed frame

leaf springs

piezoactuators

Figure 4.3: The ellipse-shaped linear motor [De Volder and Schille-
beeckx, 2002].

by extending both piezoactuators. Retracting one actuator while ex-
panding the other moves the contact point horizontally. In Fig. 4.4(a),
it is assumed that in the second position, the slider is carried by other
modules. In this way, the motor modules integrate the bearing as well
as driving function. Note that between step 3 and 4, the piezoactuators
position directly the contact point within their available stroke. This
leads to a very high positioning resolution, which is very interesting for
many precision applications.

4.3.1.2 Resonant mode

In the resonant vibration mode, the ellipse-shaped drive can be classi-
fied as a bimodal resonant motor [Ueha and Tomikawa, 1993a]. The two
used vibration modes are shown in Fig. 4.4(b). The horizontal eigen-
mode while the mainly consists of the deformation of the shell. By
adjusting the leaf-springs and the shape of the ellipse, the resonance
frequencies of these modes are designed so that the vertical movement
and the horizontal movement are amplified in the driving frequency
region. Applying low-voltage high frequency signals to the piezoactua-
tors, the contact point on the stator will describe an elliptical motion.
The horizontal motion component of the contact point (i.e. the thrust-
force motion) drives the slider in the desired direction. Due to the high
driving frequency, slip occurs at the contact point. The speed of the
slider can be adjusted with the frequency, the amplitude or the phase
difference of the driving signals (see sections 6.2.2.2 and 6.3.2.1).
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Figure 4.4: The linear ellipse-shaped motor is designed for working
in a stepping and as well as in a resonant operation mode
[De Volder and Schillebeeckx, 2002].

4.3.2 Relation between the driving signals and the re-
sulting elliptical motion in the resonant mode

4.3.2.1 Case 1: Coinciding resonance frequencies

In the simple case that the resonance frequencies of the two modes
coincide and have the same damping ratio, the vertical and horizontal
amplification and phase-shift are equal for a certain driving frequency.
This case is shown qualitatively in Fig. 4.5. When the horizontal
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Figure 4.5: Case 1: Coinciding resonance frequencies.

and the vertical mode are excited with the same amplitude, but with
a phase difference of 90o, the contact point performs an unamplified
circular motion at very low frequencies. Near the resonance frequency,
this circular motion is amplified and at the resonance frequency, the
circular motion is maximal. The speed of the slider in contact with the
motor is proportional to the horizontal speed of the contact point at
the highest vertical position (see section 4.4.3.1), so the speed of the
slider is maximal at the resonance frequency.

4.3.2.2 Case 2: No coinciding resonance frequencies

The case that the resonance frequencies are not coinciding is shown
qualitatively in Fig. 4.6, where the vertical resonance frequency
(16.5 kHz) is 0.5 kHz higher than the horizontal resonance frequency
(16 kHz). In this case, the vertical and horizontal amplification and
phase-shift are different at a certain driving frequency. When the eigen-
modes are excited as in the previous case, the contact point still per-
forms an unamplified circular motion at very low frequencies, but at
higher frequencies, this results in different elliptical motions. The speed
of the contact point at its highest vertical position is also given in Fig.
4.6. It shows two speed maxima close to the resonance frequencies.
It shows that the speed is maximal at a frequency a little bit below
(15.8 kHz) the horizontal resonance frequency (this maximum speed
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Figure 4.6: Case 2 : No coinciding resonance frequencies.

is now lower than in the case of coinciding resonance frequencies). An-
other local maximum is reached at a frequency a little bit higher than
the vertical resonance frequency (16.7 kHz). Between both resonance
frequencies (16.3 kHz), the speed is not optimal because of the differ-
ent phase shift of both eigenmodes. The speed at this frequency can
be increased by adjusting the phase between the excitation signals of
both modes to obtain a better elliptical motion of the contact point.

4.3.2.3 General formulation of the relation between the
driving signals and the resulting elliptical motion

Figure 4.7: Relation between the driving signals and motion of the
contact point in the resonant vibration mode for the linear
ellipse-shaped motor.

The driving signals to obtain a desired motion of the contact point
will be explained here for a linear version of the motor. The contact
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point performs an elliptical motion to drive the slider that is pushed
against the contact point. The necessary generated elliptical motion
of the contact point is in the XZ-plane. The speed of the motor can
be adjusted by the horizontal amplitude of the elliptical motion and
the thrust force can be adjusted by the vertical amplitude of the ellip-
tical motion (see Fig. 4.2). When the two piezoactuators excite the
horizontal and the vertical eigenmode, the contact point performs an
amplified elliptical motion. The vertical eigenmode is excited when two
opposing piezoactuators are driven in phase, a horizontal eigenmode is
excited when two opposing piezoactuators corresponding to the hori-
zontal direction are driven in anti phase. This is formulated in Fig. 4.7
by formula (1), where pi = V̂ i

inej(2πft+βi) is the phasor representation
of the excitation voltage to piezoactuator number i = 1, 2, and:
V̂ i

in : voltage amplitude to piezoactuator number i [V ]
βi : phase shift of the voltage to piezoactuator number i

[(rad)]
V : phasor representation of the excitation signal of the ver-

tical mode [V ]
Hx : phasor representation of the excitation signal of the hor-

izontal mode [V ]
f : operating frequency [Hz]
Ah : amplitude amplification of the horizontal motion [−]
Av : amplitude amplification of the vertical motion [−]
φh : phase shift of the horizontal motion [(rad)]
φv : phase shift of the vertical motion [(rad)]

Note that the real excitation voltage to for example piezoactua-
tor 1 can be expressed as real(p1) = V̂ 1

incos(2πft + β1). Working at
resonance implies an amplitude amplification and a phase shift of the
resulting motion versus the excitation voltage (see Fig. 4.6), which is
expressed in phasor notation in formula (2) of Fig. 4.7 for the vertical
mode and in formula (3) for the horizontal mode. It is assumed that
the vertical motion results from the vertical eigenmode and that the
horizontal motion results from the horizontal eigenmode. This formu-
lation leads to the following relation between the input voltages to the
two piezoactuators and the resulting elliptical motion of the contact
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point:

x = V̂ 1
inAh(f)cos(2πft + β1 + φh(f))

− V̂ 2
inAh(f)cos(2πft + β2 + φh(f))

(4.1)

z = V̂ 1
inAv(f)cos(2πft + β1 + φv(f))

+ V̂ 2
inAv(f)cos(2πft + β2 + φv(f))

(4.2)

This formula shows that the motion of the contact point can be ad-
justed by the amplitudes V̂ 1

in and V̂ 2
in and the phases β1 and β2 of the

two piezoactuators.

contact point
on the stator

horizontal
fixation block

fixation for
capacitive sensor

electrodes of
piezoactuator

fixed frame

vertical
fixation block

fixation
bolt (M6)

Figure 4.8: Fixation of the ellipse-shaped linear motor in the fixed
frame [De Volder and Schillebeeckx, 2002].

4.3.3 Experimental results

4.3.3.1 Resonant operation mode

Fig. 4.8 shows how the linear ellipse-shaped motor was mounted rigidly
in a fixed frame. The built linear motor can drive a slider as well as a
wheel which is pushed against the contact point. In order to test one
motor unit separately, a rotational test setup has the advantage of its
simpler construction and its infinite stroke compared to a translational
setup with a slider and a linear guideway. The rotational test setup,
shown in Fig. 4.9, was built to measure the speed and traction force
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Figure 4.9: Experimental setup to test the resonant vibration mode
[De Volder and Schillebeeckx, 2002].

that can be achieved with this drive. The wheel is guided vertically
with leaf springs and supported by the motor in this direction. The
traction force can be adjusted by lifting a weight.

On the built motor, a modal analysis (see Fig. 4.10) was performed
and four eigenmodes are identified. The designed vertical eigenmode
occurs at 18, 2 kHz. And the designed horizontal eigenmode occurs
at 16, 4 kHz. At 15.2 kHz, there is also another vertical eigenmode.
There is another eigenmode at 10 kHz, but this is of no importance
because its resonance frequency is too far from the operating frequency.
The speed was measured for different driving frequencies. Fig. 4.10
shows three maxima and their frequencies are close to the resonance
frequencies measured in the modal analysis. At 16.9 kHz, close to
the horizontal resonance frequency, the maximum speed of more than
100 mm/s was achieved. It can be seen that the designed vertical
eigenmode 18, 2 kHz, as well as the vertical eigenmode at 15.2 kHz
can be used to drive the slider. Fig. 4.11 shows the load characteristic
at 16.9 kHz. The traction force and the speed were measured for
different preloads. It shows that the larger the preload, the higher the
maximal traction force that can be achieved, but the lower the maximal
speed.
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Figure 4.10: The circumferential speed of the wheel in function of
the frequency. The maximum speed was achieved close
to the horizontal resonance frequency [De Volder and
Schillebeeckx, 2002].

4.3.3.2 Stepping operation mode

For the stepping mode, a vertical displacement of 5.2 µm and a hori-
zontal displacement of the contact point of 3.3 µm are available when
driving the piezoactuators between a voltage range of 0− 150 V . This
is sufficient to allow stepping on a flat surface as described in section
6.2.3. The normal stiffness between the elliptic ring and the connection
points is calculated by finite element analysis to be 15 N/µm.

4.4 Planar ellipse-shaped motor

This planar motor (see Fig. 4.12) is a 2D-extension of a linear pro-
totype. This prototype was built during a final year project [Van de
Vijver and Decoster, 2003]. The design and the driving method are
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90o) [De Volder and Schillebeeckx, 2002].

discussed in section 4.4.1 and section 4.4.2, respectively. The exper-
imental results for the resonant as well as for the stepping operation
mode are given in section 4.4.3.

4.4.1 Design

In chapter 6, it will be shown that resonance is beneficial regarding heat
dissipation of the piezoactuators (see section 6.4). As for the linear
version (see Fig. 4.3), the normal-force motion as well as the thrust-
force motion (now in X- and Y-direction) are amplified by resonance.
In order to improve the stiffness of the fixed frame, only the top half of
the module is used for the planar motor. Four actuators are mounted
inside, able to shift the tip relatively to the fixed frame by bending the
leaf springs for actuation in the stepping mode. A slider or a wheel can
be actuated by pressing it onto the stator at the contact point. The leaf
springs are designed to allow deformation of the stator and to transmit
the vertical force acting on the contact point to the fixed frame. Fig.
4.13 shows the three used vibration modes in the resonant vibration
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Figure 4.12: The ellipse-shaped planar motor [Van de Vijver and De-
coster, 2003].

Figure 4.13: Eigenmodes of the ellipse-shaped planar motor [Van de
Vijver and Decoster, 2003].

mode. The vertical eigenmode (Fig. 4.13: left) is excited when two
opposing actuators are driven in phase, the horizontal eigenmode in
X-direction (Fig. 4.13: middle) is excited when piezoactuators 1 and
3 are driven in antiphase and the horizontal eigenmode in Y-direction
(Fig. 4.13: right) is excited when piezoactuators 2 and 4 are driven
in antiphase. In this prototype, also tuning blocks were designed to
be able to tune the resonance frequencies after manufacturing [Van de
Vijver et al., 2005].

4.4.2 Relation between the driving signals and the re-
sulting elliptical motion in the resonant mode

The driving signals to obtain a desired motion of the contact point will
be explained here for a planar version of the motor. It is an extension
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4.4 Planar ellipse-shaped motor

Figure 4.14: Relation between the driving signals and motion of the
contact point in the resonant vibration mode for the pla-
nar ellipse-shaped motor [Devos et al., 2004a].

of the description for the linear version of section 4.3.2.3. The contact
point performs an elliptical motion to drive the slider that is pushed
against the contact point. When the desired driving direction is the
X-axis, the necessary generated motion of the contact point is in the
XZ-plane. The desired driving direction can be any direction in the XY-
plane, therefore the necessary generated motion of the contact point is
in the plane, determined by this direction and the Z-axis. The speed of
the motor can be adjusted by the horizontal amplitude of the elliptical
motion and the thrust force can be adjusted by the vertical amplitude of
the elliptical motion. To obtain a large vertical and horizontal stroke of
the contact point with the given limited stroke of the piezoactuators,
amplification by mechanical resonance is used. Therefore, the drive
is designed to have two horizontal and one vertical eigenmode in the
same frequency region. Fig. 4.6 shows Frequency Response Functions
(FRF) between the excitation signals and the corresponding motion of
the contact point. For a symmetrical structure, the eigenfrequencies
and damping ratios of the two horizontal modes will coincide.

When the four piezoactuators excite the three eigenmodes in that
frequency region, the contact point performs an amplified elliptical
motion in space. The vertical eigenmode is excited when two opposing
piezoactuators are driven in phase, a horizontal eigenmode is excited
when two opposing piezoactuators corresponding to the horizontal di-
rection are driven in anti phase. This is formulated in Fig. 4.14 by
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4 The ellipse-shaped combined motors

formula (1) for the X-direction and formula (2) for the Y-direction,
where pi = V̂ i

inej(2πft+βi) is the phasor representation of the excitation
voltage to piezoactuator number i = 1, 2, 3, 4, with:
Vx : phasor representation of the excitation signal of the ver-

tical mode by the piezoactuators in X-direction
Vy : phasor representation of the excitation signal of the ver-

tical mode by the piezoactuators in Y-direction
Hx : phasor representation of the excitation signal of the hor-

izontal mode by the piezoactuators in X-direction
Hy : phasor representation of the excitation signal of the hor-

izontal mode by the piezoactuators in Y-direction
Ahx : amplitude amplification of the horizontal motion in X-

direction [−]
Ahx : amplitude amplification of the horizontal motion in Y-

direction [−]
φhx : phase shift of the horizontal motion in X-direction [(rad)]
φhy : phase shift of the horizontal motion in Y-direction [(rad)]

Working at resonance implies an amplitude amplification and a phase
shift of the resulting motion versus the excitation voltage, which is ex-
pressed in phasor notation in formula (3) and (5) in Fig. 4.14 for the
vertical mode, as formula (4) for the horizontal mode in X-direction
and formula (6) for the horizontal mode in Y-direction. It is assumed
that the vertical motion results from the vertical eigenmode and that
the horizontal motion results from the corresponding horizontal eigen-
mode. This formulation leads to the following relation between the
input voltages to the four piezoactuators and the resulting elliptical
motion of the contact point:

x =V̂ 1
inAhx(f) cos(2πft + β1 + φhx(f))

− V̂ 3
inAhx(f) cos(2πft + β3 + φhx(f))

(4.3)

y =V̂ 2
inAhy(f) cos(2πft + β2 + φhy(f))

− V̂ 4
inAhy(f) cos(2πft + β4 + φhy(f)))

(4.4)

z =V̂ 1
inAv(f) cos(2πft + β1 + φv(f))

+ V̂ 2
inAv(f) cos(2πft + β2 + φv(f))

+ V̂ 3
inAv(f) cos(2πft + β3 + φv(f))

+ V̂ 4
inAv(f) cos(2πft + β4 + φv(f))

(4.5)
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4.4 Planar ellipse-shaped motor

These formulas show that the motion of the contact point in space can
be adjusted by the amplitudes V̂ 1

in, V̂ 2
in, V̂ 3

in and V̂ 4
in and the phases β1,

β2, β3 and β4 of the two piezoactuators.

4.4.3 Experimental results

4.4.3.1 Ultrasonic mode

vertical

mode

14,3 kHz

redundant

mode of frame:

12,1 kHz

redundant

mode of

frame:

9,4 kHz

horizontal mode

11,3 kHz

Figure 4.15: Experimental modal analysis on the planar motor
[Van de Vijver and Decoster, 2003].

On the built motor, a modal analysis was performed and four eigen-
modes are identified in the driving frequency region (see Fig. 4.15).
Next to the designed vertical eigenmode (at 14.3 kHz) and the de-
signed horizontal eigenmode (at 11.3 kHz), also two redundant modes
of the frame were detected. In order to suppress these modes of the
frame, the drive is rigidly attached to a steel block. This way, the
boundary conditions approximate an ideal clamping. Fig. 4.16 shows
a measurement of the motion of the tip in the X-Z plane by a laser
vibrometer. The piezoactuators in the Y-direction were not excited.
The excitation frequency was 13264 Hz and the voltage amplitude was
10 V . The different motions were obtained by changing the phase shift
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Figure 4.16: Elliptical motion of the contact point (f =
13264 Hz / V̂ 1

in = 10 V / V̂ 3
in = 10 V / V̂ 2

in =
0 V / V̂ 4

in = 0 V ) [Devos et al., 2004a].

β3. Fig. 4.17(b) shows that the measured no-load circumferential speed
of a wheel actuated by the motor (see Fig. 4.17(a)), corresponds to the
horizontal speed of the contact point at the highest vertical position
of the elliptical motion. The desired speed of the slider can thus be
adjusted by the amplitude as well as by the phase of the elliptical mo-
tion. This also means that no slip occurs without load under a low
preload force (0.73 N). Fig. 4.18 shows that functional slip occurs
when the motor has to carry a load. For example, a speed of 30 mm/s
was measured for a traction force of 0.25 N with a preload force of 2 N
while the no-load speed was 60 mm/s. It should also be noted that mo-
tor operation at 10 V was accompanied by an unpleasant, but harmless
high-frequent monotonic sound equal to the operating frequency. Close
to the motor, an average of 78 − 80 dB(A) was measured, with peaks
until 87 dB(A). At a distance of 2 m, the average was 76− 78 dB(A).
At present, 85 dB(A) during 8 hours/day is considered to be safe.
However, subjective annoyance and discomfort may occur in some in-
dividuals at levels between 75 and 105 dB for the frequencies from 10
kHz to 20 kHz especially if they are tonal in nature [worldwide, 2002].
Therefore, it is better to use ultrasonic frequencies, for which there are
no confirmed reports of harm resulting from exposure to ultrasound
[Wesley and Nyborg, 1996].
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4.5 Conclusions

(a) The planar motor drives a
wheel.
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(b) Relation between the elliptical mo-
tion and the resulting speed of the
slider (f = 13264 Hz / V 1

in =
10 V / V 3

in = 10 V / V 2
in = 0 V / V 4

in =
0 V ).

Figure 4.17: The speed of the wheel is proportional to the horizon-
tal speed at the highest vertical position [Devos et al.,
2004a].

4.4.3.2 Stepping mode

For the stepping mode (see Fig. 4.19(a)), a vertical displacement of
about 1 µm and a horizontal displacement of the contact point of
2.4 µm are available when driving the piezoactuators between a volt-
age range of 0 − 200 V . Fig. 4.19(b) also shows the planar motor
performing a circular motion in the XY-plane. This allows the motor
to function as a stepping unit of a 6-DOF stepper as in [Versteyhe,
2000].

4.5 Conclusions

Firstly, a piezoelectric linear motor combining a resonant and a step-
ping positioning mode is built. The thrust-force motion, as well as
the normal-force motion are amplified by resonance. Therefore, a hor-
izontal and a vertical eigenmode are designed with their resonance fre-
quency in the same frequency region. The effect of non-coinciding res-
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Figure 4.18: Load characteristic of the planar motor [Devos et al.,
2004b].
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Figure 4.19: Experiments to test the stepping motion on the planar
motor [Van de Vijver and Decoster, 2003].
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4.5 Conclusions

onance frequencies has been described and a formulation how to obtain
the necessary driving signals to the piezoactuators in order to obtain
a desired elliptical motion has been derived. Experiments show that
the resonant positioning mode allows speeds of more than 100 mm/s
and a traction force of about 1 N . The stepping mode allows a slower
and very accurate positioning provided by the direct actuation of the
piezoactuators. Secondly, this drive concept was extended to a planar
version. Experimental results in the resonant operation mode show that
the no-load speed of the slideway corresponds the horizontal speed of
the contact point at the highest vertical position of the elliptical mo-
tion. It also achieves speeds of more than 100 mm/s and a traction
force of more than 250 mN . Both motors are able to work also in
a stepping mode. This alternative driving concept makes a fast reso-
nant motor able to position accurately, smoothly and also at very low
speeds.
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Chapter 5

Modelling piezoelectric
ultrasonic motors

As simple as possible but not simpler.

Albert Einstein, (1879-1955).

The purpose of this chapter is to develop a model for a piezoelectric
combined motor in the ultrasonic operation mode. The models are nec-
essary for further use in the comparison of quasi-static and resonant
motor operation in chapter 6.

5.1 Introduction

This chapter will deal with the modelling of a piezoelectric ultrasonic
motor. Firstly, it will be illustrated by using the classical electrical
equivalent circuit approach that the treatment of the piezoactuator as
a continuous material results in a lumped-parameter model when only
working around the first resonance frequency is considered. Because
most components of a piezoelectric motor are mechanical and not elec-
trical, a mechanical model, equivalent to the electrical circuit, will be
derived based on the constitutive equations. Because classical models
of piezoactuators fail to describe the hysteretic losses adequately, an
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5 Modelling piezoelectric ultrasonic motors

appropriate model to include the hysteretic losses will be derived in
section 5.4 and verified in section 5.5. A model for the contact interac-
tion is derived in section 5.6. The complete motor model will be used
in chapter 6 to predict the characteristics of a piezoelectric motor and
to determine the optimal working frequency regarding minimal heat
dissipation.

5.2 Purpose of the modelling

A model for the combined drive is most interesting for the ultrasonic
operation mode, where the effect of working around the resonance fre-
quency will be examined and where the interaction of the motor with
the slider is more complex than in the case of the stepping mode. The
model will allow to calculate the resulting speed of the slider, the avail-
able traction force and the necessary current to the piezoactuator for a
given input voltage. Also the heat dissipation of the motor will be in-
cluded in the model. Heat generation is undesired with respect to the
precision of a complete positioning system. Furthermore, high heat
generation also leads to a serious degradation of motor performance
due to depoling of the piezoelectric material [Uchino and Giniewicz,
2003]. Therefore, the model will be used to determine whether dy-
namic operation is beneficial compared to working quasi-statically. In
this context, quasi-static operation means operation at a frequency
far below the first resonance frequency of the system (see Fig. 5.1),
which is also possible at high (e.g. ultrasonic) frequencies. Dynamic
operation means operation in the rest of the frequency range, where
the amplitude and the phase of the piezoactuator current and displace-
ment are influenced by the dynamic behaviour of the electromechanical
system. In order to obtain a valuable and practical model, it should be
expressed by easy-to-understand mechanical and electrical terms and
quantities. It should thus be as simple as possible, but sufficiently ac-
curate to be able to predict the motor-characteristics and to minimise
the heat dissipation of the motor. It will be experimentally verified
that a lumped-parameter model for a piezoactuator, based on the con-
stitutive equations and including its rate-independent hysteretic losses,
contains sufficient structure showing a good correspondence with the
measurements (see section 5.5.2 and chapter 6).
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Figure 5.1: Quasi-static and dynamic operation of a piezoactuator.

5.3 Model of a piezoactuator (without losses)

5.3.1 Electrical equivalent model

The classical model of a piezoelectric actuator is an equivalent electrical
circuit [Uchino and Giniewicz, 2003], [Sashida and Kenjo, 1993], [Ueha
and Tomikawa, 1993a]. In this section, a fully-electrical equivalent
model will be derived for a free-free piezoactuator and electrical short-
circuit conditions, as shown in Fig. 5.2. Neither hysteretic losses nor
damping will be considered in this section; they will be treated in
section 5.4. The electrical equivalent circuit will be derived, starting
from the equations of motion and the linear piezoelectric constitutive
equations of a continuous piezoelectric beam. The calculations in this
section are based on the brief mathematical treatment of Ueha and
Tomikawa [1993a, app. A]. These results are checked and its derivation
here is intended to illustrate that the treatment of the piezoactuator as
a continuous material results in a lumped-parameter model when only
working around the first resonance frequency is considered.
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Figure 5.2: Voltage-controlled piezoelectric actuator (free-free).

5.3.1.1 Equations for a longitudinal piezoelectric oscillator.

Based on the general formulation in appendix A.2 of a piezomaterial
including its inertia, the equations will be deduced of a longitudinal
piezoelectric oscillator of Fig. 5.2 with the following assumptions:

1. there are no external forces on the piezoactuator and both ends
are free.

2. the rod is slender and in direction 1 and 2, there is negligible vari-
ation of mechanical stress T , displacement u, electric potential Φ
or dielectric displacement D.

3. the piezoactuators are excited in the 33-mode, i.e. the direction
of the applied electric field to the actuators is the same as the
direction of the desired displacement

4. the piezoactuator is a single crystal, the extension to multilayer
actuators will be made at the end of section 5.3

The equations of motion (A.18)-(A.20) can then be simplified to:

∂T3

∂χ3
= ρẍ3 (5.1)

with:
T3 : mechanical stress in direction 3 [N/m2]
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5.3 Model of a piezoactuator (without losses)

χ3 : position in direction 3 [m]
ρ : mass density [kg/m3]
x3 : displacement of the piezoelectric material in direction 3

[m]
From (A.21)-(A.23), only S3 is not equal to zero:

S3 =
∂x3

∂χ3
(5.2)

The linear piezoelectric constitutive equations (A.24)-(A.25) can be
simplified to:

T3 = cE
33S3 − e33E3 (5.3)

D3 = e33S3 + εS
33E3 (5.4)

Note that in equations (5.3)-(5.4), the material nonlinearities, which
cause hysteresis, are not considered. They will be included in the model
in section 5.4. From (A.26)-(A.27), the electrical conditions are:

∂D3

∂χ3
= 0 (5.5)

E3 = − ∂Φ
∂χ3

(5.6)

with as boundary conditions for the electric potential Φ:⎧⎪⎨
⎪⎩

Φ = Vin/2 at χ3 =
l

2
Φ = −Vin/2 at χ3 = − l

2

(5.7)

5.3.1.2 Equivalent circuit for a longitudinal piezoelectric os-
cillator.

In order to derive the equivalent circuit for a longitudinal piezoelec-
tric oscillator (Fig. 5.2), we need to calculate the relation between
the voltage Vin to the piezoactuator and the input current Iin to the
piezoactuator:

Iin =
d

dt

∫ b1

0

∫ b2

0
D3 dχ1 dχ2 (5.8)
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From equations (5.1)-(5.7) follows:

ρẍ3 = cE
33

∂2x3

∂χ2
3

(5.9)

e33
∂2x3

∂χ2
3

= εS
33

∂2Φ
∂χ2

3

(5.10)

The differential equation (5.9) has the following harmonic solution for
the deformation x3:

x3 =
(

A sin

(
ωχ3

a

)
+ B cos

(
ωχ3

a

))
ejωt (5.11)

with:

sound velocity : a =

√
cD
33

ρ
(5.12)

Based on differential equation (5.10) and the solution for x3 in equation
(5.11), the electric potential Φ can be written as:

Φ =
(

e33

εS
33

A sin

(
ωχ3

a

)
+

e33

εS
33

B cos

(
ωχ3

a

))
ejωt + D(t)χ3 + E(t)

(5.13)

Substituting both boundary conditions (5.7) in the proposed solutions
(5.11) and (5.13) results in B = E = 0 and using equation (5.4) gives
the dielectric displacement D3:

D3 =
−Vin εS

33

l − 2 a e2
33

(εS
33cE

33+e2
33)ω

tan(ωl
2a)

ejωt (5.14)

Substituting D3 in equation (5.8), gives the total admittance of a
piezoactuator (shown in Fig. 5.3):

Iin

Vin
= − jωCe

1 − k2
33

tan ωl
2a

ωl
2a

(5.15)
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Figure 5.3: Admittance Iin/Vin according to equation (5.15), show-
ing an infinite number of resonance and anti-resonance
frequencies.

with

elastic stiffness constant : cE
33 = (1 − k2

33)c
D
33 (5.16)

electromechanical coupling factor : k2
33 =

e2
33

εS
33c

D
33

(5.17)

clamped capacitance : Ce =
εS
33b1b2

l
(5.18)

The physical interpretation of the coupling factor k33 is further ex-
plained in appendix A.3. Equation (5.15) can be represented by the
electrical scheme given in Fig. 5.4 with the admittance Y1 [Ueha and
Tomikawa, 1993a]:

Y1 = jωCek
2
33

tanωl
2a

ωl
2a

(5.19)

Note that the admittance Y1 becomes infinite at
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Vin Ce

-Ce

IpIin

Y1

Figure 5.4: Electrical equivalent circuit of a piezoactuator [Ueha and
Tomikawa, 1993b].

ωl

2a
=

π

2
(5.20)

This corresponds to the first longitudinal resonance frequency of the
piezoactuator. Considering only this first eigenmode, the following
simplification can be made, using:

tan(X) ≈ 2X

(π
2 )2 − X2

(5.21)

Fig. 5.5 shows that the approximation (5.21) is sufficiently accurate
for quasi-static applications and around the first resonance frequency.
Using this approximation, the admittance Y1 can be represented as a
capacitance C1 (= 8Cek

2
33/π2) and an inductor L1 (= (l/πa)2/C1) in

series, leading to the representation in Fig. 5.6, where the resulting
capacitance of −Ce and C1 in series is Cm = CeC1/(Ce − C1). The
electrical equivalent circuit can be described by:

1
Ce

(∫
Iin dt −

∫
Ip dt

)
= Vin (5.22)

1
Cm

∫
Ip dt + L1

dIp

dt
= Vin (5.23)

A simulation with PSpice or with MATLAB (see Fig. 5.7) shows that
the maximum of the current Iin coincides with the maximum of the
piezoactuator velocity, i.e. at the resonance frequency. Note that the
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until just above the first resonance frequency.
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Figure 5.6: Electrical equivalent circuit of a piezoactuator for the first
resonance frequency.

piezoactuator velocity is proportional to the motional current Ip, thus
representing the velocity [Ueha and Tomikawa, 1993a]. This will be-
come clear in the next section (e.g. see table 5.1).

5.3.2 Mechanical equivalent model

Although electrical equivalent circuits are most commonly used to
model piezoelectric elements, Fig. 5.8 shows that most of the com-
ponents and connections of a piezoelectric motor are mechanical and

97



5 Modelling piezoelectric ultrasonic motors

frequency [kHz]

ad
m

it
ta

nc
e

[A
/V

]

admittance Iin/Vin
motional admittance Ip/Vin

100 101 102 103
10−3

10−2

10−1

100

101

102

Figure 5.7: Approximations of the admittance Iin/Vin and the mo-
tional admittance Ip/Vin, up to the first resonance fre-
quency for a slender piezoactuator (material Pz26 from
Noliac) with length 20 mm.

not electrical. Therefore, modelling of the total motor will be more
intuitive when a mechanical equivalent model is used instead of an
electrical equivalent model since more physical quantities of the sys-
tem will be directly interpretable. The electric analogy models lack
a physical interpretation [Sattel, 2003]. Existing mechanical models
for piezoelements, such as given in [van Schothorst et al., 2004] and
[Holterman, 2002a], fail to describe the electromechanical interaction.
Because the fully mechanical model, derived in this section, will be
based on the constitutive equations, it will inherently comprise the
electromechanical interaction in the piezomaterial. At the end of this
section, the advantage of this model over the existing models will be
explained.

Section 5.3.1 has shown that the treatment of the piezoactuator as
a continuous material results in a lumped-parameter model when only
working around the first resonance frequency is considered. Therefore,
the mechanical model will be derived, based on a lumped-parameter
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Figure 5.8: Electrical and mechanical part of a piezoelectric motor;
a piezoelectric motor mainly consists of mechanical com-
ponents and connections.

approach, which is sufficient to model a piezoactuator quasi-statically
and the dynamic behaviour around the first resonance frequency (see
Fig. 5.1). The first resonance frequency can be modelled with a 1-DOF
mass-spring system. This lumped mass, representing the total mass of
the piezoactuator distributed over its volume, will in the first instance
not be included in the model since the equivalent mass (see appendix
B.2) depends on the mode shape. The model without lumped mass is
valid for low frequencies, i.e. in the quasi-static region. For dynamic
applications, it is easy to take the lumped mass into account after-
wards (see below in Fig. 5.10(b)). In order to keep our model of the
piezoactuator (see Fig. 5.2) as simple and intuitive as possible, only the
33−direction will be considered and it will be assumed that there is no
cross-coupling between direction 3 and the other directions. The linear
piezoelectric constitutive equations (e-formulation) for a piezoactuator
are thus the same as in section 5.3.1, (formulas (5.3) and (5.4)):

T3 =
1

sE
33

S3 − e33E3 (5.24)

D3 = e33S3 + εS
33E3 (5.25)

or after omitting the subscripts indicating the direction 3:

T =
1
sE

S − eE (5.26)

D = eS + εSE (5.27)

with:
S : relative strain [m/m]
T : mechanical stress [N/m2]
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5 Modelling piezoelectric ultrasonic motors

E : electric field strength [V/m]
D : dielectric displacement [C/m2]
sE : elastic compliance constant at constant electric field

[m2/N ]
d : piezoelectric strain coefficient [m/V ]

εT : dielectric constant at constant mechanical stress
[

C

V m

]
l : length of the actuator [m]
e : piezoelectric constant [C/m2]

εS : dielectric permittivity at constant strain
[

C

V m

]

It is also assumed that the constitutive equations are the same at
each point over the volume of the actuator. This assumption includes a
uniform stress-distribution in the piezoactuator. This will not change
the model qualitatively, while it will allow to simplify the problem
drastically. Quantitatively, this simplification can be taken into ac-
count when equivalent stiffnesses and equivalent masses (see appendix
B.2) are used. In order to make a fully mechanical equivalent model,
the following parameters will be substituted:

T =
Fp

A
(5.28)

S =
xp

l
(5.29)

E =
Fin

eA
(5.30)

D =
exin

l
(5.31)

with:
A : cross section of the piezoactuator [m2]
Fp : external force on the piezoactuator [N ]
Fin : mechanical equivalent force corresponding to the applied

electric field over the piezoactuator [N ]
xin : mechanical equivalent displacement corresponding to the

dielectric displacement in the piezoactuator [m]
xp : tip displacement of the piezoactuator [m]

Introducing the following equivalent mechanical stiffness km and
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kexp

xin

km

Fp

Fp

Fin

Fin

Figure 5.9: Mechanical model of a piezoactuator.

equivalent electrical stiffness ke will result in a mechanical model which
is equivalent to the electrical model (see also below in table 5.1):

equivalent mechanical stiffness : km =
A

sEl
(5.32)

equivalent electrical stiffness : ke =
(Aff )2

Ce
(5.33)

with:

clamped capacitance : Ce =
εSA

l
(5.34)

force factor : Aff =
Fin

Vin
=

eA

l
(5.35)

The force factor Aff is the relation of the equivalent force Fin (see
equation (5.30)) and the voltage over the piezoactuator Vin = E l.
Using the introduced parameters above, equations 5.26 and 5.27 can
now be written as:

ke(xin − xp) = Fin (5.36)
km(xp) = Fin + Fp (5.37)

These equations can be represented by the equivalent mechanical model
shown in Fig. 5.9. Note that km corresponds to the mechanical stiffness
of the piezoactuator with short-circuited electrodes, while the electrical
part of the piezoactuator are represented by the following parameters:
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xp

.

mp

Vin

Iin

(a) One-side-clamped piezoactuator.

ke

xp

xin

km

Fin

mp

(b) Mechanical model
of a piezoactuator in-
cluding its own mass.

Figure 5.10: A one-side-clamped piezoactuator and its lumped mass
model.

• ke is inversely proportional to the capacitance Ce of a clamped
piezoactuator.

• the dielectric displacement D is represented by xin (see equation
(5.31)), thus the current Iin to the piezoactuator (see equation
(5.8)) is represented by the speed vin.

• the voltage Vin to the piezoactuator is represented by Fin (see
equation (5.30)).

When now the equivalent mass mp (see appendix B.2) of a one-side-
clamped piezoactuator (see Fig. 5.10(a)) is added to this mechanical
model, the model in Fig. 5.10(b) is obtained. Based on equations (5.36)
and (5.37) this mechanical model can be described by the following
equations:

ke

(∫
vin dt −

∫
vp dt

)
= Fin (5.38)

km

∫
vp dt + mp

dvp

dt
= Fin (5.39)

The model of Fig. 5.9 has the same structure as the equivalent elec-
trical circuit representation of Fig. 5.6. This can be verified by com-
paring equations (5.38) and (5.39) with equations (5.22) and (5.23)
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5.3 Model of a piezoactuator (without losses)

respectively. Table 5.1 gives an overview of the equivalent parame-
ters. In the calculation of the electrical equivalent model of Fig. 5.6
in section 5.3.1, the piezo material was first considered as a continu-
ous material, and then the model was simplified to the working range
around the first resonance frequency. While in the calculation of the
mechanical equivalent model of Fig. 5.10(b) in this section, the as-
sumption of a uniform stress-distribution allowed us to directly make
a lumped-parameter model of the piezoactuator. Since both models
represent the same structure, the lumped-parameter formulation of
a piezoactuator thus offers a sufficiently accurate description for the
quasi-static working range and around the first resonance frequency,
while the lumped-parameter approach was more simple and straight-
forward than the deduction of the formulas for a continuous actuator.
Therefore, the lumped-parameter approach will further be used in the
remainder of this work.

Table 5.1: Equivalence between the mechanical (Fig. 5.10(b)) and the
electrical (Fig. 5.6) model for a piezoactuator.

Mechanical Electrical Relation
Parameter Parameter

vin Iin vin =
Iin

Aff

vp Ip vp =
Ip

Aff

Fin Vin Fin = AffVin

Fp Vp Fp = AffVp

mp L1 mp = A2
ffL1

km Cm km =
A2

ff

Cm

ke Ce

A2
ff

Ce

In the literature, also simpler mechanical models than the one given
in Fig. 5.10(b) are sometimes used to describe a piezoactuator, such
as the models given in Fig. 5.11(a) and Fig. 5.11(b) [van Schothorst
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km

x=dU

xp

mp

(a) The input volt-
age is modelled as
an input displace-
ment.

km

Fin

xp

mp

(b) The input volt-
age is modelled as an
input force.

Figure 5.11: Simplified mechanical models, neglecting the electrical
part.

(a) Voltage-controlled position
actuator.

(b) Charge-generating force

sensor (the + at the piezoelec-
tric capacitance indicates the
positive electrode).

Figure 5.12: Mechanical-electrical piezoactuator models without mod-
elling the electromechanical interaction.

[Holterman, 2002b]

et al., 2004] [Holterman, 2002a]. Note that Fig. 5.11(b) corresponds
to the model of Fig. 5.10(b) when the electrical stiffness ke is not con-
sidered (see appendix B). The representation of Fig. 5.11(b) is thus
an adequate model when considering only mechanics, such as for pre-
stressing a piezoactuator, but when also electrical parameters are of
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5.3 Model of a piezoactuator (without losses)

interest, these models are not sufficient. Therefore, Holterman [2002b]
has extended this purely mechanical model with an electrical model as
given in Fig. 5.12(a) for an actuator and Fig. 5.12(b) for a sensor.
However, on the one hand, Fig. 5.12(a) does not model the influence
of the force F on the current i and is thus only valid without an ex-
ternal force F (see equation (2.7)). On the other hand Fig. 5.12(b)
cannot model the influence of an electrical voltage U on force F and
displacement x (see equation (2.3)). These models are thus no correct
translation of the constitutive equations, but only valid in special cases.
As a sensor (Fig. 5.12(b)), the condition of a zero electrical voltage U
can often still be justified (for example when a charge amplifier is used
[Bentley, 1995]), but in the case of an actuator (Fig. 5.12(a)), the
condition of zero external force F is rarely satisfied due to an environ-
mental stiffness or a mass load. Because a piezoelectric actuator and
a piezoelectric sensor are based on the same piezoelectric effect, they
can thus be described by the same constitutive equations, and thus an
external force influences a piezoactuator in the same way as it would
influence a piezoelectric sensor. Because both models of Fig. 5.12(a)
and Fig. 5.12(b) fail to describe the complete interaction between the
electrical and the mechanical part of a piezoactuator, a different model
is used for a sensor than for an actuator. In contrast, the proposed
mechanical model of Fig. 5.10(b) does include all electromechanical
interaction, for an actuator as well as for a sensor.

In an electrical equivalent circuit (Fig. 5.13(a)), the force factor Aff

is often implemented as a transformer [Ueha and Tomikawa, 1993a].
For an equivalent mechanical model, it can be implemented as a lever
(Fig. 5.13(b)). In order not to increase the complexity of the model
by adding an extra component, in the model of Fig. 5.10(b), it was
chosen instead to adjust the value of the mechanical impedances with
a factor A2

ff according to table 5.1.
Up to now, a monolayer actuator was considered. Because mono-

layer actuators require high voltages, multilayer actuators (see Fig 2.4)
are used to built the motors of chapters 4 and 6. In these multilayer
actuators, the thickness (2.5 µm) of the platinum internal electrodes
and its compliance (calculated using Eyoung−Pt = 145 GPa), are neg-
ligible compared to the thickness (67 µm) and the compliance (using
Eyoung−H1 = 50 GPa) of the active piezoelectric layers. For a multi-
layer actuator, equations (5.28)-(5.31) are still valid, but the electrical

input voltage is now a factor n lower: Vin = E tl = E
l

n
and equations
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Vin
Ce

1/km

1:Aff

Iin vp

mp

(a) The force factor is imple-
mented as a transformer.

1/Ce
vp

Iin

km

Vin

1:Aff

mp

(b) The force factor is imple-
mented as a mechanical lever.

Figure 5.13: Alternative implementation of the force factor Aff in
the electrical and the mechanical equivalent circuit.

(5.34) and (5.35) become:

Ce = n
εSA

l
n

= n2 εSA

l
(5.40)

Aff =
Fin

Vin
= n

eA

l
(5.41)

with:
n : number of layers [−]
tl : distance between the individual electrodes (layer thick-

ness) [m]

Using (5.40) and (5.41) in equation (5.35) shows that the value of ke

does not depend on the number of layers n. Therefore, the model of Fig.
5.9 is also valid for multilayer actuators. Multilayer actuators reduce
the driving voltage, but have no influence on the energy consumption
if the electric field is kept constant [Driesen, 2003].
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Vin

Ce
Cm

L1

IpIin

Rm

R
s

e

Figure 5.14: The losses are represented by series resistances.
[Sashida and Kenjo, 1993]

5.4 Model for the hysteretic losses in a piezoac-
tuator

5.4.1 Classical approach: resistances as dissipative ele-
ments

In the models so far, such as in Fig. 5.6 and Fig. 5.10(b), the losses of
the piezoactuators have not been taken into account. In commonly used
equivalent electrical-circuit models, the losses are usually represented
by equivalent resistances. Sashida and Kenjo [1993] represent the losses
by series resistances (see Fig. 5.14). Rs

e represents the dielectric loss,
while Rm represents the mechanical losses. Instead of using a series
resistance, Ueha and Tomikawa [1993a] represents the dielectric loss
by a resistance Rp

e in parallel with the capacitance Ce (see Fig. 5.15).
In both models, the values of these resistances are determined at the
working frequency. In mechanical equivalent models, the resistances
can then be represented by damper elements as dissipative elements.
Fig. 5.16(a) and Fig. 5.16(b) show the mechanical equivalents of the
models of Fig. 5.14 and Fig. 5.15 respectively.

Losses in piezoceramics are however of hysteretic origin. In the
mathematical literature, the notation of the hysteretic non-linearity
will be equated with the notation ”rate independent memory ef-
fect”[Kuhnen and Janocha, 1998]. This means that the output signal
of a system with hysteresis depends not only on the present value of the
input signal, but also on the order of their amplitudes, especially their
extremum value, but not on their rate in the past. Thus in general,
hysteretic losses are amplitude-dependent, but rate independent. This
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Figure 5.15: The dielectric loss is represented by a parallel resistance.
[Ueha and Tomikawa, 1993b]
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(a) Mechanical equivalent
model of Fig. 5.14. The
resistances in series are now
mechanically represented by a
damper in parallel.

ke
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km

cm

ce

Fin

mp

(b) Mechanical equivalent
model of Fig. 5.15, the
resistance in parallel is now
modelled by a damper in series.

Figure 5.16: Mechanical equivalent models with dampers as dissipa-
tive elements.

can also be seen in the commonly used formula to calculate the dissi-
pated power arising from the hysteretic dielectric loss, which is often
approximated by [PhysikInstrumente, 2001]:

Pdiss ≈ π tan(δ) f C (V̂in)2 (5.42)

with:
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5.4 Model for the hysteretic losses in a piezoactuator

Pdiss : dissipated power converted to heat [W ]
tan(δ) : dielectric loss factor [−]
f : operating frequency [Hz]
C : actuator capacitance [F ]
V̂ : driving voltage amplitude [V ]

Since the hysteretic loss per cycle is rate-independent, the dissi-
pated power is proportional to the frequency. Equation (5.42) also
shows that the dissipated power is proportional to the square of the
applied voltage. In the equivalent circuits of Fig. 5.14 and Fig. 5.15,
the dielectric loss is represented by purely ohmic resistances Rs

e and Rp
e

respectively. They belong to the electronic branch with Ce over which
the voltage Vin is set. The dissipated power by Rs

e in Fig. 5.14 is thus
given by:

P
Rs

e
diss =

ω2 Rs
e C2

e

(ω Rs
e Ce)2 + 1

V 2
in (5.43)

While the dissipated power by Rp
e in Fig. 5.15 is given by:

PRp
e

diss =
V 2

in

Rp
e

(5.44)

Although both models provide a dissipated power that is proportional
to the square of the applied voltage, they fail to describe the rate-
independence of the hysteresis, for which the dissipated power should
be proportional to the frequency. We can thus conclude that this
resistance-model is only a good approximation in a small frequency re-
gion in which the parameters Rs

e and Rp
e are identified. Therefore, they

can only be used in a small frequency region around the resonance fre-
quency. However, they cannot be used to find the optimum frequency
for minimal heat dissipation (see section 6.4.1.4) in the quasi-static and
the dynamic frequency range.

5.4.2 Mechanical model with complex stiffnesses

Because a resistance/damper in an electrical/mechanical equivalent
model fails to describe the rate-independence of the hysteretic loss,
a more adequate model to describe the losses in piezoelectrics will be
derived in this section. Because not much research effort has been put
into systematic studies of the loss mechanisms in piezoelectrics, not
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many comprehensive descriptions of these loss mechanisms are avail-
able. Therefore, Uchino and Hirose [2001] phenomenologically describe
the loss mechanisms in piezoelectrics. Since it is not within the scope
of this research to study the hysteresis in piezoelectrics fundamentally,
we will adopt the same phenomenological approach to model hysteresis
in piezoelectrics. When the exact trajectory of a piezoactuator exhibit-
ing hysteresis is relevant, such as in hysteresis compensation during a
stepping motion, a lumped parameter electromechanical model for de-
scribing the non-linear behaviour of piezoelectric actuators is adequate
[Goldfarb and Celanovic, 1997], but the model becomes non-linear and
requires a time-consuming algorithm. To determine the optimum work-
ing frequency for minimal heat dissipation, as will be done in section
6.4.1.4, the energy loss after one cycle is of importance rather than
the exact trajectory between the parameters between which hysteresis
occurs within one cycle. Therefore, hysteresis can be taken into ac-
count by introducing a loss factor, which is a certain fraction of the
potential energy, for example, the elastic energy for mechanical hys-
teresis. Note that this potential energy is amplitude-dependent, but
not rate-dependent. In the literature, this loss factor is often expressed
as tan(φ) in analogy with a slight phase delay system. This will first
be explained in the case of mechanical hysteresis, represented in Fig.
5.17(a), and will also further be extended to the dielectric and the
piezoelectric hysteresis in piezoelectric materials. For an alternating
stress T ,

T = T̂ cos(ωt) (5.45)

the strain S can be described by:

S = Ŝ cos(ωt − φ) (5.46)

with:
T̂ : amplitude of the alternating stress [N/m2]
Ŝ : amplitude of the alternating strain [m/m]
φ : mechanical phase lag between stress and strain [(rad)]

The mechanical energy loss per cycle per unit volume wm (see Fig.
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5.17(a)) is given by :

wm =
∮

TdS (5.47)

=
∫ 2π

ω

0
T

dS

dt
dt (5.48)

= ŜT̂

∫ 2π
ω

0
cos(ωt) ω [−sin(ωt)cos(φ) + cos(ωt) sin(φ)]dt (5.49)

= πŜT̂ sin(φ) (5.50)

The elastic potential energy Um per unit volume stored during a
quarter cycle (see Fig. 5.17(a)), when the stress T goes from zero to
its maximum, is:

Um =
∫ t= 2π

ω

t= 3π
2ω

TdS (5.51)

= ŜT̂

∫ t= 2π
ω

t= 3π
2ω

cos(ωt) d(cos(ωt)cos(φ) + sin(ωt)sin(φ)) (5.52)

≈ ŜT̂ cos(φ)
∫ t= 2π

ω

t= 3π
2ω

cos(ωt) d(cos(ωt)) (5.53)

=
ŜT̂ cos(φ)

2
(5.54)

with:
wm : the mechanical energy loss per cycle per unit volume (see

Fig. 5.17(a)) [J/m3]
Um : the elastic potential energy per unit volume stored during

a quarter cycle (see Fig. 5.17(a)) [J/m3]

For a small loss angle φ, the relation between the mechanical en-
ergy loss per cycle wm and the elastic potential energy stored during a
quarter cycle Um can thus be written as:

wm = 2πUmtan(φ) (5.55)

This equation (5.55) will be further used to calculate the dissipated
energy from the potential energy of a piezoactuator.
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The loss mechanisms in piezoelectrics are not only mechanical. Ac-
cording to Uchino and Giniewicz [2003], they are of three fundamental
types: dielectric, mechanical and piezoelectric. The introduction of
the so-called extensive dielectric, mechanical and piezoelectric losses is
based on the h-formulation of the constitutive equations (see appendix
A.1):

T =
1

sD
S − h D (5.56)

E = −h S +
1
εS

D (5.57)

with:
sD : elastic compliance constant of the piezo material under

open-circuit conditions [m2/N ]
h : inverse piezoelectric charge coefficient [N/C]

In order to introduce hysteresis as a slight phase-lag, the following
complex parameters can be used to account for the hysteretic mechan-
ical, dielectric and piezoelectric losses:

sD∗ = sD (1 − j tan(φ)) (5.58)

≈ sD (cos(φ) − j sin(φ)) = sD e−jφ (5.59)

εS∗ = εS (1 − j tan(δ)) (5.60)
h∗ = h (1 + j tan(θ)) (5.61)

with:
tan(φ) : mechanical loss factor [-]
tan(δ) : dielectric loss factor [-]
tan(θ) : piezoelectric loss factor [-]

Because the loss angles φ, δ and θ are small, we can assume that:
cos(φ) = cos(δ) = cos(θ) = 1. The angle φ is the phase delay between
mechanical stress T and strain S under open-circuit conditions (see
Fig. 5.17(a)). The angle δ represents the phase delay of the dielectric
displacement D in response to an applied electric field E in a mechan-
ically clamped state (see Fig. 5.17(b)). The angle θ is the phase delay
of the strain S to the electric field E induced by a mechanical stress
T under open-circuit conditions and is also equal to the phase delay
of the dielectric displacement D to the mechanical stress T induced by
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T
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(D=constant)

Um
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2 U tan( )� �m

(a) the mechanical hysteresis

curve (open-circuit conditions).
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(S=constant)

w =e

2 U tan( )� �e Ue

(b) the dielectric hysteresis

curve (mechanically clamped
state).

Figure 5.17: Hysteresis curves associated with the dielectric and me-
chanical hysteresis
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Uem Uem
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2 U tan( )� 	em
2 U tan( )� 	em
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Figure 5.18: The hysteresis curves associated with the piezoelectric
hysteresis.

an electric field E under a constant-strain condition (see Fig. 5.18).
In general, the loss factors tan(φ), tan(δ) and tan(θ) are amplitude-
dependent (see also section 2.2.4). This will further be discussed in
section 6.4.1.3. Analogous to equation (5.55), the relation between
the dielectric and piezoelectric loss per volume per cycle we and wem
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and the electrostatic and the piezoelectric potential energy per volume
stored during a quarter cycle:

we = 2πUetan(δ) (5.62)
wem = 2πUemtan(θ) (5.63)

with:
we : the dielectric energy loss per cycle per unit volume (see

Fig. 5.17(b)) [J/m3]
Ue : the electrostatic potential energy per unit volume stored

during a quarter cycle (see Fig. 5.17(b)) [J/m3]
wem : the piezoelectric energy loss per cycle per unit volume

(see Fig. 5.18) [J/m3]
Uem : the piezoelectric potential energy per unit volume stored

during a quarter cycle (see Fig. 5.18) [J/m3]

Because the dissipated energy in the piezoactuator will be calcu-
lated from the total potential energy Ep in the piezoactuator, first the
electric, elastic and the piezoelectric potential energy will be deter-
mined:

Ep = volume.

(
TS

2
+

ED

2

)
(5.64)

Using the h-formulation of the constitutive equations (equations (5.56)
and (5.57)), equation (5.64) becomes:

Ep = Al

(
S2

2sD
− h SD +

D2

2εS

)
(5.65)

= Al (Um + Uem + Ue) (5.66)

with:
A : cross section of the actuator [m2]
l : length of the actuator [m]

The terms in equation (5.66) represent the elastic, piezoelectric
and electrostatic potential energy respectively. Using equations (5.55),
(5.62) and (5.63), the energy dissipation Ediss associated with this po-

114



5.4 Model for the hysteretic losses in a piezoactuator

Figure 5.19: The extensive loss factors tan(δ) and tan(θ) have a
comparable magnitude [Uchino and Giniewicz, 2003].

tential energy in a volume element can now be written as:

Ediss = A l 2π

(
S2

2sD
tan(φ)

− h SD tan(θ) +
D2

2εS
tan(δ)

) (5.67)

Using equations (5.31) and (5.29), equation (5.67) can be written as:

Ediss = 2π

(
(km + ke)x2

p

2
tan(φ)

− ke xpxin tan(θ) +
kex

2
in

2
tan(δ)

) (5.68)

Fig. 5.19 shows that the extensive loss factors tan(δ) and tan(θ) for a
typical PZT-material [Uchino and Giniewicz, 2003] have a comparable
magnitude. In the case that we assume tan(δ) to be equal to tan(θ),
the dissipated energy of equation (5.68) can be simplified to:

Ediss = 2π

(
kmx2

p

2
tan(αm) +

ke(xp − xin)2

2
tan(αe)

)
(5.69)

where:

tan(αe) = tan(δ) (5.70)

tan(αm) = tan(φ) +
ke

km

(
tan(φ) − tan(δ)

)
(5.71)
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Figure 5.20: Mechanical model of a piezoactuator including hysteretic
losses.

with:
tan(αm) : equivalent mechanical loss factor [−]
tan(αe) : equivalent electrical loss factor [−]

In this case, the loss factor tan(αe) is associated with the equivalent
electrical stiffness ke and the loss factor tan(αm) is associated with the
mechanical stiffness km. This formulation allows an easy-to-understand
interpretation of the loss factors. Furthermore, complex stiffnesses can
now be introduced, which are used in the literature to characterise
hysteresis losses, such as material damping. This way, the hysteretic
losses can be easily integrated in the model of Fig. 5.9, by introducing
the following complex stiffnesses:

k∗
m = km(1 + j tan(αm)) (5.72)
k∗

e = ke(1 + j tan(αe)) (5.73)

The positive sign expresses the phase lead of the force F to the dis-
placement x. Fig. 5.20 shows the mechanical model of a piezoactuator
including hysteretic losses. In contrast to the classical models given in
Fig. 5.16(a) and Fig. 5.16(b), the model of Fig. 5.20 comprises rate-
independent hysteresis. Note that the first term in equation (5.69) is
related to the mechanical potential energy in the spring km of Fig. 5.20
and second term to the electrical potential energy in spring ke.
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5.5 Model of a prestressed piezoactuator with
an additional passive material

In this section, the model for a piezoactuator, which was derived in
the previous sections, will be verified using a prestressed actuator with
an additional passive material, as shown in Fig. 5.21(a). First, it
will be demonstrated that it is not necessary to include the prestress
mechanism for the piezoactuator to describe the system qualitatively.
Then, the system of Fig. 5.21(a) will be identified, resulting in a good
correspondence with the experiments.

Vin
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x 'p
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material (steel)

piezoactuator
with centerhole

location of
prestress bar

fixed frame

(a) Experimental configuration
used for the model verification.
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(b) Model of the experimental
configuration, taking into ac-
count the prestress. The pa-
rameters are explained in table
5.2.

Figure 5.21: Prestressed piezoactuator with an additional passive ma-
terial.

5.5.1 Effect of the prestress mechanism

A lumped-parameter model of a prestressed actuator with an addi-
tional passive material is given in Fig. 5.21(b). In the experimental
configuration, the stiffness kp in parallel with the piezoactuator, used
for prestressing the piezoactuator, is a slender steel bar (M2), going
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Table 5.2: Model parameters of Fig. 5.21(b) with typical values.

Parameter Symbol Value Unit

Eq. electrical stiffness of the piezo ke 140 [N/µm]
Eq. mechanical stiffness of the piezo km 637.5 [N/µm]
Stiffness in parallel with the piezo kp 20 [N/µm]
Eq. stiffness of the passive beam kpas 76 [N/µm]
Stiffness in series with the piezo ks 250 [N/µm]
Total stiffn. of the prestressed actuator ktot 200 [N/µm]
Equivalent mass of the passive beam mpas 7.8 [gram]

Resulting relative residual stroke ξ 90 [%]

fixed frame

piezoactuator with centerhole

steel bar

prestress barprestress nut

Figure 5.22: Exploded view of the prestress mechanism.

through the centerhole (Ø 2 mm) of the piezoactuator (see Fig. 5.22).
This parallel stiffness value kp should be as small as possible to obtain
a high resulting displacement xv, but the spring should provide a suf-
ficiently high prestress force in order to prevent tensile stresses in the
piezoactuator. The contact stiffness between the piezoactuator and the
passive steel bar, and between the piezoactuator and the fixed frame,
is in series with the piezoactuator. This stiffness ks in series with the
piezoactuator should be as high as possible to obtain a high displace-
ment xv at a quasi-static frequency. However, also the electric field
strength E has an important effect on the obtained strain per voltage.
Fig. 2.7 has shown that a correction coefficient for the strain coefficient
d33 has to be applied, depending on the applied electric field. It can
be seen that free displacement per voltage of a piezoelectric material
can be significantly lower for a low electric field. For example, the
specification of the free displacement xp of the actuator (H1) used in
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Fig. 5.21(b), is 1.6 µm ± 15% at Vin = 200 V (i.e. E = 3 kV/mm) or
8± 15% nm/V . The quasi-static displacement of a free piezoactuator,
measured at 0.2 V i.e. an electric field of 3 V/mm, was 4.20 nm/V ,
thus a reduction of 47%. The measured quasi-static displacement xv

of a prestressed piezoactuator of the same batch is 3.55 nm/V , which
is a reduction of 15% compared to the free displacement. The effect
of working at a low electric field E is thus high compared to the loss
in strain by the prestress mechanism. This means that even if the
contact stiffness ks between the piezoactuator and the steel bar, and
between the piezoactuator and the fixed frame, and the prestress spring
kp would be perfectly known, there is an inherent accuracy limitation
due to the non-constant material parameters of piezoactuators (see
also section 2.2.4). Due to the prestress mechanism, characterised by
kp and ks, only a certain percentage ξ from the free displacement xp

is transferred to xv. Given that the resulting quasi-static displacement
xv is 3.55 nm/V for the prestressed actuator, a prestress spring kp of
20 N/µm and the actuator stiffness km of 637.5 N/µm, Fig. 5.23 shows
the values of the force factor Aff and the electrical equivalent stiffness
ke resulting in the same output xv for a certain input (Vin, Iin) in func-
tion of the relative residual stroke ξ = xv/xp. The contact stiffness ks,
associated with ξ, is also given. Note that when ks goes to infinity,
ξ = 1. The total stiffness of the prestressed actuator ktot including
the prestress mechanism and the piezoactuator is equal to:

ktot = kp +
kmks

km + ks
(5.74)

The values of the model parameters given in table 5.2 correspond to
the relative residual stroke ξ of 90%. Fig. 5.24 shows the simulated
resulting frequency response functions of the model of a prestressed
piezoactuator with an additional passive material (Fig. 5.21(b)) for
the parameter combinations (see Fig. 5.23) associated with a certain
relative residual stroke ξ. Although the resonance frequency is clearly
influenced, the resulting end point velocity vout and the current Iin are
nearly not influenced. The lower figure also shows that the active part
of the current real(Iin), which will be of importance in section 6.4, is
not significantly affected either. These simulations show that including
the prestress springs do not have a significant qualitative added value,
while it increases the complexity of the model. Therefore, in order to
limit the complexity of the model, the prestress will not be included
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Figure 5.23: Combinations of stiffness values and force factor of the
prestressed-actuator model in function of the relative
residual stroke ξ, which result in the same output dis-
placement xv for a certain input voltage Vin and current
Iin.

explicitly. The resonance frequency shift can be taken into account
by assuming a reduced stiffness for the passive beam. Note that the
prestress springs have the same effect as using piezoactuators with a
lower force factor Aff and a lower equivalent electrical stiffness ke in
the case that the mechanical stiffness km is assumed to be constant
(see Fig. 5.23).

5.5.2 Identification of a piezoactuator with an additional
passive material

In this section, the configuration given in Fig. 5.21(a) will be modelled
without taking into account the prestress mechanism explicitly, accord-
ing to the findings of section 5.5.1. Table 5.3 shows the estimated values
of the model parameters. The mass of the piezoactuator (0.385 gram)
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Figure 5.24: Comparison of the frequency response functions for the
parameter combinations given in Fig. 5.23.

is negligible compared to the mass of the steel bar (15.6 gram). Fig.
5.25 shows the measured FRF’s (dashed line) compared to the simu-
lated FRF’s (solid line). The following formulas are used to calculate
the FRF’s from the equivalent mechanical model:

Iin/Vin = A2
ff ẋin/Fin (5.75)

ẋp/Vin = Aff ẋp/Fin (5.76)
ẋout/Vin = Aff ẋout/Fin (5.77)

In general, the FRF’s of ẋout/Vin and Iin/Vin show a good correspon-
dence with the model. Fig. 5.26 is plotted in a logarithmic scale to see
the correspondence for smaller values. The main difference between
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Table 5.3: Parameters of the model used in the simulation.

Parameter Symbol Value Unit

Equivalent mechanical stiffness km 637.5 N/µm
Equivalent electrical stiffness ke 110 N/µm
Force factor Aff 2.26 N/V
Equivalent mechanical loss factor tan(αm) 0.088
Equivalent electrical loss factor tan(αe) 0.06

Eq. mass of the passive beam mpas 15.6/2 g
Eq. stiffness of the passive beam kpas 76 N/µm
Eq. loss factor of the passive beam tan(αpas) 0.001
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Figure 5.25: Comparison between the model (solid line) and the
experimental configuration for an input amplitude of
0.2 V , measured by a laser vibrometer (dashed line).
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Figure 5.26: Logarithmic scale: comparison between the model (solid
line) and the experimental configuration for an input
amplitude of 0.2 V , measured by a laser vibrometer
(dashed line).

measurement and simulation is that the current at resonance shows
a higher peak in the experiments. This difference is caused by the
non-linear dependence of the piezoelectric parameters on the mechan-
ical stress T , which becomes very high at resonance. No data about
the dependence of the permittivity ε on the an alternating mechanical
stress could be provided by the manufacturer. From these experiments,
it seems that a higher alternating mechanical stress T appears to de-
crease ke. This can be caused by the increase of ε for higher alternating
mechanical stress T . However, the study of the non-linear dependen-
cies of the piezo material parameters is not within the scope of this
research. In the remainder of this work, linear behaviour will be as-
sumed around the working point. In chapter 6, it will be shown that
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this linear model is sufficient to draw valuable qualitative conclusions
from which correspond well to the experiments.

When comparing the experimental velocity ẋ∗
p and the theoretical

velocity ẋp, it can be seen that the difference is quite large. This
is mainly due to the location of the measurement point ẋ∗

p, which is
located between the piezoactuator and the top of the beam. Therefore,
the measured velocity ẋ∗

p is shifted more towards ẋout in amplitude
as well as in phase. (In appendix B.2, the deformation in the first
longitudinal mode shape is given.)

5.6 Model for the contact interaction in the
ultrasonic operation mode

The model for the contact interaction between the motor and the slider
should be as simple as possible, but should reflect what physically oc-
curs. In many cases the mechanical load connected to the output termi-
nals is modelled simply by a constant resistor in an electrical equivalent
circuit [Aoyagi et al., 1996; Maas et al., 1995]. This description of the
mechanical load corresponds to an ideal viscous damper. This is the
simplest way to model a component which can extract energy from
the motor. This linear model allows fast simulations in the frequency-
domain. However, it is already accepted [Maas et al., 1995], that the
inherent mechanical characteristic of travelling wave ultrasonic motors
are strongly non-linear, especially at the stator/rotor contact. A better
assumption of a representative mechanical load is a slider mass which
is accelerated by the motor through a friction contact. Based on an
experimental investigation of the contact type, a model for the friction
contact will be presented in this section.

5.6.1 Experimental investigation of the contact-type

Experimentally, it was observed that an elliptical motion of the con-
tact point of the motor gives rise to an acceleration of the slider that is
pushed against the contact point. In order to adequately model the in-
fluence of the horizontal and the vertical motion of the contact point of
the motor on the velocity of the slider, it is necessary to know whether
the contact between motor and slider is intermittent or permanent dur-
ing motion. On the one hand, Nakamura et al. [1993] and Wallaschek
[1998] assume an intermittent contact in their motors. In the model of
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piezoactuator (stiffness k )m

spherical contact (stiffness k )c

guiding leaf-springs
(negligible stiffness in

guiding direction)

mass msl

laser
vibrometer

Figure 5.27: Experimental configuration to determine whether the
contact is intermittent or permanent.

Nakamura et al. [1993], a contact duration of smaller than the period of
the elliptical motion is assumed, while Wallaschek [1998] denotes this
type of standing wave ultrasonic motor as an intermittent-contact type
piezoelectric motor in contrast to a travelling-wave contact type. On
the other hand, Bauer [2001] assumes that, during operation, the mo-
tor is preloaded against the slider, such that the contact point does not
move away from the slider surface. Because of these different assump-
tions in the literature, we examined whether the contact is intermittent
or permanent, for the studied type of motor. In the experimental con-
figuration of Fig. 5.27, a mass guided by leaf-springs in 1 DOF, is
resting on a point contact attached to a piezoactuator. Since the hor-
izontal and the vertical motion are decoupled in the combined motor,
this experiment is carried out with only one piezoactuator in the direc-
tion normal to the contact surface. A piezoactuator (Piezomechanik
5x5x9 mm) was excited with a sinusoidal voltage while the velocity of
the mass of the slider was measured with a laser vibrometer (Polytec).
Fig. 5.28 shows the frequencies at which the speed in vertical direction
of the slider mass is amplified by resonances of the system. Electri-
cal contacts were attached to the mass and to the spherical contact
to check the electrical conductivity between the electrodes. It was ob-
served that for small voltages, the contact is permanent. When larger
voltages are used (∼ 5 V ), the contact became intermittent at the
frequencies, visible in Fig. 5.28, where the displacement was strongly
amplified. Fig. 5.29 shows that for an excitation voltage with an
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Figure 5.29: The intermittent contact for a voltage amplitude of
4.6 V at 10 kHz was accompanied by a clearly audi-
ble squealing noise.

amplitude of 4.6 V at a frequency of 10 kHz, the contact becomes
intermittent and is accompanied by an uncomfortable squealing noise,
which presumably arises from the impacts that excite the resonance
frequencies of the system. Fig. 5.29 also shows that the contact-state

126



5.6 Model for the contact interaction in the ultrasonic operation mode
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Figure 5.30: Simplified model to interpret the breaking-free of the
contact.

was not periodic. It is clear that these contact interruptions are not
desired for a smooth and predictable motor operation. To understand
how to avoid this breaking-free of the contact, a simple model is made,
shown in Fig. 5.30. The mass of the piezoactuator including the spher-
ical contact (4 gram) is neglected since it is significantly smaller than
the slider mass msl (145 gram). For simplicity, the contact stiffness kc

is assumed to be constant here. Because the force Fin goes through ke,
equation (B.7) given in appendix B for Fig. B.1 (with m1 = 0) can be
used to express the contact force Fc in function of the input voltage
Vin, which is mechanically represented here by the force Fin (see table
5.1):∣∣∣∣Fc

∣∣∣∣ =
∣∣∣∣ −kcmslω

2

(km + kc)( kmkc
km+kc

− msl.ω2)
Fin

∣∣∣∣ ≤ mslg = F0 (5.78)

with:
F0 : static preload force [N ]
kc : contact stiffness [N/m]

The amplitude of the contact force should not exceed the static
preload force F0, which is in this case the weight of the slider mass
mslg. Equation (5.78) shows that the amplitude of the contact force
Fc becomes very large near the resonance frequency determined by the
slider mass msl and both stiffnesses km and kc in series. Thus accord-
ing to the model and corresponding to the experiments, the following
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measures can be taken to avoid breaking-free of the contact:

• Avoid undesired resonance frequencies - i.e. resonance frequencies
which cause a high vibration amplitude of the slider mass msl -
near the working frequency. (the difference with an applicable
resonance frequency will be explained in section 6.4.1.1)

• Do not exceed a maximum input voltage amplitude.

• Apply a sufficiently large preload on the slider.

From the experiments in this section, it is thus clear that during normal
operation of this motor, the contact between the slider and the motor
is permanent. The model of Fig. 5.30 has shown how an intermittent
contact can be avoided.

5.6.2 Friction model

The nature of dynamic friction forces developed between bodies in con-
tact is extremely complex and is affected by a long list of phenomena:
the constitution of the interface, the response of the interface to normal
forces, thermal effects, the roughness of the contact surfaces, history of
loading, wear and general failure of the interface materials, and so on
[Oden and Martins, 1985]. Therefore, friction is often the subject of
academic research e.g. [Lampaert, 2003]. In the case of ultrasonic mo-
tors, the friction phenomenon is particularly complex because it occurs
at high frequencies and with very low oscillation amplitudes. The small
vibration amplitudes (∼ 1 µm) cause friction to be in the pre-sliding
region [Al-Bender et al., 2004; Swevers et al., 2000]. At ultrasonic fre-
quencies, the inertial effect plays a bigger role and measurements are
more difficult to carry out than with a tribometer at a quasi-static
frequency. [Rehbein and Wallaschek, 1998] found that the apparent
coefficient of friction at ultrasonic frequencies differs from the conven-
tional coefficient of sliding or static friction. This is attributed to local
vibrations and to a decrease in the real contact area as a consequence
of microimpacts.
Bauer [2001] assumes a Coulomb friction contact between the motor
and the slider. However, in his model, the motion of the contact point
is assumed to be imposed without taking into account the excitation
by resonance nor the energy interaction between the motor and the
slider. According to Xu et al. [2003], a study wherein the oscillations
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of the motor and the slider are independent, is not accurate. Cou-
pled systems involving the contact effects between the stator and the
rotor have been studied in recent years. Most of the studies on con-
tact interaction concentrate on the travelling wave ultrasonic motors
[Lu et al., 2001; Storck and Wallaschek, 2003; Storck et al., 2002; Wal-
laschek, 1998], and also some on mode conversion motors [Xu et al.,
2003; Zharii, 1993], only a few are devoted to the standing wave ul-
trasonic motors [Guo et al., 2004; Satonobu et al., 2001; Tsai et al.,
2003], but they assume a breaking free of the contact period, which
does not agree with our experimental findings on our motor. For trav-
elling wave motors, Storck et al. [2002] found that the Coulomb friction
law provides a very good description of the observed phenomena, even
for ultrasonic frequencies. Therefore, in the motion direction of the
slider, a Coulomb friction model is assumed for the friction contact,
taking into account the coupling between the motor and the slider. In
this way, it is possible to model the transfer of the kinetic energy of
the motor to the kinetic energy of the slider mass. The force Ft acting
between the motor and the slider is given by:

Ft =

{
µFc (vmotor > vsl)
−µFc (vmotor < vsl)

(5.79)

Where µ is the friction coefficient between the slider and the motor
assumed. Equation (5.79) shows that the interaction force Ft depends
on the force Fc perpendicular to the contact surface. In chapter 6, it
will be verified that this model contains sufficient structure to explain
the traction force characteristics and to study the effect of working
around the resonance frequency on the heat dissipation of the motor,
albeit without full quantitative correspondence with the built motor.
Since it is not within the scope of this research to study the friction
behaviour of ultrasonic motors in detail, and since it is the goal to
limit the number of parameters to be determined, a simple Coulomb
friction model will be assumed with only one parameter, namely the
friction coefficient. Its value will be determined from the experiment.
But since it is not to be expected that the Coulomb friction model
will fully describe all the physical phenomena, the value of the friction
coefficient will be derived from each experiment separately to fit the
experiment.
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5.7 Conclusion

In this chapter, practical models for the piezoactuator and the con-
tact interaction in an ultrasonic motor, expressed in terms of easy-to-
understand physical quantities, were derived.
Therefore, based on the constitutive equations, a lumped-parameter
model for a piezoelement was derived, including its rate-independent
hysteretic losses, which is easy to integrate in mechanical systems com-
prising piezoelectric actuators as well as piezoelectric sensors. As a
verification, the model of a prestressed piezoactuator with an addi-
tional passive material shows that the model contains sufficient struc-
ture which shows good correspondence with the measurements.
Regarding the contact interaction in ultrasonic motors, it was experi-
mentally verified that the contact between the motor and the slider is
permanent during normal operation. Furthermore, the model of Fig.
5.30 has shown how breaking-free of the contact can be avoided. For
the interaction forces between the motor and the slider, a Coulomb-
friction model will be assumed.
The models derived in this chapter, will be used in chapter 6 to pre-
dict the characteristics of a piezoelectric motor and to determine the
optimal working frequency.
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Chapter 6

The longitudinal combined
motor

A complex system that works is invariably found to have evolved from
a simple system that worked.

John Gall

The purpose of this chapter is to compare resonant with quasi-static
operation for piezoelectric ultrasonic motors, by simulation of the motor
models and by experiments on the longitudinal-resonance and the quasi-
static combined motors. In this comparison, special attention is paid
to the heat generation of the piezoactuators.

6.1 Introduction

In this chapter, a version of the combined motor (defined in section
4.2), i.e. the longitudinal resonance motor, will be studied. In order to
be able to investigate the effect of working at resonance in comparison
with working quasi-statically, a quasi-static motor was also built with
the same type of piezoactuators. Firstly, the design and experimental
results of the longitudinal and the quasi-static motor will be discussed
in sections 6.2 and 6.3 respectively. Then, using the model of the com-
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bined motor of chapter 5, a comparison regarding the heat dissipation
of both types of motors will be made in section 6.4.

6.2 The longitudinal combined motor

Firstly, the design of the longitudinal motor is presented in section
6.2.1. Then, the characteristics of the longitudinal motor in the ultra-
sonic and the stepping operation mode are discussed in sections 6.2.2
and 6.2.3, respectively.

6.2.1 Design

The ultrasonic operation mode can be applied for quasi-static oper-
ation as well as for resonant operation (see Fig. 5.1) as long as the
operating frequency is sufficiently high so that the slider represents a
large inertia at the operating frequency. Fig. 6.1 shows the presented

contact pointpiezo 1

piezo 2

fixed frame

leaf springs

elliptical motion
of the contact

point

Figure 6.1: The longitudinal combined motor.

longitudinal resonance motor, which is a type of combined motor (de-
fined in section 4.2) since it allows stepping and resonant operation.
The operation principle in the resonant vibration mode is the same as
that of the hybrid transducer type ultrasonic motor [Nakamura et al.,
1991a, 1993]. The thrust-force motion (X-direction) is amplified by
working at resonance, while the normal-force motion (Z-direction) is
not driven at resonance. There is thus no need for tuning the reso-
nance frequencies of both directions to each other as was necessary for
the motors of chapter 4. This motor thus easily allows to study the ef-
fect of using resonance in the thrust force motion direction (see section
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fixed frame

piezo 1

piezo 2

steel bar
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Figure 6.2: Exploded view of the longitudinal combined motor.

Z

X

Figure 6.3: Longitudinal mode shape (deformations are not drawn to
scale).

Table 6.1: Parameters of the piezoactuators of the longitudinal mo-
tor.

Parameter Piezo 1 Piezo 2 Unit

Length 2 9 mm
Section 5x5 with centerhole 5x5 mm x mm

Active section 14.8 25 mm2

Max. stroke 1.8 µm at 200V 9 µm at 150V µm
Stiffness 637.5 120 N/µm
Capacitance 61 700 nF
Material Pz26 (hard pzt) soft pzt
Company Noliac Piezomechanik
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6.4.2). As shown in Fig. 6.2, the piezoelectric motor consists of a steel
bar that is driven in longitudinal resonance by a centrally prestressed
piezoactuator (piezo 1). The prestress mechanism is the same as in the
experimental configuration of section 5.5 (see Fig. 5.22). The prestress
rod has a stiffness of 20 N/µm, which is sufficiently low compared to
the actuator stiffness of 637.5 N/µm to guarantee a sufficient resulting
displacement of the actuator. A longitudinal mode shape is chosen over
a flexural mode since a piezoelectric element is strongly limited in flex-
ural deformation [Atherton and Uchino, 1998]. The first mode shape,
shown in Fig. 6.3, is chosen since the lower the order of a vibration, the
larger the amplitude for the same energy [Bauer, 2001]. This explains
why Tomikawa et al. [2003] found experimentally that the second flex-
ural mode produced more heat than the first longitudinal mode. The
length of piezoactuator 1 (see table 6.1) is chosen sufficiently short to
obtain an ultrasonic resonance frequency. The theoretical estimate of
the first longitudinal resonance frequency for a bar of 44 mm is 24.89
kHz. The leaf springs are designed so that their lowest resonance fre-
quency with clamped-clamped boundary condition (i.e. 29.28 kHz) is
much higher than the working frequency to obtain an optimal defor-
mation with low internal stresses. They are lightweight and flexible
in the horizontal direction (0.044 N/µm), so that they do not have a
significant influence on the first longitudinal resonance frequency. Us-
ing FEM, the left pair of leaf springs between the fixed frame and the
bar is designed to suppress disturbing bending modes of the bar in the
working frequency region and to allow horizontal motion. When the
resonance frequencies of the resulting bending modes are sufficiently
far from the operating frequency, they do not influence the motor op-
eration significantly. In the used mechanical finite element model, the
electromechanical coupling was neglected since the piezoelectric effects
brings only small changes to the natural frequencies [Piefort, 2001].
All five leaf springs are made of one monolithic structure machined
by wire-EDM to avoid internal stress. The three leaf springs between
the bar and piezo 2 are designed to transmit the vertical force of the
actuator to generate a vertical displacement of the bar and to allow
horizontal motion of the contact point without bending piezo 2. To
fulfil these requirements, their vertical stiffness is designed sufficiently
high (40 N/µm). Piezoactuator 2 (see table 6.1) is chosen longer than
piezo 1 (length: 9 mm) to obtain a sufficient vertical motion so as
to ensure propulsion of the slider. Taking the stiffness of the three
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leaf springs (3x40 N/µm) and the stiffness of piezo 2 (120N/µm) into
account, the calculated normal stiffness of the motor is 60N/µm (the
Hertzian contact stiffness is not included). Piezo 1 and piezo 2 are both
d33 because of the higher efficiency [Hemsel, 2001]. Fig. 6.4 shows the
experimental frequency response functions i.e. the ratio between out-
put velocity and input voltage as a function of frequency. The ratio of
the horizontal velocity of the contact point to the voltage over piezo 1 is
represented by the black bold line and the ratio of the vertical velocity
to the voltage over piezo 2 is represented by the grey bold line. The
velocity measurements are carried out with a laser vibrometer (Poly-
tec). The quality factor of the motor is about 200 i.e. the displacement
amplification in the horizontal direction is about 200 at the resonance
frequency. It can also be seen that piezo 2 is not driven at resonance.
Piezo 2 does not cause any significant horizontal displacement (black
dashed line), therefore its phase shift is of no importance. Piezo 1 on
the other hand, causes an undesired vertical motion (grey dashed line
on Fig. 6.4 ), but not at the operational frequency of 22.6 kHz.

6.2.2 Ultrasonic operation mode

In this section, the characteristics of the longitudinal motor will be
discussed in the ultrasonic operation mode. First, the influence of tem-
perature and voltage amplitude on this resonant motor are illustrated.
In section 6.2.2.2, three ways to control the motor speed will be shown
experimentally. By experiments and using the models obtained in chap-
ter 5, the influence of the motor parameters on the load characteristic
is discussed in section 6.2.2.3. The last section 6.2.2.4 illustrates how
the resonance frequency can be detected by an additional piezoelectric
sensor.

6.2.2.1 Robustness of the resonant motor

Temperature dependence
In order to test the temperature dependence of the motor during oper-
ation, piezo 1 was excited at resonance during several minutes at a rel-
atively high voltage of V̂ 1

in = 10 V at a frequency of around 22.2 kHz,
resulting in a contact point velocity of around 560 mm/s. Fig. 6.5
shows that the resonance frequency shifts about 60 Hz after 8 minutes
of operation at this voltage due to the temperature increase of the
piezoactuator. The measurements of the frequency response functions
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Figure 6.4: Measured contact point velocity in horizontal (ẋ) and
vertical (ż) direction for an input voltage to piezo 1 of
V̂ 1

in = 2 V and to piezo 2 of V̂ 2
in = 5 V .

were taken at a low excitation voltage of V̂ 1
in = 0.2 V . This decrease in

resonance frequency with increasing temperature is often not discussed,
but it has already been observed for many resonant piezoelectric mo-
tors [Sattel, 2003], [Xu et al., 2003], [Maas, 2001], [Izuno et al., 1998].
Fig. 6.5 also shows that after cooling down, the system returns into
the initial state.

Voltage amplitude dependence
Fig. 6.6 shows how the resonance frequency and the resonance am-
plification of the longitudinal motor decrease under the influence of
an increasing input voltage amplitude V̂ 1

in to the piezoactuator. The
non-linear behaviour becomes very clear when the frequency response
function is measured with increasing and decreasing frequency. This
behaviour is well-known as the jump phenomenon known from the soft-
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in = 0.2 V after each time of motor operation
or cooling down.

ening Duffing-oscillator. This non-linear behaviour of passive beams
excited by a piezoactuator was studied by von Wagner [2003a,b, 2004];
von Wagner and Hagedorn [2002]. In order to examine a possible non-
linear behaviour of the passive beam itself, different non-linear beam
theories were considered. The effect of longitudinal inertia was first
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in.

investigated and showed to result in a softening effect. However, the
effect was much stronger than could possibly be explained by this the-
ory. Secondly, experiments with free and forced vibrations of the beam
showed that a linear damping law provided a sufficiently accurate de-
scription of the damping behaviour. The non-linearity could thus not
be attributed to the passive beam. Then, the non-linear elastic and
coupling behaviour of the piezoceramic was considered. Experiments
with forced vibrations of free piezoceramics (see Fig. 6.7(a)) electri-
cally excited close to their natural frequencies showed a non-linear, un-
symmetric strain-dependent behaviour of the Young modulus and the
piezoelectric strain coefficient (see Fig. 6.7(b)). According to Hemsel
[2001], who also encountered this non-linear behaviour in the studied
resonant motor, the origin of this non-linear effect is to be found in
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(a) The piezoceramic
rod is electrically ex-
cited.

(b) Normalised displacement amplitude at
different excitation voltages.

Figure 6.7: Amplitude dependence of the resonance peak of a piezoac-
tuator [von Wagner, 2004].

the non-linear material coefficients of the piezoelectric multilayer actu-
ators (see section 2.2.4). The mechanical stress T increases with the
excitation amplitude and leads to a destabilisation of the domain walls.
This finally decreases the stiffness of the actuators and thus leads to
a decreased resonance frequency. This non-linearity was also observed
in multi-modal motors [Tomikawa et al., 2003] as well as in rotative
travelling wave ultrasonic motors [Petit et al., 2000; Sattel, 2003].
Fig. 6.6 showed that from an amplitude of 2 V upward, the non-linear
effects take place for the longitudinal motor. Therefore, for most ex-
periments in this chapter an input voltage amplitude of V̂ 1

in = 2 V is
chosen to study the motor operation in the linear region.
Note that an increased input voltage amplitude V̂ 1

in gives rise to an
increased alternating mechanical stress amplitude T̂ , which apparently
gives rise to a decrease in resonance frequency. However, it was exper-
imentally observed that when the static prestress T0 of the piezoactu-
ator was increased, the resonance frequency increased. In the acoustic
transducer application studied by Arnold and Muehlen [2003], this phe-
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nomenon was also observed. This increase in resonance frequency was
attributed to the improvements of the effective contact between the
passive beam and the piezoactuator. For their studied system, a sta-
bilisation tendency was shown for mechanical pre-stressing levels above
T0 = 30 MPa.

6.2.2.2 Control methods

There are three methods to control the elliptical motion of an ultrasonic
motor by adjusting the input voltages V 1

in and V 2
in:

V 1
in = V̂ 1

in sin(2πft) (6.1)

V 2
in = V̂ 2

in sin(2πft + β21) (6.2)

with:
V 1

in : input voltage to piezo 1 [V ]
V 2

in : input voltage to piezo 2 [V ]
V̂ 1

in : input voltage amplitude to piezo 1 [V ]
V̂ 2

in : input voltage amplitude to piezo 2 [V ]
β21 : phase delay of piezo 2 with respect to piezo 1 [(rad)]
f : operating frequency [Hz]

In order to test the speed controllability of an ultrasonic motor, the
speed of the slider is often measured in function of:

• the amplitude [Mori et al., 1989; Nakamura et al., 1991a; Takano
et al., 1990; Toyoda and Murano, 1991; Ueha and Tomikawa,
1993b],

• the phase difference [Nakamura et al., 1991a; Toyoda and Mu-
rano, 1991; Ueha and Tomikawa, 1993b]

• or the frequency of the input voltages to the piezoactuators [Naka-
mura et al., 1998; Satonobu et al., 2000; Ueha and Tomikawa,
1993b].

The experiments will be carried out on one longitudinal motor unit
separately. In the multi-DOF configurations of Fig. 1.1 and 1.3, a set
of motor units carry out the bearing as well as the driving function and
there is no need for an extra guiding mechanism. In an experimental
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longitudinal motor

alumina wheel

alumina
contact
surface

ball
bearings

preload (F )0

Figure 6.8: Experimental setup to test the resonant vibration mode of
the longitudinal motor.

configuration to test one motor unit separately, a guiding mechanism
is necessary to fix the remaining DOF which can not be determined by
one single contact point of the motor.

Although the longitudinal motor is a linear motor, it can drive a
slider as well as a wheel which is pushed against the contact point. A
rotational test setup has the advantage of its simpler construction and
its infinite stroke, compared to a translational setup with a slider and
a linear guideway. Therefore a rotational test setup, shown in Fig. 6.8,
was built to determine the speed that can be achieved with this drive.
The wheel, which is pushed with a preload force F0 onto the drive by
adding more weight, is guided vertically. Because the motor supports
the wheel in the vertical direction, the motor carries out the bearing
function in this direction.

Amplitude control
A first method to control the elliptical motion is by changing the voltage
amplitude V̂ 1

in and V̂ 2
in of the input signals to the piezoactuators. This

way, the speed of the slider can be adjusted by changing the thrust-
force motion as illustrated in Fig. 4.2. Fig. 6.9 shows the results
of an experiment on the longitudinal motor where the no-load speed
changing the input voltage amplitude of piezo 1. The no-load speed of
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Figure 6.9: The no-load slider speed is varying by changing the input
voltage amplitude of piezo 1 (V̂ 1

in) of the longitudinal mo-
tor. (f = 22.5 kHz / V̂ 2

in = 5 V / F0 = 0.49 N / β21 =
0o).

the slider is defined as the speed after initial acceleration of the slider
without external load. Fig. 6.10 shows that the speed is approximately
proportional to the input voltage amplitude for the thrust-force motion
until V̂ 1

in = 2 V . In the previous section 6.2.2.1, it was shown that from
V̂ 1

in = 2 V upward, the behaviour of the motor becomes non-linear. The
resonance frequency decreases and the damping increases for higher
input voltages. Therefore, there is no linear relationship between the
input voltage and the resulting speed in this region.

Phase control
According to Bauer and Dow [2000], variation of the phase alone can
be used to control the motor. Fig. 6.11 shows that the no-load speed
can be varied over a large range by changing the phase β21 between
the input voltages of piezo 1 and 2 in the linear region as well as in
the non-linear region. When the motor is operated at the resonance
frequency, the horizontal motion is shifted by 90o with reference to the
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Figure 6.10: Zoom-in of Fig. 6.9 in the linear region.

input voltage. Therefore, the maximum speed is achieved when the
phase shift β21 between the input voltages is around zero. In chapter
4, Fig. 4.17(b) shows the measured elliptical motions of the contact
point for various phase differences and their relation with the resulting
measured slider speed for the planar resonant motor.

Frequency control
Fig. 6.12 shows how the no-load speed is varying by changing frequency
of the input voltage to piezo 1 and 2. At the resonance frequency, the
speed is maximal. In the non-linear region, the jump phenomenon (see
Fig. 6.6) is also visible in the achieved slider speed.

6.2.2.3 Load characteristic

To obtain the load characteristic of the motor, the traction force was
adjusted by lifting a weight while the speed of the motor was measured.
Fig. 6.13 shows a load characteristic, also called a traction force/speed
characteristic, of the longitudinal motor, compared to the simulation re-
sults using the parameters given in table 6.2. As in general for standing
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Figure 6.11: The no-load slider speed is varying by changing the
phase β21 between the input voltages of piezo 1 and 2 in
the linear region (f = 22.580 kHz / V̂ 1

in = 2 V / V̂ 2
in =

5 V / F0 = 0.49 N) and in the non-linear region (f =
22.188 kHz / V̂ 1

in = 10 V / V̂ 2
in = 5 V / F0 = 2.75 N)

wave ultrasonic motors [Aoyagi et al., 1996; Guo et al., 2004; Hemsel,
2001; Satonobu et al., 2001; Ueha and Tomikawa, 1993b; Zhai et al.,
2000b], the experimental load characteristic can be approximated by a
straight line. This corresponds well to the load characteristics obtained
with the used simulation model. The simulation parameters f, F0, β21

and V̂ 2
in, explained in table 6.2, are set equal to the input parameters

to the piezomotor. Aff , km and ke are identified by measuring the fre-
quency response functions of the motor. mp and mpas are the calculated
equivalent masses (see app. B.2) of the piezoactuator and the passive
beam, while kpas, kc and µ are chosen to fit the experimental data. The
only simulation parameter which differs from the experimental para-
meter, is the input voltage V̂ 1

in to piezo 1. The main reason is that
the simplified friction model (see section 5.6.2) overestimates the de-
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of the input voltage to piezo 1 and 2 of the longitudinal
motor (V̂ 1

in = 2 V / V̂ 2
in = 5 V / F0 = 0.49 N / β21 =
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celeration caused by the retraction of the contact point. However, this
model allows to study the influence of the different parameters and to
determine whether resonant operation is beneficial regarding the heat
dissipation in ultrasonic motors (see section 6.4). For a more exact
description of the contact interaction, more complex models should be
applied (see section 7.2). In order to study the influence of the pa-
rameters of table 6.2 on the load characteristic, each parameter was
varied in the simulation model while the other parameters were kept
constant, leading to the following conclusions:

• The no-load speed of the slider is maximal at the resonance fre-
quency (see experiment of Fig. 6.12)

• At the resonance frequency, the slider speed varies sinusoidally
with the phase shift β21 and is maximal for β21 = 0o and β21 =
180o (see experiment of Fig. 6.11).

• The slider speed increases with increasing the input voltage am-
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Table 6.2: Parameters used for the simulation in Fig. 6.13.

Parameter Symbol Value Unit

Operating frequency f 22.5 kHz
Preload force F0 4.22 N
Voltage amplitude to piezo 1 V̂ 1

in 6.2 V

Voltage amplitude to piezo 2 V̂ 2
in 10 V

Phase shift β21 0 degrees

Equivalent mechanical stiffness km 637.5 N/µm
Equivalent electrical stiffness ke 57.8 N/µm
Force factor Aff 1.87 N/V

Equivalent piezoactuator mass mp 0.385/3 g
Equivalent stiffness of passive beam kpas 99.35 N/µm
Equivalent mass of passive beam mpas 8.6/2 g

Equivalent mechanical loss factor tan(αm) 0.025 -
Structural mechanical loss factor tan(αpas) 0.002 -
Equivalent electrical loss factor tan(αe) 0.07 -

Contact stiffness kc 11 N/µm
Friction coefficient µ 0.18 -

plitude V̂ 1
in to the piezoactuator in the thrust-force motion direc-

tion. This was also observed in the linear region in the experiment
of Fig. 6.9.

• Increasing the input voltage amplitude V̂ 2
in to the piezoactuator in

the direction of the normal-force motion increases the maximum
contact force and thus allows a higher traction force.

• The preload force F0 should be sufficiently high for a certain
input voltage amplitude V̂ 2

in so that the contact point does not
break free (see section 5.6.1), but it should not be set higher since
a higher preload force decreases the no-load speed of the slider
significantly because of the increased damping of the resonance
peak.

• km, kpas and mpas have a major influence on the location of the
resonance frequency, while the influence of mp is negligible in this
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motor configuration.

• In order to obtain a large amplification by resonance, the me-
chanical loss factors in the piezoactuator (tan(αm)) and in the
interfaces and the beam (tan(αpas)) should be as low as possible.
For example, tan(αm) < 0.1 and tan(αpas) < 0.01 are obtainable
satisfying values.

• ke and tan(αe) do not influence the resonance phenomenon, but
their values have a large effect on the necessary active and reactive
current. This will further become clear in section 6.4.

• A high contact stiffness kc is beneficial for the maximum traction
force of the motor.

• A high friction coefficient µ is beneficial for the maximum traction
force of the motor, but decreases the no-load speed of the slider
significantly because of the increased damping of the resonance
peak.

• A piezoactuator with a high free displacement, which is given by
xp = Vin Aff/km (see equation (5.37)), increases the slider speed.
In practice, a high ratio Aff/km means that a piezoactuator with
a high piezoelectric strain coefficient d33 should be chosen (see
equations (5.32), (5.35) and (A.13)).

More simulations with this motor model, schematically shown in Fig.
6.43, will be given in section 6.4. Next to the load characteristic, Fig.
6.13 also shows the mechanical output power of the motor, which is
somewhat moderate such as that of many ultrasonic motors [Kuemmel
et al., 1998; Ohnishi et al., 1991; Roh and Kwon, 2004; Schoenwald
et al., 1988; Toyoda and Murano, 1991; Zhai et al., 2000a,b]. According
to Peirs [2001], ultrasonic piezoelectric motors have a relatively low
output power density compared to piezoactuators because only part of
the piezomotor consists of active material. Because it is hard to find
an ultrasonic linear motor that has a thrust force of 10 N , Kurosawa
et al. [1998] designed an ultrasonic linear motor for high speed and
large thrust. Using a large volume of piezo material of 1570 mm3 per
actuator (for comparison: the piezoactuator volume of the longitudinal
motor is ∼ 30 mm3 in the thrust-force motion direction) and driving it
with a voltage of 707 V , a maximum speed of 3.5 m/s and a maximum
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output force of 39 N were achieved. The maximum output mechanical
power was 23 W for a maximum output force of 51 N and a speed of
0.45 m/s. The maximum output power per unit mass of the motor was
76 W/kg. Also Hemsel [2001] optimised a motor for a high traction
force and obtained 23 N . Both motors show the high potential of
piezoelectric motors regarding power density when a larger volume of
piezoactuators is used.
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Figure 6.13: Traction-force/speed and tractionforce/power character-
istic of the resonant motor (f = 22.5 kHz / V̂ 1

in =
2 V / V̂ 2

in = 10 V / F0 = 4.22 N / β21 = 0o).

6.2.2.4 Resonance detection

Because the location of the resonance peak can depend on the temper-
ature (see Fig. 6.5) and the input voltage amplitude (see Fig. 6.6), the
potential for electronic detection of the resonance frequency is investi-
gated. In this configuration, an extra piezoactuator of the same type as
piezo 1 in table 6.1, which is used here as a sensor, was mounted in the
longitudinal piezomotor. An alumina isolation plate was used in order
to ensure electrical isolation between the two piezoactuators (see Fig.
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6.14). Fig. 6.15 shows the frequency response function of the end point
velocity of the longitudinal motor. An electrical input voltage ampli-
tude V̂ 1

in of 1 V is used. The figure shows that the resonance frequency
can be easily detected by measuring the voltage over the piezoelectric
sensor mounted in the resonant motor. It should be noted that the
sensor and the isolation plate decreased the resonance frequency and
introduced extra damping to the motor compared to the motor config-
uration of Fig. 6.1 with the frequency response functions given in Fig.
6.4. Note that the disturbing bending mode around 12 kHz can also
be detected by the sensor.

isolation plate

piezoelectric sensor

steel bar

piezoactuator 2

fixed frame

piezoactuator 1

Figure 6.14: A piezoelectric sensor is mounted in the resonant motor
to detect the resonance frequency (V̂ 1

in = 1 V ).

6.2.3 Stepping operation mode

6.2.3.1 Experimental test setup

In order to test one motor unit separately in the stepping mode, a ded-
icated experimental test setup was built. Of the six degrees of freedom
of the slider, the three translational degrees of freedom are determined
by the contact point of the motor, while the three rotational degrees
of freedom have to be restricted by an additional structure. One way
to design these restrictions is by using flexures. A guiding structure
which restricts five degrees of freedom while allowing a translational
motion, was also used in the experiment to determine that the contact
type was permanent (see Fig. 5.27). A structure restricting three ro-
tational degrees of freedom while allowing three translational motions,
can be obtained when three flexures are connected in series [Koster,
1998]. A compact design with three translational degrees of freedom
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Figure 6.15: The location of the resonance frequency can be detected
by a piezoelectric sensor in series.

is shown in Fig. 6.16 and Fig. 6.17. When applying the driving force
halfway the length of the leaf springs, these springs are free of opposed
normal forces [Schellekens et al., 1998]. Therefore, the contact point
with the motor is designed at halfway the length of the leaf springs
for the X, Y and Z-direction. Fig. 6.18 shows a picture of the real
embodiment. For the position measurement, capacitive sensors were
used. The design goal was to maximise the rotational stiffnesses while
minimising the translational stiffnesses. The maximum translational
stiffness was 0.77 N/mm (Z-direction) and the minimum rotational
stiffness was 586 Nm/rad. Fig. 6.19 shows how only one motor can
position the slider. In the start position (1), the contact point of the
motor is low and the slider is supported by a support. By extending
the piezoactuator for vertical motion, the motor takes over contact (2).
Now the slider is supported by the motor and not by the support. By
extending the piezoactuator for horizontal motion, the slider is moved
to the right (3) by the motor. Retracting the piezoactuator for vertical
motion, puts the slider back on the support (4) and the motor can now
retract into the initial position.
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Figure 6.16: A compact structure with three translational degrees of
freedom.

6.2.3.2 Experiments

In order to obtain a larger step size, piezo 1 was replaced by a piezoac-
tuator with length of 9 mm. Fig. 6.20 shows how the longitudinal
motor can step back and forth with a step size of ±7.5 µm. Fig. 6.21
also shows a more detailed view together with the vertical displace-
ment for some steps of Fig. 6.20, while Fig. 6.22 shows the horizontal
and vertical motion of the contact point of the piezomotor. In position
1 (see also Fig. 6.19), the slider is resting on the support. At posi-
tion 1*, the piezomotor takes over the contact and lifts up the slider
reaches its highest position (2). Then, the piezomotor shifts the slider
horizontally displacement until position 3, where the piezomotor starts
to move down. The slider rests on the support again from position 3*
and at position 4, the piezomotor reaches its lowest position and starts
to retract to its initial horizontal position while the slider position is
kept constant while resting on the support. While the stroke in the
thrust-force motion (piezo 1) determines the step size, the minimum
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Figure 6.17: Exploded view of the structure in Fig. 6.16.
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Figure 6.18: Experimental test setup to test one motor unit separately
in the stepping mode.
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Figure 6.19: Stepping cycle of the longitudinal motor. The slider has
three translational degrees of freedom by using a mech-
anism as in Fig. 6.16.

necessary stroke in the normal force direction (piezo 2) is determined
by the deformation by the preload F0 of the slider on the contact.
This deformation is caused by the compliance of the motor and the
compliance of the contact. The Hertzian contact deformation is often
dominant because of the high stiffness of the motor. In this case, the
approach of the slider to the support unit under the preload force F0

thus determines the necessary stroke to take over contact with another
support unit. In the case of spherical contacts, this approach of the
centres γ is given by [Arnell et al., 1991]:

γ =
1
2

(
9
2

F 2
0

(
1 − ν2

1

E1
+

1 − ν2
2

E2

)2 (
1

R1
+

1
R2

))1/3

(6.3)
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Figure 6.20: Stepping experiment of the longitudinal motor.
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Figure 6.21: The vertical and the horizontal displacement while step-
ping.

The values for the experiment of Fig. 6.20 and 6.21 are given in table
6.3 and the approach of the centres is 0.2 µm. The maximum traction
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6.2 The longitudinal combined motor
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Figure 6.22: Measurement of a step motion.

Table 6.3: The values of equation (6.3) in the case of the experiment
of Fig. 6.20

Parameter Symbol Value Unit

Preload force F0 1 N

Young’s modulus of steel E1 2E11 N/m2

Young’s modulus of alumina E2 3E11 N/m2

Poisson coefficient of steel ν1 0.3 −
Poisson coefficient of alumina ν2 0.3 −
Radius of motor surface R1 4 mm
Radius of (flat) slider surface R2 ∞ mm

Resulting approach of the centres γ 0.2 µm

force for the stepping motion is determined by the normal force F0 and
the static friction coefficient µ0, according to:

Fload−max = µ0F0 (6.4)
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6 The longitudinal combined motor

For a traction force higher than Fload−max, slip occurs. With a polished
alumina (Al2O3) slider surface and a (half) steel bearing-ball as contact
point of the motor, the static friction coefficient was measured to be ap-
proximately µ0 = 0.06. These experiments show that the longitudinal
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Figure 6.23: The maximum traction force Fload−max is proportional
to the preload force F0.

motor is able to function as a stepping motor. Further developments,
such as hysteresis compensation, taking into account the Hertzian con-
tact deformations and the operation of different modules together have
been studied by Versteyhe [2000] and can thus also be applied on the
developed combined motors of this research.

6.3 The quasi-static motor

In order to be able to investigate the effect of working at resonance
in comparison with working quasi-statically, a quasi-static motor was
designed (see section 6.3.1). Its characteristics in the ultrasonic (see
section 6.3.2) and the stepping operation mode (6.3.3) are determined
and compared to the characteristics of the longitudinal motor. Note
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6.3 The quasi-static motor

that in this context, quasi-static operation means operation at a fre-
quency far below the first resonance frequency of the system (see Fig.
5.1), which can also be at ultrasonic frequencies for this motor. As
for the longitudinal motor, the quasi-static motor is also a combined
motor with an integrated bearing-driving functionality.

6.3.1 Design

As long as the operating frequency is sufficiently high so that the slider
represents a large inertia at this frequency, the ultrasonic operation
mode can be applied for quasi-static operation as well as for resonant
operation (see Fig. 5.1). In order to be able to compare working at
resonance and working quasi-statically, a quasi-static motor was built
using the same type of actuators as the longitudinal resonance motor
(see table 6.1). The quasistatic motor is made compact and stiff so that
its resonance frequencies are sufficiently high, which allows quasistatic
operation at ultrasonic frequencies. The design is based on the longi-
tudinal motor of Fig. 6.1 where the steel bar was shortened in order
to increase the longitudinal resonance frequency. Since the maximum
displacement of the contact point is much lower than in the case of
a resonant motor, the flexible leaf springs could omitted without in-
troducing excessive bending of the piezoactuators. The piezoactuators
were prestressed in the same way as in the case of the longitudinal mo-
tor and the experimental configuration of section 5.5 (see Fig. 5.22).
Fig. 6.24 and 6.25 show the built motor where piezo 1 as well as piezo
2 work quasi-statically, thus below resonance. Fig. 6.26 shows the

contact
point

piezo 1

piezo 2

fixed
frame

Z

X

Figure 6.24: Quasi-static motor.

measured velocity of the contact point. Both the horizontal velocity
ẋ and the vertical velocity ż were measured with a laser vibrometer

157
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Figure 6.25: Exploded view of the quasi-static motor.
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Figure 6.26: Contact point velocity in horizontal (ẋ) and vertical (ż)
direction for an input voltage to piezo 1 of (40 V ) and to
piezo 2 (5 V ), measured with a laser vibrometer (Poly-
tec).

(Polytec) in case of excitation of piezo 1 with an amplitude 40 V and
also in case of excitation of piezo 2 with an amplitude 5 V . The stroke
of piezo 1 is 0.30 µm from −40 V to 40 V (i.e. 3.8 nm/V ) and that
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6.3 The quasi-static motor

the stroke of piezo 2 is 0.28 µm from −5 V to 5 V (i.e. 27.8 nm/V ).
Piezo 1 also causes a slight deformation in the vertical direction, while
piezo 2 also causes a slight deformation in the horizontal direction.

6.3.2 Ultrasonic operation mode

Focussing on the ultrasonic operation mode, the methods to control
the speed of the quasi-static motor will be shown experimentally and
compared to the methods used for the longitudinal motor in section
6.3.2.1. The influence of the motor parameters on the load character-
istic is discussed in section 6.3.2.2.

6.3.2.1 Control methods

As for the longitudinal motor, there are also three methods to control
the elliptical motion of the quasi-static motor. The speed of the slider
can be adjusted by adjusting the amplitude, the phase difference or the
frequency of the input voltages to the piezoactuators. The following
experiments on the quasi-static motor are also carried out with the
rotational experimental configuration of Fig. 6.8.

Amplitude control
A first method to control the elliptical motion is by changing the volt-
age amplitude of the input signals to the piezoactuators. This way, the
speed of the slider can be adjusted by changing the thrust-force motion
as illustrated in Fig. 4.2. Fig. 6.27 shows the results of an experiment
on the quasi-static motor where the no-load speed is varying by chang-
ing the sinusoidal input voltage amplitude V̂ 1

in of piezo 1. As can be
expected, the speed is proportional to the input voltage amplitude V̂ 1

in.
In contrast to the resonant motor, there is no non-linear region as in
Fig. 6.9.

Phase control
Fig. 6.28 shows how the no-load speed varies with changing the phase
between the input voltages of piezo 1 and 2. In section 4.4.3.1, it will
be experimentally verified that the speed of the slider is proportional to
the horizontal speed of the contact point at the highest vertical position
of the elliptical motion (see Fig. 6.29). The slider speed is maximal
for β21 = 90o and in the opposite direction for β21 = 270o. When the
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Figure 6.27: The no-load slider speed is varying by changing the input
voltage amplitude of piezo 1 (f = 22.5 kHz / F0 =
0.49 N / β21 = 270o).

piezoactuators are driven in phase, the slider speed was zero for the
quasi-static motor.

Frequency control
Fig. 6.30 shows how the no-load speed is varying by changing frequency
of the input voltage to piezo 1 and 2. As can be expected, the slider
speed is proportional to the operating frequency and therefore allows
more robust speed control in the quasi-static case than in the resonant
case (Fig. 6.12). From Fig. 6.30, it can be seen that below 3 kHz the
operating frequency is too low to ensure that the slider (msl = 280 g)
represents a large inertia. Therefore, the ultrasonic motor principle
cannot be applied below this frequency. It should also be noted that
during operation below 18 kHz, motor operation was audible to the
human ear. The motor operation was accompanied by an unpleasant,
but harmless (< 80 dB) monotonic sound.
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Figure 6.28: The no-load slider speed is varying by changing the
phase β21 between the input voltages of piezo 1 and
2 of the quasi-static motor (f = 22.5 kHz / V̂ 1

in =
40 V / V̂ 2

in = 5 V ).

Table 6.4: Parameters used for the simulation in Fig. 6.31.

Parameter Symbol Value Unit

Operating frequency f 22.5 kHz
Preload force F0 4.2 N
Voltage amplitude to piezo 1 V̂ 1

in 86 V

Voltage amplitude to piezo 2 V̂ 2
in 10 V

Phase shift β21 270 degrees

Equivalent mechanical stiffness km 637.5 N/µm
Equivalent electrical stiffness ke 69.2 N/µm
Force factor Aff 2.2 N/V

Contact stiffness kc 11 N/µm
Friction coefficient µ 0.4 -
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Figure 6.29: The influence of the phase-shift β21 on the elliptical mo-
tion of the contact point (calculated).

6.3.2.2 Load characteristic

Fig. 6.31 shows the measured load characteristic of the quasi-static
motor, compared to the simulation results with the parameters given
in table 6.4. The parameters f, F0, β21 and V̂ 2

in are equal to the input
parameters to the piezomotor. Aff , km and ke were identified by
measuring the frequency response functions of the motor and kc and
µ were chosen to fit to the experimental data. The only simulation
parameter which differs from the experimental parameter, is the input
voltage V̂ 1

in to piezo 1. To a certain degree, it is due to the fact that at
22.5 kHz, there is already a slight amplitude amplification compared to
a very low working frequency because of a resonance peak at a higher
frequency (this can also be seen in Fig. 6.30). However, as in the case
of the longitudinal motor (see section 6.2.2.3), the main reason is that
the simplified friction model overestimates the deceleration caused by
the retraction of the contact point. However, this model is sufficiently
accurate to investigate the influence of the motor parameters (see table
6.4) on the load characteristic. Therefore each parameter was varied in
the simulation model while the other parameters were kept constant,
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Figure 6.30: The no-load slider speed is varying by changing the fre-
quency of the input voltage to piezo 1 and 2 of the
quasi-static motor (V̂ 1

in = 40 V / V̂ 2
in = 5 V / F0 =

0.49 N / β21 = 270o).

leading to the following conclusions:

• The no-load speed of the slider is proportional to the operating
frequency (see experiment of Fig. 6.30), while the traction force
is not influenced by the operating frequency.

• The slider speed varies sinusoidally with the phase shift β21 and
is maximal for β21 = 90o and β21 = 270o, as can also be seen
from the experiment on Fig. 6.28.

• The speed of the slider is proportional to the input voltage ampli-
tude V̂ 1

in to the piezoactuator in the thrust-force motion direction
when working in the quasi-static region. This can also be seen
experimentally on Fig. 6.27.

• Increasing the input voltage amplitude V̂ 2
in to the piezoactuator

in the direction of the normal-force motion increases the maxi-
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Figure 6.31: Load characteristic of the quasi-static motor (f =
22.5 kHz / V̂ 1

in = 40 V / V̂ 2
in = 10 V / F0 =

4.22 N / β21 = 270o).

mum contact force and thus allows a higher traction force (see
experiment of Fig. 6.33).

• The preload force F0 should be sufficiently high for a certain input
voltage amplitude V̂ 2

in so that the contact point does not break
free (see section 5.6.1). A higher preload force F0 decreases the
no-load speed of the slider (see experiment of Fig. 6.33 and also
Fig. 6.28), but it allows a higher traction force (see experiment
of Fig. 6.34).

• A high contact stiffness kc and also a high friction coefficient µ
increase the maximum traction force of the motor.

• The equivalent electrical stiffness ke does not influence the load
characteristic of the motor, but it has an effect on the necessary
current.

• A piezoactuator with a high free displacement, which is given
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Figure 6.32: Traction force - power characteristic of the quasi-static
motor (f = 22.5 kHz / V̂ 1

in = 40 V / V̂ 2
in = 10 V / F0 =

4.22 N / β21 = 270o).

by xp = Vin Aff/km (see equation (5.37)), increases the slider
speed. A high ratio Aff/km means that a piezoactuator with a
high piezoelectric strain coefficient d33 is advantageous for high
speeds. (see equations (5.32), (5.35) and (A.13)).

6.3.3 Stepping operation mode

The stepping principle for the quasi-static motor corresponds to the
stepping principle of the longitudinal motor (see section 6.2.3). Differ-
ent from the ultrasonic operation mode, there is no difference between
the stepping operation mode of the longitudinal and the quasi-static
motor since the stepping frequency (< 200 Hz) is far below the reso-
nance frequency.
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Figure 6.33: Increasing the static preload force F0 decreases the
no-load slider speed of the quasi-static motor (f =
22.5 kHz / V̂ 1

in = 40 V / β21 = 90o).

6.4 Heat dissipation in the ultrasonic mode
and the effect of working around resonance

In precision positioning systems, deformations caused by heat are a
major source of inaccuracies. To prevent deformations caused by heat,
it should first be avoided that heat is generated within the machine
system [Nakazawa, 1994]. A motor for precision positioning should
therefore introduce as little heat as possible into the system. Further-
more, high heat generation could also lead to a serious degradation of
motor performance due to depoling of the piezoelectric material [Uchino
and Giniewicz, 2003]. Therefore, in this section, the heat generation of
ultrasonic motors with a quasi-static working principle (as the quasi-
static motor) and a dynamic working principle (as the longitudinal
motor) will be compared (see Fig. 5.1). Firstly, the comparison will be
made for the piezoactuator in the normal-force motion direction (see
Fig. 4.2) and then for the piezoactuator in the thrust-force motion
direction in the following subsection 6.4.2.
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Figure 6.34: Increasing the static preload force F0 decreases the no-
load slider speed of the quasi-static motor, but increases
the maximum traction force (f = 22.5 kHz / V̂ 1

in =
40 V / V̂ 2

in = 10 V / β21 = 270o).

6.4.1 Normal-force motion

In this subsection, we will examine whether the normal-force motion
should be driven quasi-statically or dynamically in order to minimise
the heat generation in the piezoactuator. Unlike the thrust-force mo-
tion, the normal-force motion only serves to adjust the contact force.
In principle, no active power is needed to vary a force. This means that
all active power represents hysteretic loss in the piezo material.

6.4.1.1 Model of the contact

Fig. 6.35 shows a model where the slider with mass msl is supported
by a piezoactuator with equivalent mass mp. Note that in this system,
there always remains contact between the slider and the contact point.
This was experimentally verified by measuring the electrical resistance
of the contact (see section 5.6.1). Therefore, as contact model for the
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Figure 6.35: Mechanical model of a slider in contact with a piezoac-
tuator.

vertical motion, a contact stiffness kc can be assumed.

zin : mechanical equivalent displacement corresponding to the
dielectric displacement in the piezoactuator (in vertical
direction) [m]

zp : extension (or tip displacement) of the piezoactuator in
vertical direction [m]

zsl : vertical displacement of the slider [m]

To gain more insight in the problem and to simplify the model, an

Table 6.5: Typical parameters for the model of Fig. 6.35.

Parameter Symbol Typical value Unit

Equivalent mechanical stiffness km 100 N/µm
Equivalent piezoactuator mass mp 5 g
Contact stiffness kc 10 N/µm
Slider mass msl 100 g

example will be given. In table 6.5, typical values are assumed for the
parameters in the model of Fig. 6.35. From equations B.3, B.4 and
B.7, the frequency response function between the contact force Fc and
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Figure 6.36: Ratio between the compression force Fc and the input
force Fin.

the input force Fin can be calculated:

Fc

Fin
=

−kcmslω
2

(mpmsl).ω4 − (kmmsl + kcmsl + kcmp).ω2 + kmkc

(6.5)

Fig. 6.36 shows the frequency response function (6.5) with the val-
ues of table 6.5. Note that the exact value of ke is of no importance
in this transfer function since the force Fin, representing the applied
voltage, also acts completely on mp. Therefore, no specific value for
ke is assumed. The figure shows that at the two resonance frequen-
cies of this system, the amplitude of the contact force is high, which
is advantageous for the normal-force motion. However, only the sec-
ond eigenmode can be used for the ultrasonic-motor operation princi-
ple. In the second eigenmode, the masses move in anti-phase. Since
msl >> mp, this comes down to the fact that the slider msl does not
move. This is needed for the working principle of ultrasonic motors; the
slider should not vibrate vertically at the working frequency. At this

169



6 The longitudinal combined motor

high frequency, mp can be considered as attached by the two springs
kc and km to the fixed world. Since kc < km, the second resonance fre-
quency is only slightly higher than the resonance frequency of only the
1-DOF system with only mass mp and spring km. This fact that the
resonance frequency of the system does not shift too much depending
on the load is beneficial for the control of a resonant motor. The high
force Fc at the second resonance frequency actually originates from the
large displacement zp. The high contact force at the first resonance
frequency originates from the net displacement between msl and mp,
which move in phase. The vibration amplitude of msl is too large in
this case so that the working principle of ultrasonic motors cannot be
applied. Therefore, the first resonance frequency is an undesired res-
onance frequency (see also section 5.6.1). Note that the second reso-
nance frequency (∼ 20 kHz) is an order higher than the first resonance
frequency (∼ 2 kHz). Since it is only interesting to work around the
second resonance frequency range, assuming the slider not moving ver-
tically, the contact and the slider can be modelled as a contact spring
fixed to the world as shown in Fig. 6.37(a).
zout : displacement of the end point in vertical direction [m]

6.4.1.2 Size-dependence of the heat dissipation

Before starting a generic comparison between quasi-static and resonant
operation, it is necessary to verify whether heat dissipation depends on
the size of the actuator for the same output displacement. Therefore,
let us compare the heat dissipation of two mechanically-free monolayer
piezoactuators: actuator 1 with length l1 and actuator 2 with length

l2 =
l1
2

. To obtain a certain displacement x, a voltage V1 = V2 =
xp

d
is

needed to both actuators. Thus we can deduce that

E2 =
V2

l2
= 2

V1

l1
= 2 E1 (6.6)

S2 =
xp

l2
= 2

xp

l1
= 2 S1 (6.7)

Using equation (5.64) and equations (A.5) and (A.6), the potential
energy in a piezoactuator can be written as:

Ep = A l

(
S2

2 sE
+

εSE2

2

)
(6.8)
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(a) Mechanical model of
a fixed slider in con-
tact with a piezoactua-
tor (without passive ma-
terial).
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(b) Mechanical
model of a fixed
slider on a piezoac-
tuator with a
passive material.

Figure 6.37: Mechanical models where the slider is assumed to be
fixed in the normal-force motion direction.

Equation (6.8) shows that, in order to obtain the same displacement,
actuator 2 has twice the potential energy of actuator 1. Since the heat
dissipation in a piezoactuator during a cycle is proportional to the po-
tential energy stored in the piezoactuator during that cycle (assuming
amplitude-independent loss factors), this means that for a given dis-
placement, the heat dissipation is inversely proportional to the size of
a piezoactuator for the same no-load extension. Exactly the same con-
clusion is valid for a multilayer piezoactuator because only the required
electric field E is of importance in equation (6.8), and not the required
voltage to the piezoactuator which depends on the layer thickness of
the multilayer actuator. This means that a monolayer actuator and a
multilayer in this case exhibit the same heat dissipation. Because of
the strong size-dependence of the heat dissipation, only piezoactuators
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6 The longitudinal combined motor

of the same size will be compared. This is done by comparing motors
with the same km, ke and Aff .

6.4.1.3 Simulated and experimental comparison of a quasi-
static and a resonant motor

In the normal-force motion, the purpose is to obtain a large variation in
the contact force for a small heat generation of the piezoactuator. The
performance-index of this optimisation problem is the effectiveness ηn,
i.e. the ratio of the energy Ec stored in the contact-spring (kc of Fig.
6.37(a)) and the dissipated energy Ediss (from equation (5.69)):

ηn =
kcz2

out
2

2π

[
kmz2

p

2 tan(αm) + ke(zout−zin)2

2 tan(αe)
] (6.9)

To maximise the effectiveness ηn, equation (6.9) shows that the dis-
placement at the contact point zout should be maximised, while zp

should be minimised. For a piezoactuator only, zout is equal to zp (see
Fig. 6.37(a)). When a passive material is added at the end tip of the
piezoelectric active material, zout can be made larger than zp. There-
fore, in the following, also a resonant system consisting of a piezoac-
tuator with an additional passive material, as shown in Fig. 6.37(b),
will be considered. This resonant system corresponds to a structure as
shown in Fig. 6.39. A measurement of the mechanical loss factor of a
steel bar resulted in a value of tan(φsteel) = 0.00007, thus the loss in
the passive material (steel) can be neglected compared to the loss in
the piezo material. As explained in section 6.4.1.2, the two motors use
the same piezoactuator. In order to compare two motors with the same
resonance frequency, an additional lumped mass was added to the mass
mp of the piezoactuator of the simulation model of Fig. 6.37(a)) so that
its resonance frequency coincides with the first resonance frequency of
the system of 6.37(b) with an additional passive material.

According to Uchino and Giniewicz [2003], tan(δ) = tan(φ) =
tan(θ) = 0.1 are typical values for the loss factors. In this case, also
tan(αe) = tan(αm) = 0.1 (see equations (5.70) and (5.71)) and the
effectiveness ηn (equation (6.9)) of the resonant system with (dashed
line) and without (full line) passive material is shown in Fig. 6.38. The
effectiveness in quasi-static conditions is also given in both cases. From
this figure, the following qualitative conclusions can be drawn:
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Figure 6.38: Effectiveness ηn in the normal-force motion.

• In the case without passive material (Fig. 6.37(a)), as well as in
the case with passive material (Fig. 6.37(b)), the effectiveness
is maximal around the resonance frequency of the system, and
significantly better than quasi-statically.

• The maximum of the resonant system with passive material is
higher than the maximum of the resonant system without passive
material. This is because in the case without passive material,
the high displacement zp gives rise to a high mechanical loss.
In the configuration with the passive material, the displacement
is amplified at resonance by the passive material with negligible
mechanical losses.

• Quasi-statically, the system without passive material is better,
because the compliance 1/kpas lowers the amplitude of zout in
Fig. 6.37(b) for the same input voltage as in Fig. 6.37(a).

• At frequencies higher than the resonance frequency range, the
effectiveness becomes worse because of the inertial effect of the
masses.
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This theoretical result was checked experimentally. Fig. 6.39 shows
the experimental configuration. The piezoactuator was prestressed be-
tween a fixed frame and a steel bar, which was used as passive mate-
rial. Since the contact stiffness kc is small compared to km and kpas,
its influence on zp and zout will be of minor importance. Therefore, a
measurement of the contact point speed żout and the dissipated energy
is sufficient to check the theoretical result qualitatively. The following
relation is valid:

ηn =
Ec

Ediss
=

kc z2
out

2
real(Pin)

ω

=
kc z2

out
Vin.real(Iin)

ω

=
kc ż2

out

ω Vin real(Iin)
∼

ż2
out

ω real(Iin)

(6.10)

with:
Vin : voltage to the piezoactuator [V ]
Iin : current to the piezoactuator [A]
real(Iin) : active current to the piezoactuator [A], contributing to

the active power real(Pin) [W ]
ω : angular operating frequency [(rad)/s]
żout : speed of the end point [m/s]

Therefore, optimal operation can be determined by examining the

ratio
ż2
out

ω real(Iin)
for a constant input voltage and without an external

load at the contact point. Fig. 6.40 shows this experimental result for
an input voltage of 8 V . This experiment shows that dynamic operation
around the resonance frequency is beneficial in order to maximise the
contact force and minimising the heat generation as predicted by the
model, according to formula 6.9. The resonance-antiresonance peaks
around 10 kHz stem from a bending mode of the beam which is not of
our interest and therefore was not included in the model. It should also
be noted that in fact the loss factors tan(δ), tan(φ) and tan(θ) are not
constant, but amplitude-dependent (see section 2.2.4). In general, these
loss factors increase with increasing electric field and with increasing
strain [Uchino and Giniewicz, 2003]. Since the required electric field
at resonance is lower and the required strain is the same, working
at resonance becomes even more interesting. For a resonant system
including a passive material, the strain in the piezoactuator is even
lower, thus the same conclusion can be drawn.
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Figure 6.39: Experimental configuration to determine the optimal op-
eration mode for maximum speed and minimal heat gen-
eration.
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Figure 6.40: Experimental verification of the theoretical results.

6.4.1.4 Exact location of the optimal frequency

Now let us focus in detail on the exact location of the optimal frequency.
For a system without passive material (Fig. 6.37(a)), the resonance
frequency is:

fp
r1 =

1
2π

√
km + kc

mp
(6.11)
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The frequency where the effectiveness ηn is maximal, is a solution of:

d(ηn)
df

= 0 (6.12)

Given that zout = zp in equation (6.9), the three solutions of this equa-
tion are:

fsol1 =
1
2π

√
km + kc

mp
(6.13)

fsol2 = − 1
2π

√
km + kc

mp
(6.14)

fsol3 = 0 (6.15)

The optimum frequency fsol1 for the effectiveness of a piezoactuator
(see full line in Fig. 6.38) is thus equal to the resonance frequency fp

r1
of the piezoactuator.

The model for a system with passive material is given in Fig.
6.37(b). Because (kc � kpas) and (kc � km), the stiffness kc can
be neglected. The model of Fig. 6.37(b) can thus be simplified to the
double mass-spring model of Fig. B.1. The lowest resonance frequency
(see equation (B.10)), where the two masses mp and mpas move in
phase, is:

fpp
r1 =

1
2π

1√
2

(
kpas

mpas
+

kpas

mp
+

km

mp

−
((

kpas

mpas

)2

+
(

kpas

mp

)2

+
(

km

mp

)2

+ 2
k2

pas

mpmpas
+ 2

kmkpas

m2
p

− 2
kmkpas

mpmpas

) 1
2
) 1

2

(6.16)

while the anti-resonance frequency of the piezoactuator with an addi-
tional passive material for the transfer function

zp

Fin

is:

fpp
a =

1
2π

√
kpas

mpas
(6.17)
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Figure 6.41: Dependency of the optimal frequency on the ratio be-
tween the equivalent electrical and mechanical loss fac-
tor.

Fig. 6.41 shows how the optimal frequency shifts depending on the

ratio
tan(αe)

tan(αm)
. When tan(αe) = 0 i.e. there are no dielectric and

piezoelectric losses, then the optimal frequency is equal to the anti-
resonance frequency fpp

a . When tan(αm) = 0, then the optimal fre-
quency is equal to the resonance frequency fpp

r1 . As shown in Fig. 6.41,
for any other situation, the optimal frequency lies between the reso-
nance and the anti-resonance frequency. The higher the mechanical
loss, the more the optimal frequency shifts from the resonance fre-
quency (B.10) towards the anti-resonance frequency (6.17). In case
of standard piezoelectric materials, the loss factors have a comparable

magnitude [Uchino and Giniewicz, 2003] and therefore
tan(αe)
tan(αm)

is close

to 1. From Fig. 6.41, it can be seen that in this case, the exact location
of the optimal frequency is very close to the resonance frequency.
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6.4.2 Thrust-force motion

ke
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Figure 6.42: Mechanical model of a piezoactuator driving a slider.
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Figure 6.43: Mechanical model of a piezoactuator with an additional
passive material, driving a slider.

In order to determine whether the motion of the contact point par-
allel to the contact surface, i.e. the thrust-force motion, should be
driven quasi-statically or dynamically, the case of the acceleration of a
slider with mass msl to a given end speed vsl will be considered. In a
first case, the hysteretic heat generation of a resonant motor without
passive material will be compared with a quasi-static motor (see section
6.4.2.2). Then, in section 6.4.2.3, a resonant motor with an additional
passive material will be compared to the quasi-static motor. Fig. 6.42
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shows the model of a piezoactuator mounted in a setup with a friction
contact with a slider, while Fig. 6.43 shows this model in case of a
piezoactuator with an additional passive material.
xin : mechanical equivalent displacement corresponding to the

dielectric displacement in the piezoactuator (in horizontal
direction) [m]

xout : displacement of the end point in horizontal direction [m]
xp : extension (or tip displacement) of the piezoactuator in

horizontal direction [m]
xsl : position of the slider [m]

It is clear that in contrast with the model of the normal-force mo-
tion (Fig. 6.37(a)), the models in case of the thrust-force motion (Fig.
6.42) are not linear due to the friction element. Therefore, the thrust-
force motion will not be analysed in the frequency domain (as for the
normal-force motion), but in the time domain. In these time simu-
lations, the heat dissipation of the motors accelerating a given mass
under the same conditions, will be compared. The heat dissipation in
the piezoactuators will be treated in the same way as in section 6.4.1.
The optimisation criterion, will be the maximisation of the ratio of the
kinetic energy of the slider at a certain time t and the total energy dis-
sipated in the piezoactuators until this time t. Thus, the effectiveness
ηt will be compared, with:

ηt =
mslv

2
sl

2∑
2π

[
kmx2

p

2 tan(αm) + ke(xout−xin)2

2 tan(αe)
] (6.18)

The dissipated energy in the piezoactuators during one cycle is cal-
culated in the same way as was done in the case of the normal-force
motion (see equation (6.9)). In order to obtain the total energy dis-
sipated until the slider mass msl is accelerated to vsl, the dissipated
energy during each cycle is included in the denominator of equation
(6.18).

For the same reason as mentioned in section 6.4.1 for the normal-
force motion, working in the resonance frequency region is the most
advantageous, as can be deduced from Fig. 6.38. Furthermore, the
exact location of the optimal frequency is close to the resonance fre-
quency for standard piezoelectric materials as mentioned in section
6.4.1. Therefore, quasi-static operation will be compared only with op-
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6 The longitudinal combined motor

eration at the resonance frequency itself in the time simulations of the
non-linear model for the thrust-force motion.

6.4.2.1 Frequency-dependence of the heat dissipation in the
thrust-force motion

It is interesting to verify whether the heat dissipation is frequency-
dependent for a certain output velocity in the thrust-force motion.
Therefore, let us consider a piezoactuator, driven quasi-statically, with
one side clamped and the other side free, driven by an alternating volt-
age with amplitude V1 at a frequency f1. The velocity at the end point
will have an amplitude v1 = 2πf1d33V1. When the same piezoactua-
tor is driven at twice the frequency f2 = 2 f1, the necessary voltage
will be half V2 = V1/2 to obtain the same velocity at the end point
and therefore the electric field E2 = E1/2 and the strain S2 = S1/2
will also be half. This means that the potential energy per cycle, for
example given in equation (6.8), is 1/4 for twice the frequency. Since
the number of cycles is doubled at twice the frequency, the amount of
potential energy stored during a certain time, will be halved. Since
the heat dissipation in a piezoactuator is proportional to the potential
energy stored, this means that for a given velocity, the heat dissipation
is inversely proportional to the driving frequency. Therefore, in this
investigation, the choice is made to compare only different piezomotors
driven at the same frequencies for the thrust-force motion.

6.4.2.2 Comparison of a quasi-static motor and a resonant
motor

A quasi-static motor will be compared to a resonant motor with
piezoactuators of the same size (cfr. section 6.4.1.2), having the same
piezoelectric properties e, sE , εS and being driven at the same frequency
(cfr. section 6.4.2.1). The resonance frequency is determined by the
size, the piezoelectric properties e, sE , εS and the mass density ρ of the
piezoactuator.

Let us assume a working frequency of 20 kHz. Based on a piezoac-
tuator with length 6 mm and section 5x5 mm2, made of Pz26-material
from Noliac, the parameters of the piezoactuator in Fig. 6.42 are:

km = 186 N/µm (6.19)
ke = 196 N/µm (6.20)
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Figure 6.44: Comparison of the slider speed between a quasi-static
and a resonant motor.

These actuator properties will be used in the quasi-static as well as in
the resonant operation. With a density of ρp = 7700 kg/m3, 20 kHz
corresponds to quasi-static operation of the actuator. In order to sim-
ulate resonant operation at 20 kHz, a lumped mass was added to the
end point of the actuator so that the resonance frequency was exactly
20 kHz, which will be used as working frequency. The other parame-
ters in this simulation are given in table 6.6. The simulations are based

Table 6.6: Parameters of the simulation in figures 6.44-6.49

Parameter Symbol Value Unit

Slider mass msl 50 g
Static preload force F0 10 N
Contact force Fc 10 + 10 ∼ N
Friction coefficient µ 0.1
Equivalent mechanical loss factor tan(αm) 0.1
Equivalent electrical loss factor tan(αe) 0.1
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Figure 6.45: Comparison of the contact point velocity between a
quasi-static and a resonant motor. Note that both veloc-
ities are sinusoidal with a frequency of 20 kHz. Com-
pared to the quasi-static motor, the resonant motor
needs a transient time before the maximum amplitude
is obtained.

on the lumped-parameter formulation of the equations of motion of the
model of Fig. 6.42 with the Coulomb friction model of equation (5.79).
The maximum driving force Ft is 2 N . The result of these simulations
is shown in figures 6.44-6.49. Fig. 6.44 shows that the response time
of the two motors is about the same. The main difference is that the
resonant motor (gray line) needs a transient time (see Fig. 6.45) in or-
der to reach the steady-state resonance amplification. Fig. 6.46 shows
that less energy is dissipated in the piezoactuators to accelerate the
slider mass msl to a given speed using resonance (gray line). This can
be easily understood considering equation (6.8) of the potential energy
in the system. The strain S quasi-statically and at resonance is about
the same for the two motors in steady-state, while the electric field
needed is a lot smaller at resonance (see Fig. 6.47). Therefore, the
heat dissipation related to the second term in equation (6.8), i.e. the
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Figure 6.46: Comparison of the energy dissipation in the piezoactu-
ator between a quasi-static and a resonant motor.

potential energy associated with the electric field, will be significantly
smaller at resonance. On the other hand, the heat dissipation related
to the potential energy associated with the strain S will be in the same
order (see Fig. 6.48). Fig. 6.49 shows that the effectiveness ηt (see
equation (6.18)) of the resonant motor (gray line) is better than the
effectiveness ηt of the quasi-static motor (black line) at each time.

6.4.2.3 Experimental comparison of a quasi-static motor and
a resonant motor with a passive material

Taking the size-dependence and the frequency-dependence of the heat
dissipation into account, a quasi-static motor (see Fig. 6.24) and a
resonant motor with a passive material (see Fig. 6.1), having the same
piezoactuator and working at the same frequency, will be compared ex-
perimentally for the thrust-force motion. The theoretical simulations
will be verified by these experiments. The experiment with the reso-
nant motor with a passive material was carried out with a longitudinal
motor in a configuration with isolation plates between the steel frame,
the piezoactuator and the steel bar to guarantee electrical isolation
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Figure 6.47: Comparison of the electrical energy dissipation in the
piezoactuator between a quasi-static and a resonant mo-
tor.

Table 6.7: Common parameters of the quasi-static and resonant
model.

Parameter Symbol Value Unit

Equivalent mechanical stiffness km 637.5 N/µm
Equivalent electrical stiffness ke 69.2 N/µm
Force factor Aff 2.17 N/V
Static preload force F0 2 N
Contact force Fc 2 + 2 ∼ N
Equivalent mechanical loss factor tan(αm) 0.12
Equivalent electrical loss factor tan(αe) 0.07
Friction coefficient µ 0.02
Slider mass msl 8 g

between the electrodes of the piezoactuator, as was also done in the
configuration to detect the resonance frequency (see Fig. 6.14). Com-
pared to the longitudinal motor used for the experiments in sections
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Figure 6.48: Comparison of the mechanical energy dissipation in the
piezoactuator between a quasi-static and a resonant mo-
tor.

Table 6.8: Extra parameters of the system with passive material.

Parameter Symbol Value Unit

Equivalent stiffness of passive beam kpas 64.8 N/µm
Equivalent mass of passive beam mpas 8.6/2 g
Structural mechanical loss factor tan(αpas) 0.01 -
Resonance frequency fres 18615 Hz

6.2.2.2 and 6.2.2.3, these extra intermediate contact surfaces result in a
lowered resonance frequency and a higher damping. The isolation plate
was necessary because an actuator with manually glued electrodes was
used in the experiments in this section, while it was not necessary in
the configuration of sections 6.2.2.2 and 6.2.2.3, where an actuator with
industrially soldered electrodes was used. The parameters of piezoac-
tuator 1, acting in the direction of the thrust-force motion, are given
in table 6.1. The parameters of piezoactuator 2, acting in the direction
of the normal-force motion, are also given in the table for reference.
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Figure 6.49: Comparison of the effectiveness ηt between a quasi-static
and a resonant motor.

To obtain a speed of 10 mm/s with the quasi-static motor, a voltage
amplitude of 40V is required. For the resonant motor, a voltage ampli-
tude of only 1V is sufficient to obtain the same speed. The quasi-static
motor can be represented with the model of Fig. 6.42, where the res-
onance frequency

√
(km/mp) is far above the working frequency. The

parameters that were used in the simulation models are given in table
6.7. Table 6.8 contains the extra parameters that are used in the res-
onant model, which is given in Fig. 6.43. The resonance frequency is
18615 Hz. Fig. 6.50 shows the response of the quasi-static (black line)
and the resonant (gray line) motor compared to the response of their
model. It can be seen that there is only a very small difference in the
response due to the transient of the vibration of the resonant motor
(see also [Nakamura et al., 1991b] and Fig. 6.51) where:
vq

p : piezoactuator velocity of the quasi-static motor
vpp

p : piezoactuator velocity of the resonant motor with passive
material

vpp
out : output velocity of the resonant motor with passive mate-

rial
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Figure 6.50: Comparison of the slider speed between a quasi-static
motor and a resonant motor with passive material.

On the other hand, the measured necessary power of the quasi-
static motor was 325 mW , while the power to the resonant motor was
2 mW . The heat dissipation is thus more than 100 times smaller in
the case of a resonant motor with a passive material. Analogous to fig-
ures 6.46 and 6.49, figures 6.52 and 6.53 show the energy consumption
and the effectiveness of both motors. A logarithmic scale is used now
because of the large difference in dissipation between the quasi-static
and the resonant motor. From this study, it results that minimal heat
generation in the thrust-force motion is obtained when a piezoactuator
with passive material parallel to the contact surface is driven at reso-
nance.
The reason why resonant operation is more efficient at resonance for
the normal-force motion and the thrust-force motion is physically the
same. The electric field applied is lower at resonance and therefore
the dielectric losses are smaller (see Fig. 6.54). The mechanical losses
in regime are the same in the quasi-static situation and the resonant
situation without passive material (see section 6.4.2.2), but when the
strain in a passive material is used to contribute to the velocity of the
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Figure 6.51: Comparison of the piezoactuator velocity and the end
point velocity of the quasi-static motor and a resonant
motor with passive material. Note that these velocities
are sinusoidal with a frequency of 18615 Hz. Compared
to the quasi-static motor, the resonant motor needs a
transient time before the maximum amplitude is ob-
tained.

end tip, the mechanical losses are significantly reduced (see Fig. 6.55).

6.4.3 Discussion of the results

6.4.3.1 Similarity of the results for the normal-force motion
and the thrust-force motion

For the normal-force motion as well as for the thrust-force motion, res-
onant operation is more beneficial than quasi-static operation concern-
ing the heat dissipation in the piezo material. Amplification of both
motions by resonance was applied in the prototypes of chapter 4. Fur-
thermore, when a passive material is used to amplify the motion of the
piezoactuator at resonance, such as in the case of the longitudinal reso-
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Figure 6.52: Comparison of the energy consumption between a quasi-
static motor and a resonant motor with passive mater-
ial.

nance motor, the performance can be further increased. The similarity
between these conclusions for the normal-force motion and the thrust-
force motion can be explained by the fact that in the normal-force
motion, no significant energy is retracted from the resonant system by
the environment and this is also the case for the thrust-force motion.
In normal situations, only little energy is retracted from the system to
accelerate the mass. This would not be the case anymore if the equiv-
alent damping, which is introduced by the transferred energy per cycle
and the friction losses, would suppress the resonance peak. However,
during normal operation, the resonance peak is not suppressed. During
normal operation of a resonant motor, the frictional driving force is lim-
ited so that the resonance peak of the structure is only slightly damped
in order to allow for high speeds. This limited driving force means that
the dissipated power by the frictional contact is significantly smaller
than the dissipated power by the hysteretic losses.
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Figure 6.53: Comparison of the effectiveness ηt between a quasi-static
motor and a resonant motor with passive material.

6.4.3.2 Interpretation of the results

When considering the term associated with tan(αm) as the generalised
mechanically dissipated energy in equation (6.9) and the term asso-
ciated with tan(αe) as the generalised electrically dissipated energy,
then some very simple intuitive conclusions can be drawn. Firstly, the
advantage of the additional passive material can be better understood
and secondly, the exact location of the optimal frequency can also be
interpreted. Note that this subdivision of energies corresponds to the
potential energy as given in equation (6.8), where the generalised me-
chanical term depends on the strain S and the generalised electrical
term depends on the electric field E.

In general, the generalised electrically dissipated energy is higher
than the generalised mechanically dissipated energy for quasi-static ap-
plications, but is still in the same order of magnitude. Working at res-
onance with a piezoactuator only, decreases the necessary electric field
strength E, but the strain S will remain the same as in the quasi-static
case. Therefore, the generalised electrically dissipated energy will de-
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Figure 6.54: Comparison of the electrical energy consumption be-
tween a quasi-static motor and a resonant motor with
passive material.

crease while the generalised mechanically dissipated energy will remain
the same. This means that for a piezoactuator at resonance, the gen-
eralised mechanically dissipated energy is most important. Therefore,
a significant reduction of dissipation can be achieved by reducing the
necessary strain S of the piezoactuator by using an additional passive
material with low internal damping. It is clear that only by using a
resonant mechanism, this strain can be induced by the piezoactuator
to the passive material. Secondly, these generalised dissipated energies
also lead to an easy-to-understand interpretation of the exact location
of the optimal frequency between the resonance and the anti-resonance
frequency. As mentioned before, working at resonance decreases the
necessary electric field strength E and therefore the optimal frequency
will be equal to the resonance frequency (see equation (B.10)) when the
loss factor tan(αe) of the generalised electrically dissipated energy be-
comes dominant. At the anti-resonance frequency, i.e. the frequency at
which the lumped mass of the piezoactuator has a minimum displace-
ment (see equation (6.17)), it is clear that the generalised mechanically

191



6 The longitudinal combined motor

time [ms]

m
ec

ha
ni

ca
l
en

er
gy

di
ss

ip
at

io
n

[J
]

quasi-static motor
resonant motor with passive material

0 2 4 6 8 10 12 1410−9

10−8

10−7

10−6

10−5

10−4

10−3

Figure 6.55: Comparison of the mechanical energy consumption be-
tween a quasi-static motor and a resonant motor with
passive material.

dissipated energy becomes minimal. Therefore, the optimal frequency
shifts to the anti-resonance frequency when the loss factor tan(αm) of
the generalised mechanically dissipated energy becomes dominant.

6.5 Conclusions

Two combined motors were developed: a resonant motor using a longi-
tudinal eigenmode in the thrust-force motion and a quasistatic motor.
Their performance characteristics and their heat dissipation were com-
pared:

Motor performance

While there is no difference between the stepping operation mode of
both motors, there are significant differences between resonant and
quasi-static operation in the ultrasonic operation mode:
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6.5 Conclusions

• Using relatively small input voltages, much higher speeds (more
than 550 mm/s at 10 V ) can be achieved with the resonant motor
compared to the quasi-static motor (∼ 10 mm/s at 40 V ).

• The quasi-static motor allows more robust operation because the
resonance frequency of the resonant motor can shift due to tem-
perature variations or change in input voltage amplitude. From
a certain threshold voltage amplitude, the resonant motor shows
non-linear behaviour. However, a resonance detection with a
piezoelectric sensor can be used to tune the working frequency
to the resonance frequency.

• A resonant motor needs a transient time to reach its maximum
contact point velocity. This causes a delay in the acceleration of
the slider which is, however, small (∼ 1 ms).

• As long as the resonance peak is not damped by frictional losses at
the contact point, the traction force of both motors is comparable
for the same elliptical motion of the contact point. In realistic
motor setups and during normal operation, this resonance peak
is not suppressed. The traction force that can be achieved with
both motor types is determined by the stroke of the actuator
in the normal-force motion direction, the contact stiffness, the
preload force and the friction coefficient.

• The quasi-static motor is more compact than the longitudinal
motor. However, the compactness of the longitudinal motor can
be improved by using a horn structure made of passive mater-
ial, such as used for ultrasonic processing tools [Littmann et al.,
2003]. This way, the required length of the steel bar is smaller
for the same amplification factor.

Heat dissipation

Since heat dissipation by the piezoactuators in ultrasonic motors should
be avoided, also a comparative study was carried out between quasi-
static and resonant operation, taking the hysteretic losses of the
piezoactuators into account. The linear model for the normal-force
motion as well as the non-linear model for the thrust-force motion and
their verification by experiments, lead to the same measures to min-
imise the heat dissipation of ultrasonic motors:
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6 The longitudinal combined motor

• increasing the length of the actuator decreases the necessary elec-
tric field strength and strain to obtain a certain displacement,
which lowers the associated dielectric, piezoelectric and mechan-
ical losses.

• increasing the working frequency of the actuator decreases the
necessary electric field strength and strain to obtain a certain
speed.

• working around the resonance frequency decreases the necessary
electric field strength.

• using a passive material with low damping decreases the necessary
strain of the piezoactuator which reduces the heat dissipation
significantly.

Furthermore, it was shown that the optimal frequency regarding min-
imal heat dissipation for the normal-force motion lies between the res-
onance and the anti-resonance frequency of the system. The exact
frequency depends on the relative importance of the dielectric and the
mechanical losses. In practice, the exact location of this optimal fre-
quency is close to the resonance frequency itself since the electrical
and the mechanical loss factor of standard piezoelectric materials often
have the same order of magnitude.
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Chapter 7

General conclusions

Machine tools as well as measuring instruments require positioning sys-
tems with high accuracy, rigidity and speed demands. This research
is focussed on the development of high-resolution, stiff and fast motor
units for a positioning system, with an integrated bearing and driving
function. In this research, two concepts are developed in order to inte-
grate the advantages of the combined bearing-driving function of the
piezostepper principle, while increasing the speed of the motor units.
From a comparative study of several actuator technologies, piezoelec-
tric actuation seems to be most suited to integrate the bearing and
the driving function. Since heat generation is the main source of in-
accuracies in positioning systems, a major advantage of piezoactuators
is that no energy is dissipated to hold a static position, for example
to compensate gravitational forces. For this reason, in the travelling
wave principle as well as in the combined motor principle, piezoactua-
tor technology is applied.

7.1 Main contributions

7.1.1 Forced travelling wave principle

In a first concept, the limited stroke of piezoactuators is overcome by
the travelling wave principle, guaranteeing an intrinsic smooth take-
over of the contact. Combined with an intelligent electrode connec-
tion, this intrinsic smooth motion leads to low controller requirements,
so that the controller requirements do not limit the speed. For flat
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surfaces (< 0.5µm), motor operation is ensured down to very low fre-
quencies, leading to a high resolution of movement. Forced travelling
wave motors allow a high controllability of speed by adjusting the fre-
quency. They also have a high stiffness because of their integrated
bearing-driving functionality. A built planar motor has shown the abil-
ity of the forced travelling wave principle to integrate multiple degrees
of freedom in one motor unit. Disadvantages of this concept, how-
ever, are the submicron flatness requirement and the large volume of
piezomaterial needed, resulting in a high cost and a significant heat
dissipation.

7.1.2 Combined motor principle

A second principle of an integrated bearing-driving motor for high
speeds, is called the combined motor principle. In this concept, the
motor has the unique ability to provide simultaneously slow high-
resolution stepping-motion and lower-resolution high-speed motion.
Several linear prototype motors have shown that the velocity range of
high-resolution stepping piezomotors can be extended with two orders
of magnitude (∼ 1 mm/s ⇒ ∼ 100 mm/s) by working in an ultrasonic
mode. Experiments on the longitudinal resonance motor have shown
that the combined motor principle results in a stiff (60 N/µm) and
fast (> 0.5 m/s) motor with nanometre resolution and a virtually un-
limited stroke. The built planar ellipse-shaped motor has shown the
ability of the combined motor principle to integrate multiple degrees
of freedom in one motor unit. In order to study the influence of the
design parameters on the performance of the motor, a fully mechanical
motor model was derived. The general model for the piezoactuator is
easy to integrate in mechanical systems comprising piezoelectric actua-
tors as well as piezoelectric sensors since it is based on the constitutive
equations. Also the experimental verification that the contact nature
between the motor and the slider is permanent and not intermittent
during normal operation of the ultrasonic motor, has lead to an ade-
quate motor model. Next to the study of the influence of the motor
parameters on the performance, the quasi-static and the resonant mo-
tor and their simulation models were used to investigate the advantages
and disadvantages of working at resonance. While there is no differ-
ence between these motors in the stepping operation mode, there are
significant differences between resonant and quasi-static operation in
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the ultrasonic operation mode. While a resonant motor allows much
higher speeds for lower voltages, the quasi-static motor is more robust,
has a shorter transient time and is more compact than the resonant
motor.

7.1.3 Comparative study between quasi-static operation
and heat dissipation at resonance

Heat dissipation in ultrasonic motors should be limited, especially in
precision applications since it causes thermal deformations. Existing
piezoactuator models do not comprise an adequate description of the
hysteretic loss in piezoactuators. Therefore, in the developed mechani-
cal piezoactuator model, dielectric, piezoelectric and mechanical losses
were taken into account. Both the model and the experiments on the
quasi-static and the resonant motor lead to the same recommenda-
tions to minimise the heat dissipation of ultrasonic motors to use large
piezoactuators and excite passive structures at a high resonance fre-
quency. Operation at resonance results in a significant reduction of the
heat dissipation (e.g. a reduction from the order of 100 mW to 1 mW ).
Furthermore, it was shown that the optimal frequency regarding mini-
mal heat dissipation lies between the resonance and the anti-resonance
frequency of the system, close to the resonance frequency for standard
piezoelectric materials.

7.2 Suggestions for future research

A Coulomb-model was used to describe the friction at the contact sur-
face between the motor and the slider. This model was sufficiently
accurate to study the influence of the design parameters on the motor
performance and to determine whether resonant operation is beneficial
regarding the heat dissipation in ultrasonic motors. However, two ma-
jor differences with the experiments were observed. Firstly, for a very
light preload, the contact did not break free when this was theoretically
expected. Secondly, the energy that was dissipated in the contact, was
overestimated using the Coulomb-friction model. It is clear that to
physically describe the tribology of the contact phenomenon, a more
complex model is required. Although the contact mechanics have been

197
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studied for travelling wave motors and mode conversion motors, not
much research effort has been put in the contact modelling of standing
wave motors. Modelling the friction contact by more advanced contact
models, taking pre-sliding friction into account, is expected to yield
better physical correspondence with the experiments.
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Appendix A

Piezoactuator formulas

A.1 Relation between the constitutive equa-
tions

The particular set of constitutive equations 1 depends on the choice
of dependent and independent variables. The four notations of the
constitutive equations in matrix-notation are:
d-formulation:

S = sET + d E (A.1)

D = d′ T + εT E (A.2)

g-formulation:

S = sDT + g D (A.3)

E = −g′ T +
1
εT

D (A.4)

e-formulation:

T =
1
sE

S − e E (A.5)

D = e′ S + εSE (A.6)

1The notations used in this text are according to IEEE [1987].
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h-formulation:

T =
1

sD
S − h D (A.7)

E = −h′ S +
1
εS

D (A.8)

with:
D : dielectric displacement [C/m2]
E : electric field strength [V/m]
S : relative strain [m/m]
T : mechanical stress [N/m2]

d : piezoelectric strain coefficient [m/V ]
e : piezoelectric constant [C/m2]
g : voltage coefficient [V m/N ]]
h : inverse piezoelectric charge coefficient [N/C]

• sE denotes the elastic compliance constant under a constant ap-
plied electric field i.e. a constant voltage over the electrodes (e.g.
short-circuit conditions, voltage-controlled actuator) [m2/N ].

• sD denotes the elastic compliance constant with a constant dielec-
tric displacement (e.g. open-circuit conditions, charge-controlled
actuator) [m2/N ].

• εT denotes the dielectric permittivity under a constant applied
stress (e.g. stress-free conditions) [C/V m].

• εS denotes the dielectric permittivity under a constant displace-
ment i.e. mechanically clamped [C/V m].

• d′, g′, e′, h′ are the transposed matrices of d, g, e, h.

and the variables in matrix-form are:

S =

⎡
⎢⎢⎢⎢⎢⎢⎣

S1

S2

S3

S4

S5

S6

⎤
⎥⎥⎥⎥⎥⎥⎦

T =

⎡
⎢⎢⎢⎢⎢⎢⎣

T1

T2

T3

T4

T5

T6

⎤
⎥⎥⎥⎥⎥⎥⎦

E =

⎡
⎣ E1

E2

E3

⎤
⎦ D =

⎡
⎣ D1

D2

D3

⎤
⎦ (A.9)
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Directions 1, 2 and 3 represent normal strains, while directions 4, 5 and
6 represent shear strain. Fig. A.1 shows the convention for the notation
of axes in a piezoelectric ceramic. Direction 3 is usually associated with
the poling direction.

Figure A.1: Notation of axes in a piezoelectric ceramic.
[Pons, 2005]

Because poled ferroelectric ceramics exhibit crystal symmetry, there
is a reduced set of independent elastic, piezoelectric and dielectric co-
efficients. In the case of poled ferroelectric ceramics in particular, only
6 independent elastic constants, 3 piezoelectric coefficients and 2 di-
electric constants fully describe the materials’s electromechanical be-
haviour:
Expressed for the d-formulation, this gives:

sE =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

sE
11 sE

12 sE
13 0 0 0

sE
12 sE

11 sE
13 0 0 0

sE
13 sE

13 sE
33 0 0 0

0 0 0 sE
44 0 0

0 0 0 0 sE
44 0

0 0 0 0 0 sE
66

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(A.10)
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d =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 0 d31

0 0 d31

0 0 d33

0 d15 0
d15 0 0
0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎦

(A.11)

εT =

⎡
⎣ εT

11 0 0
0 εT

11 0
0 0 εT

33

⎤
⎦ (A.12)

Because the four pairs of constitutive equations (A.1)-(A.8) are
inter-related, the other piezoelectric material characteristic matrices
sD, εS , e, g and h are a function of the parameters defined in (A.10),
(A.11) and (A.12).

Combining equation (A.1) and (A.5) gives the 6x3 matrix e:

e =
1
sE

.d (A.13)

Combining equation (A.2) and (A.4) gives the 6x3 matrix g:

g = d.
1
εT

(A.14)

The matrices sD, εS and h can be obtained from the combination
of the d-formulation and the h-formulation:

⎡
⎢⎢⎣

1
sD

−h

−h′ 1
εS

⎤
⎥⎥⎦ =

[
sE d

d′ εT

]−1

(A.15)

The elastic stiffness constants cE and cD are also commonly used
variables and are the inverse matrices of sE and sD, thus:

cE = (sE)−1 (A.16)
cD = (sD)−1 (A.17)

with:
cE : elastic stiffness constant at constant electric field [N/m2]
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cD : elastic stiffness constant of the piezo material under open-
circuit conditions [N/m2]

Often sE and sD is preferred above cE and cD, since the elements
such as sE

33 and sD
33 then physically correspond to the practical case

where Ti = 0 for i �= 3, while cE
33 and cD

33 correspond to Si = 0 for
i �= 3.

A.2 General formulation of a piezoelectric ma-
terial including its inertia

In section 5.3.1, the electrical equivalent circuit will be derived, starting
from the equations of motion and the linear piezoelectric constitutive
equations of a continuous piezoelectric beam (see Fig. 5.2). The gen-
eral formulation in a piezoelectric material including its inertia will be
given in this section. The equations of motion are given by [Ueha and
Tomikawa, 1993b]:

∂T1

∂χ1
+

∂T6

∂χ2
+

∂T5

∂χ3
= ρẍ1 (A.18)

∂T6

∂χ1
+

∂T2

∂χ2
+

∂T4

∂χ3
= ρẍ2 (A.19)

∂T5

∂χ1
+

∂T4

∂χ2
+

∂T3

∂χ3
= ρẍ3 (A.20)

with:
χi : position in direction i [m]
xi : displacement of the piezoelectric material in direction i

[m]
ρ : mass density [kg/m3]

The strain S is defined by:

S1 =
∂x1

∂χ1
S4 =

∂x2

∂χ3
+

∂x3

∂χ2
(A.21)

S2 =
∂x2

∂χ2
S5 =

∂x1

∂χ3
+

∂x3

∂χ1
(A.22)

S3 =
∂x3

∂χ3
S6 =

∂x1

∂χ2
+

∂x2

∂χ1
(A.23)
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From equations (A.5) and (A.6), the e-formulation of the linear piezo-
electric constitutive equations is given by:⎡

⎢⎢⎢⎢⎢⎢⎣

T1

T2

T3

T4

T5

T6

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

cE
11 cE

12 cE
13 cE

14 cE
15 cE

16

cE
21 cE

22 cE
23 cE

24 cE
25 cE

26

cE
31 cE

32 cE
33 cE

34 cE
35 cE

36

cE
41 cE

42 cE
43 cE

44 cE
45 cE

46

cE
51 cE

52 cE
53 cE

54 cE
55 cE

56

cE
61 cE

62 cE
63 cE

64 cE
65 cE

66

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

S1

S2

S3

S4

S5

S6

⎤
⎥⎥⎥⎥⎥⎥⎦

−

⎡
⎢⎢⎢⎢⎢⎢⎣

e11 e12 e13

e21 e22 e23

e31 e32 e33

e41 e42 e43

e51 e52 e53

e61 e62 e63

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎣ E1

E2

E3

⎤
⎦

(A.24)

⎡
⎣ D1

D2

D3

⎤
⎦ =

⎡
⎣ e11 e21 e31 e41 e51 e61

e12 e22 e32 e42 e52 e62

e13 e23 e33 e43 e53 e63

⎤
⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

S1

S2

S3

S4

S5

S6

⎤
⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎣ εS

11 εS
12 εS

13

εS
21 εS

22 εS
23

εS
31 εS

32 εS
33

⎤
⎦

⎡
⎣ E1

E2

E3

⎤
⎦

(A.25)

The electrical conditions (voltage-controlled) can be formulated by:

∂D1

∂χ1
+

∂D2

∂χ2
+

∂D3

∂χ3
= 0 (div D = 0) (A.26)

E1 = − ∂Φ
∂χ1

E2 = − ∂Φ
∂χ2

E3 = − ∂Φ
∂χ3

(A.27)

A.3 Interpretation of the electromechanical
coupling factor

Let us consider the longitudinal vibration mode. When the resonator is
long in the z-direction compared to section size in the x and y-direction
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and the electric field is applied in direction 3, the d-formulation and
the h-formulation become:

S3 = sE
33T3 + d33 E3 (A.28)

D3 = d33T3 + εT
33E3 (A.29)

T3 =
1

sD
33

S3 − h33 D3 (A.30)

E3 = −h33 S3 +
1

εS
33

D3 (A.31)

Combining the d-formulation and the h-formulation (for example
by equalising the diagonal elements of equation (A.15)) give the relation
between sD

33 and sE
33, and between εS

33 and εT
33

sD
33 = (1 − k2

33) sE
33 (A.32)

εS
33 = (1 − k2

33) εT
33 (A.33)

with:

k2
33 =

d2
33

sE
33ε

T
33

(A.34)

where k33 is defined as the electromechanical coupling factor for
the longitudinal vibration mode. The electromechanical coupling fac-
tors for other vibration modes are given in [Uchino and Giniewicz,
2003], table 5.2. The coupling coefficient is a characteristic parameter
of a piezoelectric material, but fully depends on the other characteristic
parameters sE , d and εT as given in equation (A.34). A high coupling
factor is desired in most applications.
The electromechanical coupling factor k33 can be interpreted by con-
sidering the potential energy of a mechanically-free piezoactuator in
quasi-static conditions. In these conditions, stress T3 is equal to zero.
The potential energy per volume of the actuator arising from an applied
electric field E is given by:

Ep

V
=

(
S2

3

2sE
33

+
εS
33 E2

3

2

)
(A.35)
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The first term expresses the elastic potential energy, while the second
term expresses the electrostatic potential energy. When stress T3 = 0,
then the strain is equal to S3 = d33 E3 (see equation (A.29)). The
potential energy per volume can thus be written as:

Ep

V
=

(
d2

33

sE
33

+ εS
33

)
E2

3

2
(A.36)

The ratio between the elastic potential energy and the total potential
energy in the actuator is thus equal to:

Em
p

Ep
=

d2
33

sE
33

d2
33

sE
33

+ εS
33

(A.37)

Eliminating T3, D3 and S3 from the constitutive equations (A.1), (A.2)
and (A.6), and using (A.13) for the 33-direction, the denominator can
be simplified and the ratio becomes:

Em
p

Ep
=

d2
33

sE
33 εT

33

(A.38)

which is equal to k2
33 (see equation (A.34)). The square of the coupling

factor thus expresses the ratio between the elastic potential energy and
the total potential energy when a voltage is applied to a free actuator.

The coupling factor can also be identified in the equivalent me-
chanical model (see Fig. A.2(a)). The total potential energy of the
piezoactuator introduced by force Fin can be written as:

Ep =
F 2

in

2 km
+

F 2
in

2 ke
(A.39)

The elastic potential energy is modelled by the potential energy in the
spring with stiffness km, thus the square of coupling factor is equal to:

k2
33 =

Em
p

Ep
=

1
km

1
km

+ 1
ke

=
1

1 + km
ke

(A.40)

Analogous for the equivalent electrical circuit of Fig. A.2(b), the
potential energy introduced by the voltage Vin is:

Ep =
Cm V 2

in

2
+

Ce V 2
in

2
(A.41)
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ke

vout

vin

km

m

Fin

(a) Mechanical model of

a piezoactuator (without
losses)

Vin Ce

Cm

L

IoutIin

(b) Electrical equivalent circuit of a

piezoactuator (without losses)

Figure A.2: Equivalent circuits of a piezoactuator (without losses)

The elastic potential energy is modelled by the potential energy in the
capacitance Cm, thus the square of coupling factor is equal to:

k2
33 =

Em
p

Ep
=

Cm

Ce + Cm
=

1
1 + Ce

Cm

(A.42)

Theoretically, this coupling coefficient of a piezoactuator increases,
when its capacitance is lower, leading to a low electrostatic potential
energy and when its mechanical stiffness is lower, allowing a high strain
which leads to a high elastic potential energy. In practice however, the
parameters of the piezoelectric material determine the value according
to equation (A.34). A typical value is k33 = 0.68, thus the elastic po-
tential energy is almost half (46%) of the total potential energy induced
by a voltage over a free piezoactuator.

Using the h-formulation, the coupling factor can also be written as
[Uchino and Giniewicz, 2003]:

k2
33 =

h2
33

1
sD
33

1
εS
33

(A.43)

Note that the electromechanical coupling factor should thus not
be confused with the efficiency of a piezoactuator, which takes the
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hysteretic losses into account. The electromechanical coupling factor
only describes the coupling between the electrical and the mechanical
part of a piezoelectric transducer.

A.4 Practical limits of a piezoactuator

Because piezo-manufacturers often do not emphasise all the causes of
failure of a piezoactuator, these causes are summed up in this section.

Electric field E

The maximum voltage should not be exceeded since a too high electric
field E can cause dielectric breakdown. The maximum electric field
can also be exceeded by a too high compressive stress.

Stress T

Tensile stresses T can initiate cracks that cause fracture of the brittle
ceramics. Therefore, it is recommended not to apply any tensile stress
at all although the maximum tensile stress of piezoelectric bulk mate-
rial in the order of 10 MPa. As typically for ceramic materials, the
maximum compressive stress is an order of magnitude higher and a too
high compressive stress is rarely the cause of any mechanical failure.

Maximum temperature

For most PZT-actuators, the Curie temperature - i.e. the temper-
ature at which complete loss of piezoelectric properties occurs - is
around 300℃[Sashida and Kenjo, 1993]. However, from a temperature
of higher than 150℃, depolarisation occurs. Attention should thus be
given to the environmental conditions as well as to the self-heating
of the piezoactuator. Internal hysteretic losses causes heat dissipation
which sets limits to the rate and the amplitude of the input voltage,
depending on the material type (see section 2.2.3) and the cooling con-
ditions.

Lifetime

The expected lifetime of a piezoactuator is expressed in the number of
cycles before failure. Depending on the voltage amplitude, tempera-
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ture and humidity, the piezoactuator fails usually because of dielectric
breakdown or mechanical fracture. A typical life-time of these actu-
ators is currently 109 cycles. Also long-life piezostack actuators exist
with a life-expectation of 1010 cycles. They are based on a bipolar
operation [Piezomechanik, 2005].
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Appendix B

2-DOF mass-spring system

Since many of the used models in this work correspond to 2-DOF sys-
tem of Fig. B.1, the most-used formulas are given in this appendix.
Note that when the subsystem k1 − m1 corresponds to a piezoactua-
tor, then the F01 represents the input force Fin (see table 5.1), because
the force Fin going through equivalent electrical stiffness ke (see Fig.
5.10(b)), also acts completely on the rest of the system. Only when the
electrical parameters are to be calculated, for example the current Iin

to the piezoactuator, ke also has to be included in the model. But for a
voltage-driven system, it is not necessary to include ke to calculate the
mechanical parameters, such as forces and displacements, in function
of the input voltage.

x1

x2

k1

k2

m1

m2

F01

F12

Figure B.1: Model of the considered 2-DOF mass-spring system.
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B 2-DOF mass-spring system

B.1 Equations of motion

The equations of motion of the 2-DOF system given in Fig. B.1 are:

−m1ω
2x1 + k1x1 + k2(x1 − x2) = F01 (B.1)

−m2ω
2x2 + k2(x2 − x1) = 0 (B.2)

The frequency response functions between the displacements x1, x2 and
the force F1 are:

x1

F01
=

−m2ω
2 + k2

(k1 + k2 − m1ω2)(k2 − m2ω2) − k2
2

(B.3)

x2

F01
=

k2

(k1 + k2 − m1ω2)(k2 − m2ω2) − k2
2

(B.4)

Frequency response functions of other parameters with respect to Fin

can be derived from their relation to x1 and x2, such as:

v1 = jωx1 (B.5)
v2 = jωx2 (B.6)

F12 = k2(x2 − x1) (B.7)

The resonance frequencies of this system are solutions of:

det

[ −m1ω
2 + k1 + k2 −k2

−k2 −m2ω
2 + k2

]
= 0 (B.8)

The lowest resonance frequency is given by:

fr1 =
1
2π

1√
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+
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(B.9)
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while the highest resonance frequency is given by:

fr2 =
1
2π

1√
2

(
k2
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+

k2
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+
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+
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(B.10)

The anti-resonance frequency for the transfer function
x1

F1
is:

fa =
1
2π

√
k2

m2
(B.11)

This can be interpreted as the case where system k2 − m2 is a tuned
vibration damper for the system k1 − m1.

B.2 Equivalent masses for continuous beams in
the first longitudinal mode shape

For the calculation of the mode shapes, the damping in the materials
will be neglected.

Continuous beam made of one material

monolithic beam

fixed
frame

Figure B.2: Clamped beam made of one material.
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Figure B.3: Calculated deformation of the clamped beam of Fig. B.2.

The clamped beam of Fig. B.2 can be modelled as a 1-DOF
mass-spring system for low frequencies including the first resonance
frequency. The non-damped first longitudinal resonance mode defor-
mation x of the clamped beam of Fig. B.2 is calculated analytically
and is equal to:

x(χ) = sin
(π χ

2 l

)
for 0 ≤ χ ≤ l (B.12)

with:
l : length of the beam [m]
χ : position [m]

From this deformation, shown in Fig. B.3, it can be seen that the
mass near the end point has a higher displacement than the mass near
the fixed frame. Therefore, a mass particle near the end point has a
larger inertial effect than a mass particle near the fixed frame. This is
taken into account when the equivalent mass of the beam is calculated
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from the kinetic energy of the beam:

Ekin =
1
2

∫ l

0

mbeam−tot

l

(
sin

(π χ

2 l

)
ẋtop

)2
dχ (B.13)

with:
ẋtop : speed at the top of the beam [m/s]
mbeam−tot : total mass of the beam [kg]

The kinetic energy in the continuous model should be equal to the
kinetic energy in the lumped parameter model:

Ekin =
mbeamẋ2

top

2
(B.14)

The relation between the equivalent mass mbeam and the total mass
mbeam−tot of the beam is thus:

mbeam =
mbeam−tot

2
(B.15)

Continuous beam made of two materials

passive material
(steel)

piezo
material

fixed
frame

Figure B.4: Clamped beam made of two materials.

A continuous beam consisting of a piezoactuator and a passive beam
(see Fig. B.4) can be approximated by the 2-DOF lumped parameter
model of Fig. B.1 for low frequencies including the first resonance
frequency. The deformation was calculated analytically and is shown
in Fig. B.5 in the case of piezoactuator with length 2 mm and a steel
beam with length 80 mm. Fig. B.6 shows that the deformation of
the piezoactuator is approximately linear. The relation between the
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Figure B.5: Calculated deformation of the clamped beam of Fig. B.4.

equivalent mass of the piezoactuator mp and the total mass mp−tot of
the piezoactuator can be calculated from the kinetic energy as was done
in section B.2, and is [Sas, 2000]:

mp =
mtot

3
(B.16)

Fig. B.5 shows that the deformation of the passive beam is approx-
imately sinusoidal as in the case of one material (see Fig. B.3). As
in equation (B.15), the relation between the equivalent mass of the
piezoactuator mp and the total mass mp−tot of the piezoactuator is
thus:

mpas =
mpas−tot

2
(B.17)
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Figure B.6: Calculated deformation of the piezoactuator as part of
the clamped beam (zoom-in of Fig. B.5).
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Appendix C

Influence of
miniaturisation on the
resonance frequency

The mode shapes of a vibrating structure do not change when scaled.
For a second order system, the resonance frequency is inversely pro-
portional to the size [Peirs, 2001]. This inverse proportionality can be
proven in general [Al-Bender, 2005]:

When all dimensions of a structure are scaled with the same scaling
factor, then the resonance frequency can be written as a function of:

ωri = f(Eyoung, ρ, L) (C.1)

with:
L : reference dimension of the structure [m]
ωri : angular resonance frequency of the considered eigenmode

number i [1/s]

Eyoung : Young’s modulus of the material [N/m2] =
[

kg

m.s2

]
ρ : mass density of the material [kg/m3]

In this equation, three independent dimensions are used: m, kg, s,
while there are four variables: ωri, Eyoung, ρ and L). According to
Buckingham’s Pi Theorem, this means that there is one dimensionless
combination, which can for example be written as:
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C Influence of miniaturisation on the resonance frequency

ωri
1√
E

√
ρ L = Πi (C.2)

Where Πi is a constant. Thus, ωri is proportional to:

ωri ∼
√

E

ρ

1
L

(C.3)

The resonance frequencies of a scaled structure are thus inversely
proportional to the dimensions.
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Ontwikkeling van snelle en
stijve piëzoelektrische
motoren met een hoge
resolutie en een
gëıntegreerde lagering-
aandrijvingsfunctie

1 Inleiding

Precisiewerktuigmachines evenals meetinstrumenten vereisen positio-
neersystemen voor meerdere vrijheidsgraden met hoge nauwkeurigheid,
stijfheid en snelheidseisen. In een klassiek ontwerp worden deze positio-
neersystemen opgebouwd door een opeenstapeling van ééndimensionale
sledes, wat leidt tot een verlies aan stijfheid en een opeenstapeling van
fouten. Een alternatieve oplossing voor deze opbouw is het integreren
van verschillende vrijheidsgraden. Aan het departement werktuigkunde
van de K.U.Leuven werd reeds een positioneersysteem ontwikkeld met
drie vrijheidsgraden met een gëıntegreerde lagering en aandrijving, ge-
baseerd op een stapprincipe. De ontwikkelde aandrijfmodules voldoen
aan de nauwkeurigheids- en stijfheidsvereisten, doch niet aan de snel-
heidseisen. De doelstelling van dit onderzoek is de ontwikkeling van
snellere, nauwkeurige en stijve motormodules waarbij de aandrijf- en
de lagerfunctie gëıntegreerd zijn, om een positioneersysteem met meer-
dere vrijheidsgraden aan te drijven.
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2 Vergelijking tussen actuatorprincipes voor
een gëıntegreerde lagering-aandrijvingsfunctie

Om meerdere vrijheidsgraden te kunnen combineren in een positioneer-
systeem, zijn verschillende actuatortechnologieën geschikt voor de in-
tegratie van de lagerings- en aandrijffunctie in één motormodule. Het
belangrijkste voordeel van piëzoactuatoren t.o.v. elektromagnetische
en magnetostrictieve actuatoren, is dat geen er warmteontwikkeling
gepaard gaat met het genereren van een constante kracht. Aangezien
thermische vervorming één van de belangrijkste oorzaken is van fouten
in een positioneersyteem, is de geringe warmteontwikkeling een belang-
rijk voordeel om de zwaartekracht te compenseren bij het vervullen
van de lageringsfunctie. Bovendien zijn piëzoactuatoren compact, wat
gunstig is voor de bandbreedte van het totale systeem, en genereren
ze geen elektromagnetische stoorvelden. Het belangrijkste nadeel van
piëzoactuatoren is hun beperkte slag, waarvoor twee oplossingen zijn
uitgewerkt in deze thesis: het gedwongen lopende-golfprincipe en het
combineren van het stapprincipe met het ultrasoon werkingsprincipe.

3 De gedwongen lopende-golfmotor

Een belangrijke factor voor de snelheidsbeperking bij een stapprincipe
is de hoge vereiste aan de bandbreedte van de regelaar om het hameren

Figuur 1: Lineair gedwongen lopende-golfprincipe.
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3 De gedwongen lopende-golfmotor

X Y

(a) De capacitieve sensoren meten
de positie van de eindmaat die aan-
gedreven wordt door de planaire
lopende-golfmotor in de Y-richting.
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s
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(b) Meting van de positiemeting van
de eindmaat aangedreven door de
piëzomotor met een lage aanstuur-
frequentie (5 Hz).

Figuur 2: Experiment met de planaire lopende-golfmotor.
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Figuur 3: Tractiekracht-snelheidskarakteristiek van de planaire
lopende-golfmotor met een aanstuurfrequentie van 200 Hz.

bij contactovername te vermijden. Daarom wordt een eerste alterna-
tief concept, met name de gedwongen lopende-golfmotor, voorgesteld,
met een intrinsieke continue overname van het contact. Eerst werd een
lineair prototype gebouwd waarvan het werkingsprincipe voorgesteld
is in Fig. 1. De rij piëzoactactuatoren wordt aangestuurd zodat een
lopende buiggolf door een elastisch medium gedwongen wordt. De-
ze buiggolf zorgt ervoor dat alle punten op het contactoppervlak van
het elastisch medium een elliptische beweging maken. De horizontale
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beweging ontstaat doordat bij vervorming van het elastisch medium
een doorsnede steeds loodrecht blijft t.o.v. de neutrale vezel 1. Op
een afstand van die neutrale vezel, beweegt een punt dus ook horizon-
taal. Samen met de gëınduceerde verticale beweging, resulteert deze
horizontale component in een elliptische beweging van dat punt. In
het ideale geval maakt de slede contact met de motor op de golftop-
pen van het elastisch medium, waar de verticale snelheid nul is en de
horizontale snelheid maximaal. Op die manier wordt de slede aange-
dreven in de richting van de lopende golf. Op basis van een lineair
prototype werd een planaire motor (zie Fig. 2(a)) gemaakt. Fig. 2(b)
toont de positie van de eindmaat, aangedreven door de piëzomotor in
de Y-richting met een frequentie van 5 Hz. Doordat de contactopper-
vlakken niet perfect vlak zijn, is er een periodieke snelheidsvariatie te
zien. Fig. 3 toont een tractiekracht-snelheidskarakteristiek van deze
motor. Gecombineerd met een intelligente elektrodeaansluiting, leidt
dit continu bewegingsprincipe tot lage eisen aan de bandbreedte van de
regelaar zodat dit geen beperking vormt voor de snelheid. Voor vlakke
oppervlakken (< 0.5 µm) is werking tot hele lage snelheden verzekerd.
De snelheid is goed controleerbaar met de frequentie. De gebouwde
planaire motor toont het vermogen van het gedwongen golfprincipe
om meerdere vrijheidsgraden in één motormodule te integreren. De
integratie van de lagering en de aandrijving zorgt ook voor een ho-
ge stijfheid van deze motoren. Nadelen van dit concept zijn de hoge
vlakheidseisen van de contactoppervlakken en de nood aan een groot
volume piëzomateriaal, wat leidt tot een hogere kost en meer warmte-
ontwikkeling.

4 De ellipsvormige gecombineerde motoren

Een tweede alternatief concept is het gecombineerd motorprincipe waar
hoge snelheden mogelijk worden door gebruik te maken van een hoog-
frequent werkingsprincipe. Het inertieel effect van de mechanische com-
ponenten op deze hoge frequentie zorgt hier ook voor een lage vereisten
aan de bandbreedte van de regelaar. Voor lagere snelheden wordt ge-
bruik gemaakt van het nauwkeurig stapprincipe.

Een eerste lineair prototype wordt afgebeeld in Fig. 4. De ellips-
vormige stator is met bladveren verbonden aan het vast frame zodat

1Hypothese van Bernoulli: ”Een vlakke doorsnede loodrecht op de neutrale vezel,
blijft na vervorming vlak en normaal op de neutrale vezel.”
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4 De ellipsvormige gecombineerde motoren

contactpunt
elliptische beweging

ellipsvormige stator

vast frame

bladveren

piëzoactuatoren

Figuur 4: De ellipsvormige lineaire motor.

verticale krachten opgenomen kunnen worden terwijl een horizonta-
le beweging toegelaten wordt. Twee piëzoactuatoren zijn gemonteerd
binnenin de stator en kunnen de stator relatief bewegen t.o.v. het
vast frame. Een slede die tegen het contactpunt van de stator ge-
drukt wordt, kan aangedreven worden via het stapprincipe (zie Fig.
5(a)) alsook via een hoogfrequent aandrijfprincipe. Bij het stapprin-
cipe is de stapgrootte evenredig met de aangelegde spanning aan de
piëzoactuatoren en kan zeer klein gemaakt worden, tot op nanometer
niveau. In het hoogfrequent aandrijfprincipe worden twee eigenmodes
van de motorstructuur gebruikt (zie Fig. 5(b)). De motor is zodanig
ontworpen dat de resonantiefrequenties van deze eigenmodes in het-
zelfde frequentiegebied liggen. Zo kan de verticale en de horizontale
beweging gelijktijdig versterkt worden in de buurt van de werkings-
frequentie. Fig. 6 toont het ideale geval waarbij beide modes perfect
samenvallen en de piëzoactuatoren met een faseverschil van 90o aange-
stuurd worden. Op de resonantiefrequentie wordt de beweging van het
contactpunt versterkt, wat leidt tot hogere aandrijfsnelheden.

Op basis van het lineair prototype, werd een motor gebouwd voor
aandrijving in twee richtingen (XY) (zie Fig. 7). Deze planaire mo-
tor toont aan dat bij het gecombineerd aandrijfprincipe meerdere vrij-
heidsgraden in één motormodule kunnen gëıntegreerd worden. Om de
stijfheid te verhogen werd enkel de bovenste helft van de ellipsvormige
stator gebruikt. Om de verticale en de twee horizontale eigenmodes,
getoond in Fig. 8, aan te sturen, worden vier piëzoactuatoren gebruikt.
Er werden ook afstemblokjes voorzien om de resonantiefrequenties van
de drie eigenmodes op elkaar af te kunnen stemmen. Het werkingsprin-
cipe is volledig analoog aan dat van het lineair prototype. Fig. 9(b)
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stator
piëzo frame

vast

slede

1

2

3

4

(a) Stapcyclus.

horizontale mode

verticale mode

(b) De horizonta-
le en de verticale
eigenmode
(vervormingen
werden niet op
schaal getekend).

Figuur 5: De lineaire ellipsvormige motor is ontworpen om in een
stappende mode en in een hoogfrequente resonante mode te
werken.

toont het verband tussen de beweging van het contactpunt, getoond
in Fig. 9(a) en de resulterende snelheid van de slede in de resonan-
te werkingsmode. De snelheid van de slede kan dus geregeld worden
door zowel de amplitude als de fase van de ingangssignalen naar de
piëzoactuatoren aan te passen.
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5 Modellering van een piëzoelektrische motor

Figuur 6: Resulterende beweging van het contactpunt bij samenval-
lende resonantiefrequenties en aansturing met faseverschil
90o.

Figuur 7: De ellipsvormige planaire motor.

5 Modellering van een piëzoelektrische motor

Om de invloed van de motorparameters te bestuderen, werd een vol-
ledig mechanisch equivalent model opgesteld van de motor, waardoor
het effect van resonante werking systematisch kan onderzocht worden.
Aangezien warmteontwikkeling een belangrijke foutoorzaak is in de pre-
cisiemechanica, wordt ook hysteresis van de piëzoactuatoren gemodel-
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Figuur 8: Eigenmodes van de ellipsvormige planaire motor.
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(a) Metingen van de elliptische be-
weging van het contactpunt.
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(b) Relatie tussen de elliptische be-
weging van het contactpunt en de
resulterende snelheid van de slede.

Figuur 9: De snelheid van de slede is evenredig met de horizontale
snelheid op de hoogste verticale positie van het contactpunt.

leerd. Hierdoor kan het effect van resonantie op de warmteontwikkeling
nagegaan worden. In Fig. 10 wordt het mechanisch model getoond van
een piëzoactuator. De uitwijking van de actuator wordt voorgesteld
door xp en Fin is de equivalente kracht evenredig aan de elektrische
ingangsspanning aangelegd aan de piëzoactuator. De verplaatsing xin

is een maat voor de diëlektrische verplaatsing in de piëzoactuator en
dus is de snelheid ẋin een maat voor de elektrische stroom Iin. Fp is
de externe mechanische kracht uitgeoefend op de piëzoactuator. km

stelt de mechanische stijfheid voor van de piëzoactuator, terwijl de
elektrische stijfheid ke omgekeerd evenredig is met de capaciteit van de
piëzoactuator. Gebruik makend van complexe stijfheden k∗

e en k∗
m, kan

de warmteontwikkeling door de hysteresisverliezen in piëzoactuatoren
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5 Modellering van een piëzoelektrische motor

k*e
xp

xin

k*m

Fp

Fp

Fin

Fin

Figuur 10: Mechanisch equivalent model van een piëzoactuator.
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(a) Experimentele configuratie.
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(b) Mechanisch mo-
del van de expe-
rimentele configura-
tie van Fig. 11(a).

Figuur 11: Experimentele configuratie ter verificatie van het
piëzoactuatormodel in Fig. 10.
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Figuur 12: Vergelijking tussen de modelberekeningen (volle lijn) en de
experimentele metingen (streeplijn) voor de configuratie
van Fig. 11(a) (logaritmische schaal).

in rekening gebracht worden. Zij kunnen als volgt berekend worden:

k∗
m = km(1 + j tan(αm)) (4)
k∗

e = ke(1 + j tan(αe)) (5)

Een lijst van de gebruikte symbolen wordt hieronder gegeven.
Het piëzoactuator-model werd experimenteel getest op de configu-

ratie van Fig. 11(a), gemodelleerd in Fig. 11(b). Fig. 12 toont de
berekende en gemeten snelheid aan het eindpunt en de berekende en
gemeten stroom naar de piëzoactuator.

Naast het piëzoactuatormodel werd op basis van experimentele me-
tingen ook een model opgesteld voor het contact tussen motor en sle-
de. Er werd experimenteel geverifiëerd dat het contact niet verbro-
ken wordt tijdens normale werking. Daarnaast werd een eenvoudig
Coulomb-wrijvingsmodel verondersteld voor de berekening van de trac-
tiekracht. Hiermee kan een volledig motormodel opgesteld worden voor
de quasi-statische motor en een volledig model voor de longitudinale
resonante motor, besproken in de volgende paragraaf 6.
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6 De longitudinale gecombineerde motor

De gebruikte symbolen voor de modellering van een piëzoelektrische
motor zijn:
Fin : kracht equivalent met de elektrische ingangsspanning

aangelegd aan de piëzoactuator [N ]
Fp : externe kracht uitgeoefend op de piëzoactuator [N ]
k∗

e : equivalente complexe elektrische stijfheid van de
piëzoactuator [N/m]

k∗
m : equivalente complexe mechanische stijfheid van de

piëzoactuator [N/m]
kpas : equivalente stijfheid van de stalen staaf [N/m]
mpas : equivalente massa van de stalen staaf [kg]
xin : verplaatsing equivalent met de diëlektrische verplaatsing

in de piëzoactuator [m]
xout : verplaatsing aan het eindpunt [m/s]
xp : uitwijking van de piëzoactuator [m]
tan(αm) : equivalente mechanische verliesfactor van een

piëzoactuator [−]
tan(αe) : equivalente elektrische verliesfactor van een piëzoactuator

[−]

6 De longitudinale gecombineerde motor

6.1 De ultrasone werkingsmode

contactpuntpiëzo 1

piëzo 2

vast frame

bladveren

elliptische
beweging van

het contactpunt

stalen
staaf

Figuur 13: De longitudinale gecombineerde motor.

Fig. 13 toont de longitudinale gecombineerde motor. De bewe-
ging wordt in horizontale richting versterkt door resonantie, terwijl de
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Figuur 14: Longitudinale modevorm (vervormingen werden niet op
schaal getekend).
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Figuur 15: Gemeten snelheid van het contactpunt in de horizontale
en verticale richting voor een ingangsspanning van 2 V
naar piëzo 1 en 5 V naar piëzo 2.

verticale beweging quasi-statisch - dus met een frequentie lager dan de
resonantiefrequentie - aangedreven wordt. Voor deze motor moeten dus
geen resonantiefrequenties op elkaar afgestemd worden zoals het geval
was voor de multi-modale ellipsvormige motoren. Zoals getoond op Fig.
14 wordt de horizontale beweging van het contactpunt versterkt door de
longitudinale eigenmode van de piëzoactuator en de stalen staaf. Fig.
15 toont de gemeten snelheid van het contactpunt i.f.v. de frequentie.
De horizontale beweging wordt ongeveer 200 keer versterkt op de reso-
nantiefrequentie van ongeveer 22.6 kHz, terwijl de verticale beweging
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Figuur 16: Tractiekracht-snelheidskarakteristiek en tractiekracht-
vermogenkarakteristiek van de longitudinale resonante
motor.

niet versterkt wordt door resonantie. De snelheid van de motor tijdens
werking kan op drie manieren worden gecontroleerd door amplitudestu-
ring, fasesturing en frequentiesturing van ingangsspanningen naar de
piëzoactuatoren. Fig. 16 toont de tractiekracht-snelheidskarakteristiek
en het vermogen van de motor in het ultrasoon werkingsprincipe.

6.2 De stappende werkingsmode

De stapbeweging van de longitudinale motor is uitgelegd in Fig. 17(a).
Een opstelling om één motormodule apart te kunnen testen, getoond
in Fig. 17(b), zorgt ervoor dat de drie rotatievrijheidsgraden van de
slede vastgelegd worden. Op die manier bepaalt het contactpunt van de
motor de drie resterende translatievrijheidsgraden van de slede. Fig. 18
toont het resultaat van een stapexperiment met stappen van ±7.5 µm.
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Figuur 17: Het stapprincipe van de longitudinale motor.
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Figuur 18: Stapexperiment met de longitudinale motor met stappen
van ±7.5 µm.

6.3 Studie van het effect van resonantie in de ultrasone
werkingsmode

6.3.1 De quasi-statische motor

Om het effect van resonantie in de ultrasone werkingsmode te onder-
zoeken, werd een quasi-statische motor ontworpen (zie Fig. 19), ter
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Figuur 19: De quasi-statische motor.

vergelijking met de longitudinale motor. Hetzelfde type actuatoren
als van de longitudinale motor werden ingebouwd in de quasi-statische
motor. De resonantiefrequenties van deze motor liggen veel hoger dan
de werkingsfrequentie van de longitudinale motor. Dus wordt op deze
frequentie (22.6 kHz) zowel de verticale als de horizontale beweging
quasi-statisch aangedreven.

Uit de modellering van de piëzoactuator en het contact, besproken
in de vorige paragraaf 5, volgen de modellen uit Fig. 20(a) en Fig.
20(b) voor de verticale beweging van de quasi-statische en de longitu-
dinale resonante motor. Fig. 21 en Fig. 22 tonen de modellen voor de
horizontale beweging van deze motoren.

F0 : statische voorspankracht tussen motor en slede [N ]
kc : contactstijfheid tussen de motor en de slede [N/m]
mp : equivalente massa van de piëzoactuator [kg]
msl : massa van de slede [kg]
xin : verplaatsing equivalent met de diëlektrische verplaatsing

in piëzo 1 [m]
xout : verplaatsing aan het eindpunt in horizontale richting [m]
xp : uitwijking van piëzo 1 [m]
xsl : positie van de slede [m]
zin : verplaatsing equivalent met de diëlektrische verplaatsing

in piëzo 2 [m]
zout : verplaatsing aan het eindpunt in verticale richting [m]
zp : uitwijking van piëzo 2 [m]
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Figuur 20: Mechanische modellen voor de verticale beweging van de
gecombineerde motoren.

6.3.2 Tractiekracht-snelheidskarakteristieken

Terwijl de quasi-statische motor vergelijkbaar is met de longitudinale
motor betreffende de stappende werkingsmode, zijn er significante ver-
schillen tussen beide motoren wat betreft de ultrasone werkingsmode.
Met behulp van experimenten en de simulatiemodellen werden volgende
belangrijke verschilpunten tussen resonante en quasi-statische werking
vastgesteld:

• Resonante werking laat veel hogere snelheden toe voor kleinere
elektrische ingangsspanningen, maar is minder robuust dan quasi-
statische werking omdat de resonantiefrequentie kan verschuiven
bijvoorbeeld o.i.v. temperatuursvariaties.
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Figuur 21: Mechanisch model van de horizontale beweging in de
quasi-statische motor, aangedreven door piëzo 1 uit Fig.
19.
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Figuur 22: Mechanisch model van de horizontale beweging in de lon-
gitudinale motor, aangedreven door piëzo 2 uit Fig. 13.

• Een resonante motor bereikt pas na een kort overgangsverschijn-
sel (∼ 1 ms) zijn maximum snelheid.

• Zolang de resonantiepiek niet gedempt wordt door de wrijvings-
verliezen in het contact bij de resonante motor, zoals het geval is
bij normale werking, hebben beide motoren vergelijkbare presta-
ties.

• Beide motoren hebben voor eenzelfde opgewekte beweging van
het contactpunt vergelijkbare prestaties zolang de resonantiepiek
niet gedempt wordt door de wrijvingsverliezen in het contact bij
de resonante motor, wat het geval is bij normale werking.
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6.3.3 Warmteontwikkeling

Aangezien warmteontwikkeling van piëzoactuatoren in precisietoepas-
singen vermeden moet worden, werd hiervoor een vergelijkende studie
gemaakt m.b.v. de resonante en de quasi-statische motor en hun simu-
latiemodel.

Verticale beweging
Fig. 23 toont de doeltreffendheid ηn die een maat is voor de verhou-
ding van de prestatie in de verticale richting (i.e. de variatie van de
contactkracht) t.o.v. de warmteontwikkeling in het systeem. De doel-
treffendheid ηn is het grootst bij de longitudinale motor in de buurt
van zijn resonantiefrequentie.
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Figuur 23: Vergelijking van de doeltreffendheid ηn tussen de quasi-
statische motor en de longitudinale resonante motor in
de verticale richting.

De exacte locatie van de optimale frequentie ligt tussen de resonan-
tiefrequentie en de antiresonantiefrequentie en is functie van de ver-
houding tussen de elektrische en de mechanische verliesfactor (zie Fig.
24). Voor standaard piëzoelektrische materialen ligt deze optimale fre-
quentie zeer dicht bij de resonantiefrequentie aangezien de elektrische
en de mechanische verliesfactor vaak dezelfde orde van grootte hebben.
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Figuur 24: Ligging van de optimale frequentie voor minimale warm-
teontwikkeling, afhankelijk van de verhouding tussen de
elektrische verliesfactor (tan(αe)) en de mechanische ver-
liesfactor (tan(αm)).

Horizontale beweging
Ook in de aandrijfrichting werd een vergelijkingsstudie uitgevoerd tus-
sen de quasi-statische motor en de resonante longitudinale motor. Fig.
23 toont dat de doeltreffendheid ηt, die een maat is voor de verhou-
ding van de prestatie in de horizontale richting (i.e. het versnellen van
een massa tot een eindsnelheid) t.o.v. de warmteontwikkeling in het
systeem het grootst is bij de longitudinale motor in de buurt van zijn
resonantiefrequentie.

Bespreking
Zowel bij de verticale als bij de horizontale beweging komt het voordeel
van resonante werking voort uit het feit dat zowel het nodige aangeleg-
de elektrisch veld als de optredende rek in de piëzoactuator kleiner is
dan in het quasi-statisch geval. Resonante werking laat dezelfde snel-
heden en prestaties toe voor kleinere elektrische ingangsspanningen,
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Figuur 25: Vergelijking van de doeltreffendheid ηt tussen de quasi-
statische motor en de longitudinale resonante motor in
de horizontale richting.

wat leidt tot verminderde elektrische hysteresisverliezen. Ook de no-
dige rek in de piëzoactuator kan verminderd worden door de excitatie
van een stalen staaf met lage materiaaldemping. Hierdoor verkrijgt
men dezelfde uitwijking aan het eindpunt en dezelfde prestatie voor
een kleinere rek van het piëzoelektrisch materiaal (dat een hogere ma-
teriaaldemping heeft dan staal). De kleinere rek in de piëzoactuator
vermindert de mechanische hysteresisverliezen, wat ook leidt tot een
lagere warmteontwikkeling.

7 Conclusies

Om tegemoet te komen aan de hogere nauwkeurigheids-, stijfheids- en
snelheidseisen aan positioneersystemen van bewerkings- en meetmachi-
nes, werden in dit doctoraat twee motorconcepten ontwikkeld met een
gëıntegreerde aandrijvings- en lageringsfunctie. Voor beide concepten
werd piëzotechnologie als actuatorprincipe gebruikt.

In het eerste concept wordt de beperkte slag van piëzoactuatoren
opgelost door een gedwongen lopende-golfprincipe. Door de intrin-
sieke continue overname van de contacten vormen de controlevereis-
ten geen beperking voor de snelheid. Hun hoge resolutie en stijfheid
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zorgen ervoor dat zij kunnen gebruikt worden als aandrijfmotor voor
een nauwkeurig positioneersysteem waarin meerdere vrijheidsgraden
gëıntegreerd zijn.

Het tweede concept is de gecombineerde motor. Hiervoor wordt een
motormodule ontworpen om zowel in een nauwkeurige, maar trage stap-
mode te werken als in een snellere hoogfrequente werkingsmode. Ook
hier werd de mogelijkheid om meerdere vrijheidsgraden te integreren
aangetoond met een planair prototype. Er werd een experimenteel ge-
verifiëerd motormodel opgesteld om het effect van resonantie te onder-
zoeken op de prestaties en de warmteontwikkeling van de motor. Een
resonante motor laat hogere snelheden toe, terwijl een quasi-statische
motor robuuster en compacter is en een iets kortere responstijd heeft.
Warmteontwikkeling in piëzoactuatoren kan drastisch verminderd wor-
den door het werken in resonantie. De optimale werkingsfrequentie
ligt tussen de resonantie- en de antiresonantiefrequentie, dichtbij de
resonantiefrequentie voor standaard piëzoelektrische materialen.

XXI




