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A Novel Multi-Degree-of-Freedom Thick-Film

-Ultrasonic Motor
Manaba Aoyagi, Steve P. Beeby, and Neil M. White

Abstract—This paper describes a new multi-degree-of-
freedom (MDOF) ultrasonic motor that comprises few parts
and is based on low-cost thick-film technology. Conven-
tional ultrasonic motors using bulk lead zirconate titanate
(PZT) or thin-film PZT layers are relatively expensive at
the present time. Thick-film printed PZT technology pro-
vides the opportunity to reduce the costs of ultrasonic mo-
tors. To demonstrate the feasibility of this approach, an
ultrasonic motor was fabricated from alumina using thick-
film printed PZT actuators. The thick-film PZT and elec-
trode layers were printed on a thin alumina plate, and a tiny
cylinder was mounted at its center. This cylinder magnifies
the lateral displacement of the stator, holds the spherical
rotor, and transmits the driving force to the sphere. Three
bending vibrations, B22, B3o, Boas, of the plate were applied
to rotate the sphere. Sufficient displacements for rotating
the sphere were obtained near the resonance of B2z by ap-
plying an excitation voltage of 200 V peak-to-peak via a
three-phase drive circuit. Rotations in three orthogonal di-
rections have been observed by controlling the phase of the
driving signal to the PZT electrodes, and a MDOF ultra-
sonic motor was successfully realized.

I. INTRODUCTION

ECENTLY, both ultrasonic motors and piezoelectric ac-
tuators have been applied to many practical industrial
applications. Some of these have been miniaturized into
millimeter-sized devices and have been used, for example,
in wrist watches [1]. These devices typically use bulk PZT
ceramic plates, which exhibit high levels of piezoelectric ac-
tivity and can generate large forces from moderate applied
electric fields. Bulk ceramic PZT is, in its simplest forms
(such as discs and plates), relatively inexpensive, although
more elaborate shapes require more sophisticated process-
ing and are therefore more expensive. Bulk ceramics must
also be individually glued in place, and this extra process-
ing also leads to increased costs. A lower cost method for
producing piezoelectric actuators in a wide range of geome-
tries for industrial requirements is particularly desirable.
An alternative approach to using bulk piezoceramics is
either thin or thick-film technology. Materials deposited
using thin-film techniques exhibit high levels of piezoelec-
tric activity, but the thickness is limited to a few microns.
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In addition, their deposition processes, being typically
sputtering [2], sol-gel [3], or hydrothermal [4] techniques,
are rather expensive. Thick films are based on standard
screen printing technology, which has been widely used
within the microelectronics industry for many years. It
can produce thicker layers than thin-film deposition meth-
ods. Therefore thick-film printed PZT layers are capable
of generating larger actuating forces than thin-film layers.
An example of the use of a thick-film piezoelectric layer as
an actuator is the silicon micropump described by Koch et
al. [5]. An additional advantage of the thick-film approach
is that it is possible to fabricate a complete ceramic struc-
ture without the need for adhesives to attach the various
parts.

Traditional composite vibrators are fabricated by fix-
ing bulk piezoelectric ceramics to metal structures using
adhesives. The difference in thermal expansion coefficients
results in thermal stress within the composite. Ceramic
materials have lower thermal expansion coefficients than
metals (typically 6 ppm/°C for ceramics; greater than
15 ppm/°C for metals) [6]. Therefore, the device described
here, based wholly on ceramics, will not suffer from the
high levels of thermally induced stress often experienced in
traditional composite vibrators. It should be noted, how-
ever, that the upper temperature limit for operating our
device is limited by the Curie temperature of the piezoce-
ramic material (typically 190°C).

In general, ultrasonic motors can achieve two-
dimensional linear motion, in addition to reversible rotary
motion, in a single device [7]. This can be achieved by care-
fully designing the shape of the vibrator and by exciting
the correct vibration modes [8]. This point has been illus-
trated by other researchers [9], [10], who have developed
a MDOF ultrasonic motor capable of actuating in many
directions.

This paper describes a new type of MDOF ultrasonic
motor fabricated on an alumina substrate with thick-film
PZT layers printed on its surface. The feasibility of pro-
ducing an ultrasonic motor using printed PZT layers is
demonstrated through the development of the MDOF ul-
trasonic motor constructed wholly of ceramic. There are
many potential applications for this type of ultrasonic mo-
tor, including micro robots and optical devices.
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Fig. 1. Schematic of MDOF ultrasonic motor.
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II. OPERATING PRINCIPLE OF MDOF ULTRASONIC
MoToR

In general, an ultrasonic motor needs at least two vi-
bration modes to form an elliptical displacement motion
on the surface in contact with a rotor. Even single-phase
drive ultrasonic motors consist of two vibration modes,
which must be coupled to each other. All MDOF ultrasonic
motors have advanced functionality compared with tradi-
tional single-degree-of-freedom (SDOF') ultrasonic motors.
To achieve rotation around three orthogonal axes in the
Cartesian coordinate system requires at least three reso-
nant modes of which each displacement must be orthog-
onal to each other. The combination of various vibration
modes has already been considered and demonstrated in
MDOF ultrasonic motors [9], {10]. The MDOF ultrasonic
motor proposed here is based on three bending resonance
modes of a thin alumina square plate. The motor has been
designed such that these modes are excited by thick-film
printed PZT actuators.

A. Combination of Resonant Modes

The stator of the ultrasonic motor consists of a 20-mm
square alumina plate, 250 pum thick with an alumina cylin-
der, 3 mm outside diameter, 0.5 mm thick and 3 mm long,
attached to the center of the plate. This serves to am-
plify the lateral displacements of the plate associated with
the bending modes, which, on the surface of the plate, are
quite small. The alumina cylinder also holds a small metal
sphere that serves as the rotor at the center of the vi-
brator. The thick-film PZT electrodes were printed on the
underside of the alumina plate. A schematic of the motor
is shown in Fig. 1.

The stator vibrator achieves the desired displacement of
the rotor by generating both a rotary force and a vertical
force (or thrust) that controls the surface friction between
the vibrator and rotor. The rotary force and thrust are
obtained by exciting the alumina plate into the correct
mode of vibration. In this study, as a trial, the Bsg, Bos,
and Ba; modes of the square plate, as illustrated in Fig. 2,
were chosen. To illustrate the possible displacements, the
deflections of a vertical bar located at the center of the
plate are shown in Fig. 2. This bar simulates the displace-
ments of the cylinder used in the actual device. Both Bgag
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and Bosg modes generate moments and swing the bar; the
By mode produces a displacement in the direction per-
pendicular to the surface of the plate and, hence, shakes
the bar vertically. Rotations around the z-axis, y-axis, and
z-axis can be obtained by choosing a combination of reso-
nant modes as shown in the boxed inserts in Fig. 2. When
the By and Bgg modes are excited by two phases, an el-
liptical displacement motion occurs at the end of the bar.
Therefore, a sphere located at the center of the substrate
will rotate around the z-axis parallel to the direction of the
moment vector. When the Bgs mode is combined with the
B2 mode in place of the B3y mode, the rotor has rotation
axis around the y-axis, because it is the orthogonal and
symmetric mode of B3g. Moreover, the combination of the
Bao and Bos modes causes a mode rotation [11]. The vec-
tor product of the direction vector moments of these modes
generates a rotary force around the z-axis at the center of
the plate. The axis of rotation can be changed, and the di-
rection of rotation is reversible by switching the phase of
the drive signal. Finally, the B2 mode has four nodal lines
as shown in Fig. 2(a). These nodal lines cross each other
at a point located very close to the nodal lines associated
with the Bag(Bgs) modes [Fig. 2(b and c)]. Hence, this
motor can be supported at the crossing points of the four
nodal lines of Bys mode with minimal vibration damping,.

B. Modal Analyses

A finite element modal analysis (using a modified ver-
sion of the SAP IV package) was used to simulate the
structure to determine its resonant frequencies and asso-
ciated mode shapes and to confirm the feasibility of the
design. Fig. 3 shows some displacement plots from this
simulation. Fig. 3(a) shows the Bos mode, Fig. 3(b) shows
the B3p mode, and Fig. 3(c) shows the Bz mode. The Bsg
and Byz modes are orthogonal to each other and, because
of their symmetrical shape, have the same resonance fre-
quency. In these modes, the central cylinder is pushed up-
ward and, because of the angular displacement of the plate,
the tip of the cylinder is displaced laterally. Hence, the lat-
eral displacements of the plate are magnified as expected.
The resonance frequencies of the Bgg (BO},) and Bgs modes
were 14.47 and 16.49 kHz, respectively. These frequencies
should ideally be the same to reduce both mechanical and,

“as a result, electrical impedance. This improves the motor

performance. In this case, however, the difference between
these modes is not prohibitively large, and there is no other
mode occurring between the Bsg (Bog) and the Bgz modes.

From the finite element analysis results and given previ-
ous work on degenerate-mode ultrasonic motors with non-
equal resonant frequencies [8), a degree of confidence was
established that these resonant modes can be simultane-
ously excited at the same frequency. Indeed, that type of
ultrasonic motor still works well, especially if the resonant
frequencies are approximately tuned [8]. Hence, for this
device, it was not essential that the resonant frequencies
of the Bsg, Bos, and B2o modes were exactly the same.
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Fig. 2. Vibration modes. Bas mode, B3o mode, and Bps mode and their associated displacements at the center of the square plate and the
relationships between the rotation direction and vibration combination (a, b, and c, respectively).
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Fig. 3. Modal analysis results: a) Bg2 mode at 16.49 kHz, b) Bzg mode, and c) Boz mode at 14.47 kHz.
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| Alumina square plate

Fig. 4. Schematic of the arrangement of the electrode layers and PZT
layer printed on an alumina substrate.

III. FABRICATION AND EXPERIMENTAL PROCEDURE
A. Thick-Film Printed Layers

The first step in the fabrication process was to deposit
the bottom electrode. This was achieved by screen print-
ing the required pattern, a circular ring and leadout, at the
center of the alumina substrate, as shown in Fig. 4. A gold
cermet conductor (ESL 9336) was used for both top and
bottom electrodes. The electrode was dried at 150°C and
fired at 890°C to sinter the film. The PZT paste was made
from 95% PZT-5H powder (supplied by Morgan Electro-
ceramics Ltd.), 5% lead borosilicate powder, and organic
vehicle (ESL 400). This paste was printed through a stain-
less steel screen with a 23-pm thick emulsion layer using a
Dek 1750RS printer [12]. Two print strokes were used to
deposit a film that was then dried and fired. This was fol-
lowed by an additional triple print, dry, and fire process,
which yielded a PZT thickness of 95 pym. The PZT film
was sintered at 830°C. Next, the top electrode, patterned
as shown in the upper part of Fig. 4, was printed onto
the PZT and subsequently dried and fired as before. The
PZT is deposited in a sandwich between the top and bot-
tom electrodes, forming a capacitor structure. The layout
of the thick-film printed PZT and electrodes, and a cross-
section through the electrode/PZT /electrode sandwich, is
illustrated in Fig. 5. The top electrode consists of one ring
to excite the Boy mode and four quadrants to excite the
Bsg and Bgs modes. To excite and control the Bsg and
Bos modes of operation, the PZT between the quadrants
on opposite halves of the device must be poled in opposite
directions. To achieve this, a dc bipolar voltage source was
simultaneously applied to the top electrodes, generating a
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Fig. 5. Layout of the electrodes and the PZT layer. The direction of
polarization is indicated by the plus and minus signs.

poling field of £4.2 MV /m on the appropriate electrodes.
During poling, the PZT is maintained at 150°C. Finally,
the alumina cylinder was bonded with an adhesive at the
center of the plate. Photographs of the motor showing the
alumina plate and cylinder and the thick-film printed PZT
layers and electrodes are shown in Fig. 6. A stainless steel
ball 3 mm in diameter is used as the rotor and is located
on the cylinder.

B. Vibrator Performance

The resonant frequencies of the B3g and Bos modes were
found, by measuring electrical impedance, to be 15.86 and
16.67 kHz, respectively. In this instance, the structure was
excited by a driving voltage of 1 V rms. The frequency dif-
ference between the B3y and Bss modes was 1.2 kHz, and
this was lower than the simulation result. The resonance
responses were, however, rather small, and this is because
the thick-film printed PZT layer has a relatively low piezo-
electric coefficient, ds;, of approximately ~33 pC/N com-
pared with the bulk value of —274 pC/N [13].

Next, the structure was analyzed on a purpose-built op-
tical fiber interferometer. Fig. 7 shows the amplitudes of -
displacement of each mode, and the phase difference be-
tween the applied signal and displacement, plotted against
frequency. The applied excitation voltage for these mea-
surements was 200 V, peak to peak. The resonant fre-
quencies of the Bsg and Bgy modes were found to be to
15.45 and 16.2 kHz, respectively. This is again lower than
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(a)

Fig. 6. Photographs of MDOF ultrasonic motor (a) and the surface of the thick-film printed PZT layer (b).
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Fig. 7. Measured displacement and phase difference between applied
voltage and displacement.

the simulated values and also lower than the resonant fre-
quency detected by the electrical impedance analysis de-
scribed previously. This is because the optical interferom-
eter measurements were taken with a much larger driving
voltage, which increases the vibration velocity. This is due
to the fact resonant frequencies fall with increasing vibra-
tion velocity.

Although the mode shape of each resonance was not
fully mapped, the interferometer was used to confirm that
the direction of vibration of the cylinder agreed with the
design. The vertical displacement of the B2y mode at the
end face of the cylinder was measured at resonance using
the interferometer and found to be 1.1 pm. The motor was
positioned sideways under the interferometer to enable the
horizontal displacements of the Bzg mode to be measured.
The interferometer was positioned over the side face of the
cylinder near the top edge. The horizontal displacement of
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Fig. 8. Block diagram of the three-phase drive circuit for the MDOF
ultrasonic motor.

the B3y mode was found to be 2.2 pym at its resonance
frequency. The amplitude of the B3y mode was also found
to be 1.2 ym at the resonance frequency of the Bz mode.
This amplitude was sufficient to drive the rotor, and, there-
fore, the motor could only be operated near the resonance
frequency of the Bso mode. The phase difference of the
displacements of both modes varies with drive frequency.
At the resonant frequency of the Bss mode, the phase dif-
ference between displacements of the B3g mode and Boo
mode was approximately 90°. Hence, elliptic displacement
motions for rotations around z- and y-axes occur when the
drive signals for both modes are either in phase or out of
phase.

C. Rotation Directions and Drive Clircuit

This type of ultrasonic motor requires a three-phase
drive source for its operation. Fig. 8 shows a block dia-
gram of the drive circuit for the ultrasonic motor. The
phase values in parentheses must be applied when each
mode has the same resonance frequency. If the resonance
frequency of the Byy mode is different from the others, the
phase of channel 1 at rotations around the z- and y-axes
has to be shifted. It was found that the phase difference of
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channel 1 was zero because there was already a phase dif-
ference of 90° between the displacement of the B3y mode
and the Bys mode. A signal from a function generator was
split into three, and then each phase was adjusted with
a phase-shift network to a value corresponding to a rota-
tion direction. The adjusted signals were amplified up to
200 V peak to peak by amplifiers and then applied to each
electrode. Changing the rotation axis was accomplished by
toggling channel 1 and simultaneously switching the phase
of channels 2 and 3. All electrodes were used for rotations
around the z- and y-axes, and the rotation change between
these was achieved by inverting the phase of the signal on
channel 3, thus switching between the Bsg and Bz modes.
‘Moreover, by inverting the phase of channel 1, rotations
around both axes were reversed. For rotation around the
z-axis, channel 1 must be opened, and the phase difference
between channels 2 and 3 should be adjusted to +90° or
—90°. In this case, the phase of channel 2 is fixed at +90°
and that of channel 3 is inverted for a reverse motion of
rotation. Using this drive circuit, all directions of rotation
were confirmed.

D. Velocity and Rotation Angle

To make a pre-load, the small metal spherical rotor of
mass 0.1 g was put on the cylinder, as shown in Fig. 6(a).
It was pulled down onto the cylinder by an electromagnet,
which enabled adjustment of the force toward the center
of the vibrator. In this case, the pre-load was equivalent
to 0.86 g, including the weight of the rotor. A small metal
pin was also attached to the sphere to enable measure-
ment of angular displacement. The mass of the pin was
negligible compared with that of the spherical rotor, and,
therefore, its effects on the angular displacement of the
rotor can be neglected. The angular displacement of the
rotor was clearly indicated by the pin, and this enabled
precise measurement using a suitable protractor. Rotation
angles of the rotor were changed by applying short bursts
containing a number of sinusoidal pulses with a frequency
of 16.23 kHz and an amplitude of 200 V peak to peak,
as illustrated in Fig. 9. Using this form of drive, measure-
ments were then taken to determine the angular velocity
and angular resolution achievable. An example of the mea-
surement results is shown in Fig. 10. The average velocities
were calculated by dividing the measured angular rotation
by the duration of the burst of pulses. At least 10 pulses
were required to start the motor running under this con-
dition. For a small number of pulses, the angular velocity
rapidly increased to a maximum value of approximately
20 rad/s. Once this velocity is reached, it remains steady
and repeatable. The maximum angular velocity obtained
is limited by the contact duration and vibration velocity
of the device [14].

This method of driving the motor means the rotation
angle can be determined by applying a given number of
pulses, and, therefore, precision positioning of the rotor is
possible. When the steady angular velocity region has been
reached, the resolution of each angle was simply calculated
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Fig. 9. Sinewave pulses of 16.23 kHz and 200 Vp, amplitude applied
to the MDOF ultrasonic motor.
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Fig. 10. Measured velocity and rotation angle driven by the signal
shown in Fig. 9.

from rotation angles divided by number of pulses and was
found to be 0.08 deg for the z-axis, 0.07 deg for the y-
axis, and 0.087 deg for the z-axis per unit pulse. This level
of resolution is only achievable if given very smooth and
uniform contact surfaces. At present, the roughness of the
contact surface between a rotor and stator means this level
of resolution cannot be achieved in practice. However, it is
also possible to achieve finer angular resolution by apply-
ing a burst of pulses of <5 ms duration, i.e., operate the
device in the non-linear region. This approach is only fea-
sible provided the behavior of the motor is repeatable in
the non-linear region. Theoretically, the properties of both
of the z- and y-axes should be the same. The experimen-
tal results, however, indicate a small difference between
the two. The cause of this is probably that the conditions
of the contact surfaces between the rotor and the cylin-
der were slightly different between both rotations. When
the motor is in operation, the rotor and the cylinder are
in contact at a small point so that motor performance is
greatly-affected by the surface condition. Therefore, factors
such as, for example, temperature, humidity, and rough-
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ness will influence the performance of the motor. Further
studies are underway to improve the stability and increase
the output torque.

IV. CONCLUSIONS

A MDOF ceramic ultrasonic motor comprising thick-
film printed PZT layers has been successfully realized. The
PZT layer generates enough force to obtain sufficient dis-
placement for the motor to operate. This motor not only
has a relatively simple structure, but also can produce
rotations in three orthogonal directions, as confirmed by
both simulated and experimental results. Further improve-
ments to the contact surface uniformity would increase the
stability of this motor and enable precision positioning of
the rotor. Under such conditions, this device would be ca-
pable of a resolution of rotor angle of approximately 0.08
deg per unit pulse after the initial 5-ms burst of drive
pulses. The possibility of improving this resolution and
accuracy of the rotor positioning by operating the motor
in the non-linear region (<5 ms) is also currently being
investigated.

This work has verified that thick-film printed PZT lay-
ers are a relatively efficient method for driving an ultra-
sonic motor. Moreover, thick-film printed PZT technology
will enable the reduction of manufacturing costs compared
with other types of ultrasonic motors. One drawback, how-
ever, is that a high voltage source is needed for this type of
ultrasonic motor because of the low piezoelectric activity
of the thick-film PZT film. Ongoing work at Southamp-
ton is aimed at improving the piezoelectric properties of
screen-printed films. This will help to improve the perfor-
mance of the motor further.
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include the development of ultrasonic devices (a particle filter and
flow sensor) for microfluidic applications and a silicon microphone.
Both devices will be realized using thick-film piezoelectric layers on
silicon. Steve currently has over 40 publications in the field and has
co-authored several successful proposals to both industry and the
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