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Abstract

The major purpose of this study is to investigate
travelling wave phenomenon of the ultrasonic
curvilinear motors. There are two piezoelectric
actuator patterns in the case study. The ultrasonic
motor system consists of a rotor and a stator.
Piezoelectric actuators are bonded with the stator.
Two groups of piezoelectric actuators are excited by
electrical harmonic excitations. The harmonic
excitations generate vibration on the curve beam
which influences the travelling wave. This study
intends to analyze the vibration characteristic by
using finite element method. And the result shows
that the wave amplitude in the middle section of the
stator is lower than the wave amplitude near the stator
supports because the bonded actuators increase the
stator stiffness in the middle section. The
characteristic of the generated travelling wave yields
important information for designing the piezoelectric
actuator location.
Keywords: Piezoelectric actuator, Ultrasonic motor,
Traveling wave.

1. Introduction

Ultrasonic motors can be classified as rotary [1-6]
or linear motors [3-4,6-8]. An ultrasonic motor
system usually consists of a stator and a rotor. In this
study, the characteristic of stator is similar to a curve
beam. The stator drives and guides a rotor along its
curve to any specific angular position by using
traveling wave as illustrated in Figure 1.
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Figure 1. Schematic diagram of the curvilinear arc
motor.

The traveling wave is generated by the
piezoelectric actuator patches bonded with the stator.
The electrical excitation is applied on piezoelectric
actuators. It induces deformation on piezoelectric
actuator [10,12-13,18]. If the piezoelectric actuators
on the stator are placed in the suitable location and
excited by appropriate harmonic signals, then the
traveling wave can be generated [13]. The traveling
waves create the driving force to the rotor. There are
many applications of ultrasonic motors for examples,
ultrasonic rotary motors can be used to control
focusing of camera lens [1-2]; curvilinear arc motors
can be used as camera orientation devices or driving
robotic joints. The characteristic of traveling waves
that generated on the ultrasonic curvilinear motor is
similar to that occurred on the finite length media.
However, the actuator locations and number of
actuator patches on the finite length media has not
been thoroughly investigated [13,18].

2. Design and Modeling of Ultrasonic Curvilinear
Motor

The traveling wave on the stator occurs when the
bonded piezoelectric actuators are induced by the
electrical harmonic excitations [18]. The dimensions
of the arc stator are arc radius R = 60 mm; arc width b
=9 mm; arc thickness h =1 mm; arc angle ¢o=m/2.
Lead-Zirconate-Titanate (PZT), the piezoelectric
material, is used as the actuator with the thickness h*
of 0.5 mm.

Circular arc stator
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Figure 2. Schematic diagram of the curvilinear
ultrasonic stator.
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The length of an actuator patch is A/2 which is a
half of wave length, A. There are two groups of
actuators, one is on the top surface of the stator and
another is under the bottom surface of the stator. The
top and bottom actuators are excited by a pair of
electrical signals Acos(ot) and Asin(wt) respectively,
where A is the signal amplitude; ® is the driving
frequency and t is the time. The good traveling wave
must be moving in one direction with consistency in
the wave amplitude. However, the traveling wave
reflects when it hits the boundary of the stator. This
distorts the propagation of the wave. Accordingly,
segments of damping material are added on the
structure between the rigid supports and the stator to
prevent the wave reflection. There are two actuator
patterns studied in this research as illustrated in
Figures 3 and 4, respectively. The actuator pattern 1,
Figure 3, is that the piezoelectric actuators are bonded
in the middle section of the curve stator. The actuator
pattern 2, Figure 4, the piezoelectric actuators are
bonded near the stator supports.
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Figure 3. The actuator pattern 1:
Located in the middle section of the stator.
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Figure 4. The actuator pattern 2:
Located near the supports of the stator.

In the analysis, an arbitrary segmented
piezoelectric actuator patch is defined from ¢, to ¢, in
the ¢-direction and from y; to y, in the y-direction as
illustrated Figure 5.

Stator

"
T
ot \ -

‘ N Pié@\electric Actuator

|
|
|
|
|
|

|

Figure 5. Coordinate system of the arc stator.

When the electrical excitation induces the
piezoelectric actuator, the actuation membrane forces
N and bending moment M¢;, are generated. They
can be defined and included into equations of motion
of the system as follows [13],
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where Q13 and Q,s are defined as equations (4) and
(5) respectively,
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It is assumed that the stator is a thin beam. That is, the
ratio of the arc thickness to the arc length is very
small. Lame’s parameters A;, A, and Radii of
Curvature R;, R, are defined by the infinitesimal
displacement as



(ds)? = (RdOY: + (dy)’ (6)

Accordingly from equation (6), A; = R, A, =1,
and R;=R, R,=c0. Substituting Lame’s Parameters and
Radii of Curvatures into Love’s equation where the
first direction is in the ¢-direction and the second
direction is in the y-direction (depth direction).
However, the y-direction is neglected because it
assumed that there is no deflection in the y-direction.
The thin shell theory is applied to define the system
equations. Hence, the equation of motion in the ¢-
direction and 3-direction are defined as follows
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where Ny, is the membrane force; p is the mass
density; My, is the bending moment; g; is the external
force; h is the shell thickness; R is the radius and u; is
the displacement in the i-direction. The membrane
force and bending moment are functions of
membrane strains soij and bending strains k;; defined
as [13].

Ny = K(s$¢ + us‘j,y), My, = D(kqx» +“kyy) (10, 11)

where K= Yh/(1-p?) is the membrane stiffness;
D = Yh¥{12(1-u®} is the bending stiffness; Y is
Young’s modulus; and p is Poisson’s ratio. The

strain-displacement relationships of the thin arc stator
are
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and the rotation angle B=1/R{u,-0us/d¢}. Substituting
equations (9-15) into equations (7) and (8) yields the
equations of motion in the ¢- and 3-directions,
respectively, as

D (&%u, &°u, K (2%, éu,
— - +— +

R*| 602 a9° ) RZ| a9 = o
o%u
ot*

D (0%, &'u,) K{(ou,

— - ——| —*+U,

R*| a0°  a69* | R? a0
o%u

+q3:ph atzs

(16)

]

+q¢:ph

(17

3. Finite Element Analysis

There are two designs of the actuator patterns as
previously discussed, Figures 3 and 4. The stator
width b is 9 mm. The arc thickness h is 1 mm. The
arc angle ¢, is n/2. And the arc radius R is 60 mm.
The type of piezoelectric material is PZT-4 with the
actuator thickness h* of 0.5 mm. The stator is made of
steel and bonded with damping material at boundaries
to prevent the wave reflection. The electrical
excitations are 10cos(ot) for actuators on the top
surface and 10sin(wt) for the bottom actuators. The
excitation frequency is varied to determine the
operating frequency that generates the traveling wave.

4. Evaluation of Stator Characteristic

Dynamic behavior and harmonic characteristics of
the ultrasonic curvilinear stator system are evaluated
by using the analytical and finite element techniques.
Natural frequencies are evaluated first, followed by
forced harmonic responses and driving characteristics
at various excitation frequencies to determine the
operating frequency generating traveling wave.

Natural frequency

From Table 1, comparing the analytical data (the
1% column) and the finite element results (the 2™
column) of the circular arc stator shows that they are
well compared for both Pattern 1 and Pattern 2.

Table 1. The natural frequency of the arc stator.

Mlaode Matural Fregquency (Hz)
(X) Analytical ANEYE (modified support)
Patternl | Pattern 2 Pattern 1 Pattern 2

2 113.2 113.2 1664.9 1653
3 2E6TT 26677 3109 3295
4 5069.1 S069.1 G278 6250
5 TR16.3 TA163 2490 2290
B 11652 11652 13502 13601
7 15813 15813 18631 18571
2 20871 20871 23241 22631
9 263549 26349 20479 29919
10 32726 32726 36018 36739
11 39520 39520 42777 43330

Harmonic analysis

The harmonic responses of the curvilinear arc
stators are studied by using finite element models.
The stator system is subjected to sinusoidal electrical
excitations with amplitude of 10V with the excitation
frequency varied from 0 to 60000 Hz. The transverse
displacement response of the mid-span node at the
angle of n/4 is investigated and reported. Figure 6
shows the frequency response of the arc stator with
the actuator pattern 1. And Figure 7 shows the
frequency response of the system with the actuator
pattern 2. Comparing Figures 6 and 7, it reveals that
the stator with the actuator pattern 1 has the system
stiffness higher than the stator with the actuator
pattern 2. Additionally, the harmonic analysis results
(Figures 6 and 7) suggest that the amplitudes of the
mid-span node are large when the system excited in
the neighborhood of the natural frequency. However,



the harmonic frequency responses do not reveal what
frequency range that yields the traveling wave.
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Figure 6. Harmonic response of the stator with the
actuator pattern 1.
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Figure 7. Harmonic response of the stator with the
actuator pattern 2.

Wave Propagation

Based on the change of deformations shape in
time domain, the stator with the actuator pattern 1
generates the traveling waves at the operating
frequencies of 16550 Hz (Figure 8). The traveling
wave characteristic shows that the wave amplitude in
the middle section of the stator is lower than the wave
amplitude closed to the stator supports. This is
because the bonded actuators increase the local
stiffness in the middle span.

For the stator with the actuator pattern 2, the
stator system responses to the excitation of 16005 Hz
that yields the traveling wave (Figure 9). The waves
travel with less fluctuation compared with the pattern
1. And it gives the higher wave amplitude at the mid-
span node because of the decreasing stator stiffness in
the middle of stator.

Based on the finite element results, the operating
frequency of the stator with the actuator pattern 1 is
higher than that of the stator with the actuator pattern
2. This is because the location of actuators increasing
the overall stiffness of the stator. Thus, it lessens
wave amplitude in the mid-span.

Figure 8. The response of the stator with the actuator
pattern 1 at the operating frequency of 16550 Hz.

i f

Figuré 9. The réspohse of the stator with the actuator
pattern 2 at the operating frequency of 16005 Hz.

5. Conclusions

The results of these two actuator patterns on the
ultrasonic curvilinear motor show the phenomenon of
traveling wave responses. The operating frequency of
the stator with the actuator pattern 1 is higher than
that of the stator with the actuator pattern 2. This is
because the location of actuators in the pattern 1
increases the stiffness at the middle span more than
actuators in the pattern 2 dose. In the other hand, the
piezoelectric actuator pattern 2 gives the higher wave
amplitude in the middle span because it has less local
stiffness. These two designs represent the effect of
actuator location on the traveling wave response. This
is an essential issue for design and selection of the
piezoelectric actuator locations on the ultrasonic
curvilinear motors.
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Abstract
The purpose of this research is to study vibration characteristic of
curvilinear ultrasonic motors by using finite element method. An
ultrasonic motor system consists of a rotor and a stator. The
stator drives and guides a rotor along the curve beam to any
specific angular position by using traveling wave. In this study,
the stator is similar to a curve beam. The traveling wave is
generated by piezoelectric actuators on the curve beam which is
excited by the harmonic signal. The number of model elements

and the stator response are investigated. The simulation results

show that the number of elements have an effect on the wave
amplitude and operating frequency of the traveling wave. The
calculated results of the amplitude and operating frequency are
convergence as the number of elements increase. Furthermore,
the damping material is included into the model to decrease the
wave reflection. The result shows that the traveling wave is less
reflected when it reaches the boundary. Therefore, the wave
travels more stably. Accordingly, the damping material is very
important in the design of ultrasonic curvilinear motors.
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