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Ultrasonic Linear Motor Using
Surface Acoustic Waves

Minoru Kurosawa, Member, IEEE, Masakazu Takahashi, and Toshiro Higuchi, Member, IEEE

Abstract— The first success in the operation of an ultrasonic
linear motor at HF band driving frequency using the Rayleigh
wave is described. The substrate material is a 127.8� Y-cut
LiNbO3 wafer whose diameter is three inches. Four interdigital
transducers (IDT’s) are arranged to excite x- and y-propagation
waves in both directions. The dimensions of the IDT are 25
mm aperture size, 400 �m pitch, 100 �m strip width, and 10
pairs. The operation area is about 25 mm square. The driving
frequency is about 9.6 MHz in the x direction and about 9.1 MHz
in the y direction. The most important point of the success is the
shape of the contact surface and slider materials. For the contact
materials, small balls about 1 mm in diameter are introduced to
obtain sufficient contact pressure around 100 MPa. The use of
ruby balls, steel balls, and tungsten carbide balls is investigated.
Each slider has three balls to enable stable contact at three points.
The maximum transfer speed is about 20 cm/s. The transfer speed
is controllable by changing the driving voltage.

I. INTRODUCTION

RAPID positioning devices with accuracies on the order
of nanometers are being used in the production of

semiconductors [1]. Ultrasonic motors are expected for a
micro-actuator which can make the slider move to a precise
position because of a high output force and direct drive. For
the miniaturization of ultrasonic motors, the stator transducer
should be small, so that the wavelength becomes short and the
driving frequency rises. Therefore, the friction drive condition
has to be examined at high frequency and small vibration
amplitude. For this purpose, a surface acoustic wave motor
is suitable. Moreover, the surface acoustic wave motor itself
would be a small linear actuator. A rigid mounting at the
bottom of the substrate will also be an advantage of this motor.

Many types of ultrasonic motors have been developed and
reported [1]–[5]. However, nobody has reported using the
HF band (from 3 to 30 MHz) surface acoustic wave due to
high frequency. There has been only one report about a high-
frequency ultrasonic motor which used 4-MHz Lamb wave.
However, it only showed that polysilicon blocks moved in
the direction of the wave propagation [6]. It was not a direct
frictional drive, but a fluid coupled radiation force drive. Hence
the linear motion velocity was at the low speed of 2 cm/s. In
consequence, the high-frequency drive, such as 10 MHz of the
ultrasonic motor, was believed to be impossible except for a
fluid coupling drive [6], [7].
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Fig. 1. Motion of the Rayleigh wave which propagates in semi-infinite
elastic medium; the upper surface is free boundary and the others are
continuous elastic medium.

From reports of ultrasonic motors, the contact pressure is
usually around 20 MPa [8], [9]. When a fluid such as oil exists
at the boundary between a stator and a rotor, a rather high
pressure is required to make the motor work well. In the case
of a miniaturized ultrasonic motor with high-frequency small
amplitude operation, the influence of adhesive contaminants
or air may become significant. Therefore, it is expected that a
high contact pressure is required for the friction drive.

In this study, the feasibility of the HF band ultrasonic motor
operating at 10 MHz was investigated by using a high contact
pressure slider and a surface acoustic wave stator transducer.
The motor worked successfully and a small – linear stage
was achieved.

II. STATOR TRANSDUCER

The motion of the Rayleigh wave, a kind of surface acoustic
wave, is illustrated in Fig. 1. Each surface point in the elastic
medium moves along an elliptical locus, because the Rayleigh
wave is a coupled wave of the longitudinal wave and the
shear wave which has normal displacement component to a
boundary. The motion of the surface is similar to the flexural
wave, therefore the Rayleigh wave is suitable for an ultrasonic
motor. Conveniently, the wave motion is attenuated in the
thickness direction, hence permitting rigid mounting at the
bottom of the substrate.

In the case of the Rayleigh wave, a tiny vibration displace-
ment due to high frequency is a problem for friction drive.
For example, when the driving frequency is 10 MHz and
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Fig. 2. Schematic of the stator transducers for surface acoustic wave motor.
Dimensions are in millimeters.

Fig. 3. Conductance of a stator transducer on which water is put.

the particle velocity at the surface is 0.3 m/s, the vibration
amplitude becomes about 5 nm. In some cases, the amplitude
is smaller than the roughness of the surface. From the limits
of the aperture size of a driving transducer and the substrate
thickness, it is not practical to lower the driving frequency
below several MHz. Therefore, it was decided that the driving
frequency should be around 10 MHz.

We used a 127.8 -rotated -propagating LiNbO substrate
for the Rayleigh wave propagation. On the surface of the 3-in
substrate, four interdigital transducers (IDT’s) were arranged
as shown in Fig. 2. The wave propagation velocity in the
direction is 3960 m/s, so that the IDT pitches are 400 m
The dimensions of the IDT are a 100- m strip width and 25-
mm aperture size. Each IDT has 10 strip electrode pairs. To
prevent a standing wave excitation, silicone grease was pasted
between the IDT’s and the wafer edge.

For absorption of the reflecting wave from the opposite elec-
trode, water was put on the stator transducer. The resonance
frequency was measured at this condition with an impedance
analyzer. The typical susceptance and the conductance are
shown in Fig. 3. As can be seen from these results, the

-direction resonance frequency was 9.56 MHz and the -
direction resonance frequency was 9.11 MHz. The resonance

Fig. 4. Admittance loop of an x-direction stator IDT on which water is put.

Fig. 5. Conductance of the stator transducer without water.

frequencies were not the same, due to anisotropy of the
substrate material. The stator transducer was driven at these
resonance frequencies. The typical admittance loop for an
direction is shown in Fig. 4.

After removing the water on the stator, the admittance was
measured again. This admittance was the actual admittance
for the motor operation. There were a lot of peaks in the
admittance spectrum as shown in Fig. 5. These were caused
by the reflection from the other side of the IDT. It meant that
not only the traveling wave but also the standing wave was
excited. Only the traveling wave is required for the ultrasonic
motor operation, however, the pure traveling wave was not
obtained. The standing wave ratio was about 1.3 from the
measurement of the vibration distribution. For excitation of
the pure traveling wave, the impedance matching condition at
the opposite side electrode should be examined.

The vibration amplitude of the normal direction to the sur-
face was measured directly using a laser Doppler vibrometer.
The amplitude was on the order of nanometers as shown in
Figs. 6 and 7. From these measurements, the normal vibration
velocity component was estimated to be about 31 cm/s at 50

in the direction and 12 cm/s at 50 in the
direction. The vibration velocity in the tangential direction was
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Fig. 6. Normal vibration amplitude and vibration velocity of x propagation.

Fig. 7. Normal vibration amplitude and vibration velocity of y propagation.

estimated to be about 19 cm/s at 50 in the direction and
7 cm/s at 50 in the direction from the calculated elliptic
shape. It is certain that the vibration velocities are sufficient
for ultrasonic motors, however, the normal amplitude seems
to be small for friction force control.

The surface roughness, of the stator was measured
with an instrument which uses a precision stylus. The surface
roughness refers to the difference between the top of the
mountain and the bottom of the valley of the traced surface.
In the case of a new stator transducer, for the direction
measured 8.1 nm and that for the direction measured 14
nm over a measuring distance of 0.8 mm. In the case of a
stator transducer which was used several times, for the

direction was 15 nm and that for the direction was 20
nm. These surface roughnesses were of the same order as the
vibrating amplitude. It was found that the surface roughness
became worse after driving the motor.

III. SLIDER GEOMETRY AND MATERIAL

To realize the friction drive of the ultrasonic motor, the
lubrication condition should be controlled. As is well known,
if the contact pressure is rather low, some kind of fluid exists
between the two materials. In such a case, the two materials
do not contact each other, so that the traction force can not

Fig. 8. Hertz contact.

Fig. 9. Sketch of a slider.

transfer from one material to the other. In the case of small
driving amplitudes, contaminants and air would likely have a
significant effect on the lubrication condition.

For control of the contact pressure, the geometry of the
contact material should be arranged. For this purpose, a
spherical shape is suitable. From the Hertz contact theory [10],
the maximum contact pressure and the contact area can be
estimated as shown in Fig. 8. and are the coefficients
of elasticity of the stator and the slider, and and are
Poisson’s ratios. The radius of the ball is indicated by
When we give the pressing force in the normal direction,
the pressure, maximum pressure, and the contact radius are

and as indicated in Fig. 8.
Three kinds of miniature balls were used for the contact

material. The materials were tungsten carbide (diameter: 1.56
mm), ruby (diameter: 1.56 mm), and steel (diameter: 1 mm)
because they were easy to obtain. The geometry of the slider
should be arranged so that there is a suitable contact condition
at each point. For this purpose, the number of contact positions
should be three. The sliders are shown in Fig. 9. The slider’s
weights of tungsten carbide, ruby, and steel ball were 123,
55, and 28 mg, respectively, and from the calculation, each
maximum contact pressure was 110, 80, and 140 MPa.
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(a)

(b)

Fig. 10. The stator transducer (a) and the slider (b).

Fig. 11. Two-dimensional driving.

IV. MOTOR OPERATION

To obtain good operation condition of the friction drive, the
contact surface should be kept clean. Because contaminants
such as oil and other adhesives disturb the friction drive, the
stator transducer surface and the slider contact part were wiped
with acetone to remove any contaminants present. Photographs
of the transducers and the slider are shown in Fig. 10.

When both - and -direction IDT’s were driven at the same
time, the slider moved diagonally as shown in Fig. 11. The
angular direction was changeable by modifying the amplitude
of the driving voltages of both directions. This shows that the
motor is also suitable for two-dimensional actuation. However,

Fig. 12. Effect of the slider material on the transient response of the motion.

Fig. 13. Speed of the motor as a function of the driving voltage for
x-direction drive.

the -direction motion was not stable. Therefore, only -
direction operation characteristics were measured in detail.

The different transient responses of the slider materials were
examined. The transient motion of the sliders was measured
by using an Opto-Follow which is an optical displacement
measuring instrument. The transient responses of the three
balls are shown in Fig. 12. According to these measurements,
the tungsten carbide was superior and the ruby was the next
best. We measured the frictional coefficient by inclining the
stator transducer on which the sliders were placed without
ultrasonic vibration. The frictional coefficients of the tungsten
carbide, the ruby, and the steel against LiNbO were 0.8–4.2,
0.66, and 0.47, respectively. For reference, it is reported that
the frictional coefficient of steel and aluminum against steel are
0.46 and 0.54 [11]. From the point of view of quick response,
the tungsten carbide was superior. However, the motion of the
tungsten carbide was not stable, hence we used the ruby ball
slider for other experiments.

The traverse speed of the slider is variable in accordance
with the driving voltage as indicated in Fig. 13. This charac-
teristic is the same as other major ultrasonic motors [12]–[14].
In a low vibration amplitude range up to about 20
driving voltage, the slider did not move. From this value, the
speed increased linearly with increasing driving voltage. In
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Fig. 14. Motion of the slider by burst drive for x-direction drive.

Fig. 15. Change of average traveling distance for x-direction drive.

this measurement, the maximum speed was 22 cm/s. Due to
high driving voltage over a long time, the stator transducer
generated heat. For continuous drive, therefore, the driving
voltage was limited below 80 However, a higher driving
voltage could be momentarily applied, allowing a higher
maximum speed.

For the control of the traverse distance, the relation between
the driving time and each displacement distance was examined.
For example, we measured the displacements when the motor
was driven with 30 000 cycles of waves every 0.5 s as shown
in Fig. 14 at the voltage of 40 The step motion of
the slider was measured with the Opto-Follow. The slider
repeated traveling and standstill. Thirty thousand cycles of
waves are equal to 2.87 ms of drive. The mean distance of
the displacements was about 60 m However, the individual
displacements were not identical.

We also measured the mean displacement produced by the
single burst drive by changing the driving duration from 1 s
to 3 ms at the driving voltage of 40 The step motion
of the slider was measured with a videotape recording from 1

s to 1 ms drive and the Opto-Follow from 1 to 3 ms drive.
The results are shown in Fig. 15. From this measurement, it
was found that the minimum mean step displacement was
about 10 pm for 1 s driving, namely, 10 periods of wave
trains. Due to the instability of the motor operation, the step

Fig. 16. Transient response of the slider for x-direction drive.

displacement varied widely. If the displacement distance error
from the mean value became small, we would be able to
use this driving method for precise open-loop positioning.
The possibility of using this motor as a precise positioning
device which is applicable to a long stroke actuator with an
appropriate position sensor is shown.

The transient response of the slider is shown in Fig. 16. The
acceleration increased with higher transfer speed. Usually, an
ultrasonic motor has the property that when the transfer speed
increases, the acceleration decreases. It appeared that a bad
contact condition was caused at the start of the motion. If the
contact condition is improved, the transient response of the
slider may be more like that of the usual ultrasonic motor.

V. CONCLUSIONS

We have proved that the HF band ultrasonic motor is
feasible and the Rayleigh wave is applicable to the motor.
Until now, this surface acoustic motor operates at the highest
reported driving frequency. The difficulty of the friction drive
at high frequency has been overcome by the control of the
contact pressure. For this purpose, the spherical contact parts
were introduced to allow enough pressure of about 100 MPa.

To realize a superior ultrasonic motor, the friction drive
should be examined from the tribological view point. Material,
lubrication condition, and operation pressure are important
factors. These kinds of problems have not been fully examined
yet. Research from the tribological perspective could improve
the performance of these ultrasonic motors.

The surface acoustic wave motor could be a miniature linear
motor. The operation length is changeable from mm-order to
several cm, and the cross section could be less than 1 cm
square. This small linear motor could have high resolution,
such as 100 or 10 pm. We showed the possibility of the use of
this motor as a precise positioning device with a long stroke.
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