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<r (57) Abstract: A rotary ultrasonic piezoelectric motor is provided and a method of exciting a flexure traveling wave to drive the
motor. The motor includes a stator having a piezoelectric ceramic disc polarized in the radial direction and bounded by a top electrode
~ and a segmented bottom electrode. The motor also includes a power source for applying two pairs of alternating voltages to the
& bottom electrode segments to excite a shear-shear mode vibration in the stator, resulting in a shear-shear mode flexure traveling
v={ wave in the stator. The motor further includes a rotor operatively connected to the stator, and the stator is driven to rotate through a
% frictional force between the rotor and the stator due to the traveling wave deformation of the stator. A linear ultrasonic piezoelectric
& motor and method of exciting a flexure traveling wave to linearly drive the motor is provided. The motor includes a stator having
& a rectangular piezoelectric ceramic plate that is polarized in the longitudinal direction. The motor also includes a power source
for applying two pairs of alternating voltages to the bottom electrode segments to excite a shear-shear mode vibration in the stator,
resulting in a shear-shear mode flexure traveling wave in the stator. The motor further includes a slider operatively connected to the
stator, and the stator is driven to move linearly through a frictional force between the slider and the stator due to the traveling wave
deformation of the stator.
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PIEZOELECTRIC MOTOR AND METHOD OF EXCITING
AN ULTRASONIC TRAVELING WAVE TO DRIVE THE MOTOR

REFERENCE TO RELATED APPLICATION

This application claims priority from U.S. Provisional Patent Application Serial No.

60/473,430, filed May 27, 2003, the entire content being incorporated herein by reference.

BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION
The present invention relates generally to a miniature piezoelectric motor, and in
particular to a rotary piezoelectric motor and a linear piezoelectric motor and method of

exciting an ultrasonic traveling wave for driving the motor.

2. DESCRIPTION OF THE RELATED ART

Piezoelectric ultrasonic motors with their exceptional properties, such as high
resolution of displacement control, absence of parasitic magnetic fields, frictional locking at
the power-off stage, and high thrust to weight ratio, make them good candidates for use in
precision micromechanical systems. |

Piezoelectric motors have several advantages over a conventional electromagnetic
motor. These include a faster response time, a high power-to-weight ratio, and smaller
packaging capability. They also have several disadvantages, including the need for high
voltage, high frequency power sources, and potential wear at the rotor/stator interface. These
motors operate using a ferroelectric ceramic element to excite ultrasonic vibrations in a stator
structure. The elliptical movement of the stator is converted into the motion of a sliding plate
in frictional contact with the stator. The resulting movement is either rotational or linear,
depending on the design of the structure.

Conventional piezoelectric ultrasonic motors can be mainly classified into two classes:
1) traveling wave ultrasonic motors, and 2) standing wave ultrasonic motors. A conventional
disc-type or ring-type traveling wave motor (rotary motor) is made from a piezoelectric disc (or
ring) and a metal disc. With a piezoelectric ds; effect, the piezoelectric disc (or ring) and metal
disc composite stator produces a flexure-flexure mode traveling wave that drives a contact

rotor through a frictional force. The most frequently researched operating principle for a linear
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piezoelectric motor is based on the excitation of a longitudinal and a superimposed bending
mode of a rectangular piezoelectric plate, to achieve the elliptic motion of the driving tip.

A disc-type traveling wave rotary motor, such as that developed by Matsushita Electric
Company Ltd., is representative of a traveling wave type of motor. The piezoelectric stator for
this type of motor includes a composite disc comprised of a metal elastic disc and two
piezoelectric ceramic discs with thickness polarization. A traveling flexure vibration mode is
excited by each section of the piezoelectric discs, and produces a transverse width extension
mode with ds; effect under two ac i/oltages.

Another typical configuration for the conventional traveling wave ultrasonic rotary
piezoelectric motor is a ring-type ultrasonic motor, such as that developed by Sashida. This
motor utilizes the axial bending-vibration mode of a circular ring with d3; effect of the
piezoelectric ceramic ring. The piezoelectric ring-type element is polarized in the thickness
direction and produces a transverse length extension mode with d3; effect under ac voltages.

A typical configuration of the conventional linear ultrasonic motor, such as that
developed by Yoshiro Tomikawa, is driven by the elliptic motion of the combination
displacement of longitudinal (d3;) and secondary bending modes. The motor operates
according to the principle that at a certain distance to length ratio of a rectangular-shaped
piezoelectric ceramic plate, the resonant frequencies of first longitudinal and second bending
modes coincide with each other. The elliptic motion is obtained by the combination of the two
vibrations.

While all the above described rotary and linear motors offer satisfactory performance,
they primarily utilize a transverse length extension mode for exciting a traveling flexure wave
with a low ds; piezoelectric effect and low ks, electromechanical coupling effect. In the
operational mode, the relatively low ds3; and kj; effects of the piezoelectric ceramic material
hinders additional development of these types of motors.

Thus, there is a need in the art for a system and method of providing a rotary motor
which utilizes a rotary shear vibration mode and a linear ultrasonic motor which uses the linear

shear vibration mode, respectively, of piezoelectric ceramics.

SUMMARY OF THE INVENTION
Accordingly, the present invention is a piezoelectric motor and a method of exciting an

ultrasonic traveling wave for driving the motor. A rotary shear motor includes a stator having
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a piezoelectric ceramic disc polarized in the radial direction and bounded by a top electrode
and a bottom electrode divided into segments. The rotary motor also includes a power source
for applying two pairs of alternating voltages to the bottom electrode segments to excite a
shear-shear mode vibration in the stator, resulting in a shear-shear mode flexure traveling wave
in the stator. The rotary motor further includes a rotor operatively connected to the stator, and
the portion of the rotor in contact with the stator is driven to rotate through a frictional force
between the rotor and the stator due to the traveling wave deformation of the stator.

A linear ultrasonic piezoelectric motor includes a stator having a rectangular
piezoelectric ceramic plate that is polarized in the longitudinal direction. The linear motor also
includes a power source for applying two pairs of alternating voltages to the bottom electrode
segments to excite a shear-shear mode vibration in the stator, resulting in a shear-shear mode
flexure traveling wave in the stator along the longitudinal direction of the stator. The linear
motor further includes a slider operatively connected to the stator, and the portion of the slider
in contact with the stator is driven to move linearly through a frictional force between the slider
and the stator due to the traveling wave deformation of the stator.

The method of exciting a shear-shear mode vibration in a piezoelectric ceramic disc for
a rotary ultrasonic piezoelectric motor includes the steps of polarizing the piezoelectric disc in
a radial direction, applying a pair of alternating voltages with a phase shift of 90 degrees to the.
bottom electrode segments from a power source, exciting a shear-shear mode vibration in the
stator, and producing a shear-shear mode flexure traveling wave in the stator causing a portion
of the rotor in contact with the stator to rotate through a frictional force between the rotor and
the stator due to the traveling wave deformation of the stator.

The method of exciting a shear-shear mode vibration in a piezoelectric ceramic plate
for a linear ultrasonic piezoelectric motor includes the steps of polarizing the piezoelectric
plate in a longitudinal direction, applying a pair of alternating voltages with a phase shift of 90
degrees to the bottom electrode segments from a power source, exciting a shear-shear mode
vibration in the stator, and producing a shear-shear mode flexure traveling wave in the stator
causing a portion of the slider in contact with the stator to move linearly through a frictional
force between the slider and the stator due to the traveling wave deformation of the stator.

One advantage of the present invention is that a piezoelectric motor and method of
exciting an ultrasonic traveling wave for driving the motor is provided. Another advantage of

the present invention is that a system and method of exciting an ultrasonic traveling wave using
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a shear mode for driving the motor is provided that is reduced in size, but operates with
increased efficiency because d;s and ks effects are larger than ds; and ks effects, respectively,
in the PZT piezoelectrics. Still another advantage of the present invention is that a
piezoelectric motor and method of exciting an ultrasonic traveling wave using a shear mode for
driving the motor is provided that realizes increased mechanical energy output due to a higher
ks effect. A further advantage of the present invention is that the electrical to mechanical
conversion rate is increased, so that the motor can be miniaturized. Still a further advantage of
the present invention is that the piezoelectric ceramic disc is polarized using a shear-shear
flexure motion mode to produce a rotary motion of the rotor. Still yet a further advantage of
the present invention is that the piezoelectric ceramic rectangular plate is polarized using a
linear shear-shear flexure motion mode to produce a linear motion of the slider.

Other features and advantages of the present invention will be readily appreciated, as
the same becomes better understood after reading the subsequent description taken in

conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1a is a bottom view of a piezoelectric ceramic disc with radial polarization
direction for a rotary piezoelectric motor, according to the present invention.

Fig. 1b is a cross-sectional view taken along line a-a through the piezoelectric ceramic
disc of Fig. 1a, according to the present invention.

Fig. 2 is a table illustrating the properties of a hard-type piezoelectric ceramic material
for the motor of Fig. 1a, according to the present invention.

Fig. 3 is a table illustrating an example of a resonance frequency constant for the motor
of Fig. 1a, according to the present invention.

Fig. 4 is a perspective view of a piezoelectric ceramic disc with a By, mode traveling
flexure wave produced by the shear-shear vibration mode of the piezoelectric ceramic disc
under two phase voltages and free boundary condition with phase difference of /2, according
to the present invention. '

Fig. 5 is another example of a perspective view of a piezoelectric ceramic disc with a
Bz mode traveling flexure wave produced by the shear-shear vibration mode of the

piezoelectric ceramic disc under two phase voltages and free boundary condition with phase

difference of n/2, according to the present invention.



10

15

20

25

30

WO 2004/107554 PCT/US2004/016688

Fig. 6 is a cross-sectional view of the shear-shear Bg, mode piezoelectric motor,
according to the present invention.

Fig. 7 is another example of a cross-sectional view of the shear-shear B, mode
piezoelectric motor, according to the present invention.

Fig. 8 is a table illustrating an example of a resonance frequency constant for the motor
of Fig. 9(a), according to the present invention.

Fig. 9(a) illustrates another embodiment of a linear shear-shear mode piezoelectric
linear motor, according to the present invention.

Fig. 9(b) is a top view illustrating the tooth structure for the shear-shear mode
piezoelectric linear stator of Fig. 9(a), according to the present invention.

Fig. 10 is a perspective view illustrating a rectangular piezoelectric ceramic plate for
the motor of Fig. 9(a), according to the present invention.

Fig. 11 is a flowchart illustrating a method of exciting a flexure traveling wave using a
shear-shear mode to drive the rotor in a rotary direction, according to the present invention.

Fig. 12 is a flowchart illustrating a method of exciting a flexure traveling wave using a
linear shear-shear mode to drive the slider in a linear direction, according to the present

invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

Referring to Figs. 1-7 a shear-shear piezoelectric motor 10 is illustrated. The
piezoelectric ceramic disc described in the present invention is especially advantageous in
enhancing the performance of an ultrasonic piezoelectric ceramic motor. In particular, the
vibration mode selected for the piezoelectric stator has a piezoelectric effect and
electromechanical coupling effect that is higher than those used in conventional rotary or linear
ultrasonic motors using a comparable piezoelectric ceramic material.

Referring to Figs. la and 1b, the shear-shear piezeoelectric motor 10 includes a
traveling wave composite stator 12. The stator 12 includes a body portion (not shown) for
housing a piezoelectric ceramic disc 16, which in this embodiment is polarized in the radial
direction, as shown at 30. It should be appreciated that the piezoelectric disc 16 for the shear-
shear motor 10 may be made from a hard-type piezoelectric ceramic. A typical piezoelectric
ceramic material for such high power applications is a hard-type material, such as PZT8. An

example of such a material is APC841 from APC Company.
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Fig. 2 is a table listing parameters for the ceramic disc 16, such as the
electromechanical coupling coefficients, piezoelectric constants and other parameters for a
hard-type piezoelectric ceramic material, as shown at 28. For example, a piezoelectric ceramic
disc 16 may have properties of high dis performance, piezoelectric coefficient, high
electromeclianical coupling coefficient and high quality factor. In this example, a piezoelectric
disc-type stator 12 having an outer diameter of 10.5 mm, and inner diameter of 1.8 mm and
thickness of 0.5 mm, was operated in the By, mode with the resonance frequency of about 39
kHz. Under 70 Vrms/10 mA, the motor speed was about 200 rpm with the maximum torque
around 1.8 mNm. It should be appreciated that the torque obtained with this motor 10 is larger
than 0.7 mNm torque obtained from a conventional unimorph-type motor with a similar
configuration.

The piezoelectric disc 16 is bounded by at least one metal plate 18 in order to excite a
flexure mode of the composite stator 12. The plate 18 includes a top electrode 20 and a bottom
electrode 22. The bottom electrode 22 is divided into four segments 24, labeled a, b, ¢ and d,
as shown in Fig. 1b. Two pairs of alternative voltages 26, Vosinwt and Vicosot, are each
applied to parts a, ¢ and b, d, respectively. The number of electrode segments can be chosen
any even number (2, 4, 6, 8, ...). Preferably the top electrode 20 of the ceramic disc 16 is not
divided into parts, in order to provide a ground.

As shown in Fig. 2 at 28, the piezoelectric ceramic \material’s dis and k5 effects are
about 4 times and 2 times higher than the corresponding ds; and ks; effects. It should be
appreciated that by using the d;s and kis effect from a shear mode to excite a flexure mode or
traveling wave in a disc or ring-type piezoelectric stator, an ultrasonic motor with higher
electromechanical coupling effect can be obtained. It should also be appreciated that although
the piezoelectric constant ds3 and coupling coefficient ki3 also are higher than the piezoelectric
constant d3; and coupling effect ks, it is difficult to excite a flexure traveling wave using the
ds3 effect for a disc or rectangular type miniaturized motor.

Referring back to Fig. 1b, the shear-shear mode is illustrated for the piezoelectric
ceramic disc shown in Fig. la. Since the applied electric field is vertical to the polarization
direction as shown at 30, the applied voltages 26 Visinot and Vocosot will induce the
piezoelectric disc to produce a shear mode vibration of the stator. As a result of the shear
mode concurrent vibration and rotation, a she‘ar—shear flexure traveling wave is excited on the

stator 12, as shown at 31. It should be appreciated that a method of exciting a flexure traveling
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wave in the proposed motor (to be described) is distinguishable from that of a conventional
piezoelectric disc/ring having a metal elastic plate composite rotor. The present invention
advantageously utilizes two shear strain modes (d;s effect) with reverse strain direction of the
piezoelectric ceramic for exciting a flexure traveling wave on the stator 12. This is
distinguishable from a prior art piezoelectric disc/ring composite stator which utilizes a
transverse width or length extension mode of the piezoelectric disc under an applied ac
voltage.

The piezoelectric ceramic disc stator has a flexure vibration mode related to its
operational frequency. For example, if the elastic composite disc 16 is operated at a bending

mode B, its resonance frequency at the free-free boundary condition can be given by the

2
fr=o P
27 a 3p(1-07)

where o i a resonance frequency constant and a, 24 are the radius and thickness of

equation:

the disc vibrator, respectively; E, p and ¢ are Young’s modulus, mass density and Poisson
ratio, respectively.

Fig. 3 is a table illustrating an example of a resonance frequency constant oy,  for
different flexure resonance modes By, as shown at 32. It should be appreciated that these
types of frequency constants can be utilized to calculate the resonance frequency for each
mode.

Referring to Fig. 4, an example of a ceramic disc 16 with traveling flexure wave as
shown at 34 is illustrated for the By, mode produced by shear-shear mode of the piezoelectric
ceramic disc under two phase voltages with phase difference of 7/2. It should be appreciated
that the ceramic disc with the traveling flexure wave may be modeled using an analytical
technique, such as a finite element analysis (FEA). For example, an FEA program, such as
Analysis of Transducers by Integration of LaPlace Equations (ATILA) may be used to predict
the operation of the stator 12 structure. Using FEA, ATILA provides both the resonance
frequencies of the stator structure and simulations of its motion modes. Moreover, using FEA
modeling, some useful rotational modes for exiting flexural traveling modes may be
discovered.

Referring to Fig. 5, another example of a ceramic disc 16 with the traveling flexure

wave is illustrated for the Bi; mode produced by the shear-shear mode of the piezoelectric
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ceramic disc under two phase voltages with a phase difference of n/2. This traveling flexure
wave may also be modeled using the FEA. The mode rotation in the By, and Bix modes may
follow the sequences: a-b-c....-I-a. |

Referring to Fig. 6, a piezoelectric shear-shear mode motor using the Bg, mode
produced by the shear-shear mode of the piezoelectric disc under two phase voltages with a
phase difference of /2 is illustrated at 38. It should be appreciated that like features have like
reference numbers. The motor 38 includes a piezoelectric ceramic disc-type stator 12, as
previously described. The stator 12 includes a ring containing a plurality of teeth 40 bonded
onto the piezoelectric disc 16. Preferably, the teeth ring 40 is a thin metal material, such as
stainless steel or the like. The teeth ring 40 serves as an amplifier for amplifying the flexure
vibration of the piezoelectric disc 16.

The shear-shear motor 38 also includes a rotor 42 operatively positioned with respect to
the stator 12, and a pressing mechanism 44 for positioning the rotor with respect to the stator.
In this example, the pressing mechanism is a lever arm 54 and ball 56. The motor 38 also
includes a shaft 46 extending through a centrally located aperture 48, 50 in each the rotor 42
and the stator 12. The shaft 46 is secured to the piezoelectric ceramic disc stator 12 using an
adhesive, such as epoxy resin or the like. The stator 12 is preferably secured to the motor by a
holding means 58, as is known in the art.

The piezoelectric disc 16 includes a top electrode 20 as previously described, which
serves as a common electrode, and a bottom electrode 22 which is divided into four segments
24 for two pairs of applied ac voltage input 26. The rotor 42 is held elastically in contact with
the teeth ring 40 for the rotational driving thereof by the traveling wave produced on the stator
12. For example, the lever arm 54 and ball 56 may be utilized to pre-load the rotor 42 against
the stator 12.

When a traveling flexure wave is excited along the circumference direction of the disc,
the portion of the rotor 42 that is in contact with the stator 12 is driven to rotate through the
frictional force between the rotor 42 and the stator 12. By changing the phase difference of
two inputted voltage pairs from 90 degrees to -90 degrees, the rotational direction of the motor
changes in a corresponding manner.

Referring to Fig. 7 another example of the shear-shear mode motor using By, mode is
illustrated 60. It should be appreciated that like components have like reference numbers. The

motor 60 includes a piezoelectric ceramic disc-type stator 12, as previously described. The
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motor 60 also includes a rotor 42 and a pressing mechanism 44. This motor is distinguishable
from the B, mode motor, since the diameter of the metal teeth ring 40 is smaller. The teeth
ring is placed on the piezoelectric disc 16 to induce a wave peak for the B, vibration mode.
The teeth ring 40 alsb serves as an amplifier for amplifying flexure vibration of the
piezoelectric disc 16. A shaft 46 is fixed in the center of the piezoelectric ceramic disc stator
12 using an adhesive such as an epoxy resin, or the like. In order to obtain a more compact
structure, the rotor 42 may be pre-loaded against the stator 12 using a small coil spring 52. The
top electrode 20 of the piezoelectric disc 16 is common eléctrode, and the bottom electrode 22
is divided into four segments for two pairs of ac voltage input, as previously described.

In operation, when a traveling flexure wave is excited along the circumference direction
of the disc 16, the portion of the rotor 42 that is in contact with the stator 12 is driven to rotate
through the friction force between the rotor 42 and the stator 12. By changing the phase
difference of the two input voltage pairs from 90 degrees to -90 degrees, the rotational
direction of the motor 60 may be changed.

It should be appreciated that other work modes, such as B3, Bos, Bos, Bos ... Bi3, Bia,
Bis, Bis ..., are also possible for the shear-shear mode traveling wave motor. These other work
modes may require a corresponding redesign of the electrode configuration of the piezoelectric
ceramic disc 16.

In an alterative embodiment shown in Figs. 8-10, the motor is a shear-shear mode linear
motor 70. In this example, the stator 72 includes a rectangular piezoelectric ceramic plate 74
having a polarization in the longitudinal direction as shown at 76. It should be appreciated that
the ceramic plate may have an alternative polarization as shown in Fig. 10 at 76a. The motor
also includes a rectangular metal plate or slider 86 operatively connected to the stator 72. If an
alternating current electrical field is applied in the thickness direction as shown at 80, the
thickness shear mode vibration will be excited. A shear mode vibration coupled with an
orthogonal mode is excited and a linear motion is obtained in the longitudinal direction by the
resulting traveling wave produced by the piezoelectric ceramics. Experimental results
demonstrate that the points on the surface of the plate generate elliptic motions. The linear
piezoelectric motor 70 is thus obtained using the thickness shear mode vibration.

Referring to Table 8, an example of different resonance frequencies and vibrations for
the piezoelectric plate are illustrated at 82. An analytical technique, such as FEA, may be

utilized to determine the resonant frequencies of the shear-linear mode piezoelectric vibration.
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In this example, the dimensions of the piezoelectric plate 74 are approximately 12 mm in
length, 5 mm in width and 1 mm in thickness. The vibration mode at 507.07 kHz corresponds
to the thickness shear mode (which is a shear mode coupled with an orthogonal thickness
vibration mode). It is contemplated that the resonance frequency of the thickness shear mode
is dependent on the ratio of length and thickness of the plate, and is independent of width.

Referring back to Fig. 9(a), the shear linear mode motor 70 includes only one
piezoelectric ceramic plate bounded by a first electrode 88 and a second electrode 90.
Preferably, the second electrode 90 is divided into segments, as shown at 92. The first
electrode serves as a ground. The motor 70 also includes a tooth-like plate 84, similar to the
previously described tooth ring disposed between the stator 72 and the slider 86. The tooth
plate 84 is made of a metal material, such as brass. The piezoelectric materials are hard
piezoelectric ceramics, such as that manufactured and S(;ld under the name APC841 from APC
Company, as previously described. The rectangular piezoelectric plate 74 is polarized in the
longitudinal direction 76.

Referring to Fig. 9(b), a top view of the tooth plate 84 structure is illustrated in more
detail. The tooth plate 84 is utilized to amplify the displacement of the wave on the surface of
the ceramic plate 74. The application of the applied current causes the motor to easily move
the rectangular plate 74 in a forward direction.

Referring to Fig. 11, a method of exciting a shear-shear mode vibration in the
piezoelectric ceramic disc 16 for the previously described rotary ultrasonic motor 10 is
illustrated. The method begins in block 100 with the step of polarizing the piezoelectric disc in
a radial direction. An example of a disc polarized in the radial direction is shown in Figs. 1b, 6
and 7.

The method advances to step 110, and an electric field 26, such as a voltage, is applied
to the piezoelectric disc 16, and in particular the bottom electrode, in a thickness direction.
The voltage is preferably applied as a pair of alternating voltages with a phase shift of 90
degrees to the segments, as previously described. An example of a voltage is 50 volts. The
method advances to block 120.

In block 120, a shear rotary vibration motion is excited on the disc, as a result of the
applied voltage. It should be appreciated that the use of the piezoelectric ceramic material’s
piezoelectric effect and electromechanical coupling effect is maximized through the selection

of the shear vibration mode. For example, the d;s and k;s effects of shear mode in piezoelectric
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ceramic materials are about three times that of the d3; and two times of k3; effects, respectively.
Fig. 2 shows a comparison of the piezoelectric constants and electromechanical coupling
constants.

The method advances to block 130.

In block 130, a flexure vibration shear-shear traveling wave produced along the
circumferential direction of the disc results in a deformation of the surface of the stator 12.
The portion of the rotor in contact with the stator is driven to rotate through the frictional force
between the rotor and the stator. The shear rotary motor advantageously has characteristics of
lower driving current, thus, higher energy converting efficiency and higher generative torque
than those in the conventional flexure k3; type motor with a similar size/configuration.

Referring to Fig. 12, a method of exciting a shear-shear mode vibration in the
piezoelectric ceramic plate 74 for the linear ultrasonic motor 70, as previously described with
respect to Figs. 8-10. The method begins in block 150 with the step of polarizing the
piezoelectric plate 74 in a longitudinal direction 76, or an alternatively longitudinal direction
76a. An example of a ceramic plate 74 polarized in the longitudinall direction is shown in Figs.
9a, and 10.

The method advances to step 160, and an electric field 78, such as a voltage, is applied
to the piezoelectric rectangular plate 74, and in particular the bottom electrode, in a thickness
direction. The voltage is preferably applied as a pair of alternating voltages with a phase shift
of 90 degrees to the segments, as previously described. An example of a voltage is 55 Vrms.
The tooth plate 84 advantageously amplifies the applied voltage. The method advances to
block 170.

In block 170, a linear shear-shear vibration motion is excited on the piezoelectric
ceramic plate 74, as a result of the applied voltage. The method advances to block 180.

In block 180, a flexure vibration shear-shear traveling wave produced along the length
direction of the rectangular plate results in a deformation of the surface of the stator 12. The
rectangular plate 74 moves in a linear direction, resulting in the corresponding motion of the
slider for the linear motor 70.

The present invention has been described in an illustrative manner. It is to be
understood that the terminology which has been used is intended to be in the nature of words of

description rather than of limitation.
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Many modifications and variations of the present invention are possible in light of the
above teachings. Therefore, within the scope of the appended claims, the present invention

may be practiced other than as specifically described.
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WHAT IS CLAIMED IS:

1. A rotary ultrasonic piezoelectric motor comprising:

a stator, wherein said stator includes a piezoelectric ceramic disc polarized in the radial
direction and bounded by a top electrode and a bottom electrode divided into segments;

a power source, wherein said power source applies two pairs of alternating voltages to
said bottom electrode segments to excite a shear mode vibration in said stator, resulting in a
shear-shear mode flexure traveling wave in said stator; and

a rotor operatively connected to said stator, wherein said portion of said rotor in contact
with said stator is driven to rotate through a frictional force between said rotor and said stator

due to said traveling wave deformation of said stator.

2. The rotary motor as set forth in claim 1 further comprising a metal ring having a

plurality of teeth disposed on said ceramic disc.

3. The motor as set forth in claim 1 wherein said bottom electrode is divided into

an even number of segments.

4. The rotary motor as set forth in claim 1 wherein said stator and said rotor are
each supported on a shaft extending through a centrally located aperture in said rotor and a

centrally located aperture in said stator.

5. The rotary motor as set forth in claim 4 further comprising a holding means for

supporting said stator.

6. The rotary motor as set forth in claim 5 further comprising a pressing means for

preloading said stator against said rotor.
7. The rotary motor as set forth in claim 6 wherein said pressing means is a spring.

8. The rotary motor as set forth in claim 1 wherein said piezoelectric disc is

operated at a flexure resonance mode of Boy.

13
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9. The rotary motor as set forth in claim 1 wherein said piezoelectric disc is

operated at a flexure resonance mode of B».

10.  The rotary motor as set forth in claim 1 wherein said phase difference of said

~ applied voltage is changed from 90 degrees to —90 degrees to change the rotational direction of

said rotor.

11. A linear ultrasonic piezoelectric motor comprising:

a stator, wherein said stator includes a piezoelectric ceramic plate that is rectangular
and polarized in the longitudinal direction and bounded by a top electrode and a bottom
electrode divided into segments;

a power source, wherein said power source applies two pairs of alternating voltages to
said bottom electrode segments to excite a shear mode vibration in said stator, resulting in a
shear-shear mode flexure traveling wave in said stator; and

a slider operatively connected to said stator, wherein said portion of said slider in
contact with said stator is driven to move linearly through a frictional force between said slider

and said stator due to said traveling wave deformation of said stator.

12. The linear motor as set forth in claim 11 further comprising a metal plate having

a plurality of teeth disposed on said ceramic disc.

13. The linear motor as set forth in claim 11 wherein said bottom electrode is

divided into an even number of segments.
14.  The linear motor as set forth in claim 11 wherein said stator and said slider are
each supported on a shaft extending through a centrally located aperture in said slider and a

centrally located aperture in said stator.

15.  The linear motor as set forth in claim 11 further comprising a holding means for

supporting said stator.

14
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16.  The linear motor as set forth in claim 11 further comprising a pressing means

for preloading said stator against said slider.

17. The linear motor as set forth in claim 16 wherein said pressing means is a

spring.

18.  The linear motor as set forth in claim 11 wherein said piezoelectric plate is

operated at a flexure resonance mode of By,.

19. The linear motor as set forth in claim 11 wherein said piezoelectric plate is

operated at a flexure resonance mode of Bys.

20.  The linear motor as set forth in claim 1 wherein said phase difference of said
applied voltage is changed from 90 degrees to —90 degrees to change the linear motion of said

slider.

21. A method of exciting a shear-shear mode vibration in a piezoelectric ceramic
disc for a rotary ultrasonic piezoelectric motor having a rotor and a stator, said method
comprising the steps of:

polarizing the piezoelectric disc for the stator in a radial direction, wherein the
piezoelectric disc is bounded by a top electrode, and a bottom electrode divided into segments;

applying a pair of alternating voltages with a phase shift of 90 degrees to the bottom
electrode segments from a power source;

exciting a shear-shear mode vibration in the stator; and

producing a shear-shear mode flexure traveling wave in the stator causing a portion of
the rotor in contact with the stator to rotate through a frictional force between the rotor and the
stator due to the traveling wave deformation of the stator.

22. A method as set forth in claim 21 further comprising the step of changing the
phase difference of the applied voltage from 90 degrees to —90 degrees to change the rotary

motion of the rotor.
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23. A method of exciting a shear-shear mode vibration in a piezoelectric ceramic
plate for a linear ultrasonic piezoelectric motor having a slider and a stator, said method
comprising the steps of:

polarizing the piezoelectric plate in a longitudinal direction, wherein the piezoelectric
plate is bounded by a top electrode, and a bottom electrode divided into segments;

applying a pair of alternating voltages with a phase shift of 90 degrees to the bottom
electrode segments from a power source;

exciting a shear-shear mode vibration in the stator; and

producing a shear-shear mode flexure traveling wave in the stator causing a portion of
the slider in contact with the stator to move linearly through a frictional force between the

slider and the stator due to the traveling wave deformation of the stator.

24. A method as set forth in claim 23 further comprising the step of changing the
phase difference of the applied voltage from 90 degrees to —90 degrees to change the linear

direction of the slider.

25. A method as set forth in claim 23 further including the step of amplifying the
flexure vibration of the plate using a plate having a plurality of teeth disposed on the

piezoelectric plate.

16
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