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We have proposed a novel noncontact ultrasonic motor based on non-symmetrical electrode driving. The configura-

tion of this electrode and the fabrication process of rotors are presented. Its vibration characteristics are computed and

analysed by using the finite element method and studied experimentally. Good agreement between them is obtained.

Moreover, it is also shown that this noncontact ultrasonic motor is operated in antisymmetric radial vibration mode of

Bz1 mode. The maximum revolution speed for three-blade and six-blade rotors are 5100 and 3700 r/min at an input

voltage of 20V, respectively. Also, the noncontact high-speed revolution of the rotors can be realized by the parts of

I, III of the electrode or II, IV of the electrode. The levitation distance between the stator and rotor is about 140pm

according to the theoretical calculation and the experimental measurement.
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1. Introduction

Ultrasonic motors made by using piezoelectrics
need a relatively high ac electric field to excite a trav-
elling or standing wave to drive a rotor by frictional
force or acoustic radiation pressure. Compared with
traditional electromagnetic motors, ultrasonic motors
have many significant advantages, such as high out
torque with low speed, magnetic-field-free operation,
fast response, and so on. However, ultrasonic mo-
tors also have some disadvantages resulting from the
frictional contact force between the stator and the ro-
tor, including low speed and the limited working life.
Therefore, it is necessary to overcome these disadvan-
tages. Some non-contact-type motors have been pro-
posed and investigated,[! =11 Hu et all6~8] developed
a motor driving fluid directly with annular symmet-
rical electrode and optimized operation conditions of

the motor. (12]

Wang et al proposed a piezoelectric
actuator of split electrode with varying width. This
will result in a bending motion of the actuator along
the direction of its width. When fast movement was
required, air was used because it was more difficult

to saturate the sound field in air than that in oth-

ers fluids.!*®! For this, Yamayoshi et al[23! proposed a
disc-type noncontact motor on air basis with an inter-
digital electrode. Furthermore, the electromechanical
coupling factor can be improved in this driving way.['*]
Therefore, it is easy to obtain high speed. A maxi-
mum revolution speed was 3000r/min when a voltage
of 100V,_, was applied.[?l But its construction was
complicated, so this kind of motor was difficult to fab-

ricate, especially miniature motors.

In this paper, we propose a novel method for driv-
ing ultrasonic motor by using a non-symmetrical elec-
trode. The exciting principle of travelling waves gen-
erated by this electrode is presented. The maximum
rotating speed and levitation distance are measured.
In the theoretical development, the three-dimensional
(3D) finite element model is used to simulate the dy-
This

motor has the advantages of simple structure, high

namic vibration characteristics of this motor.

revolution speed and easy miniaturization.
2.Working principle of the micro-

motor

Figure 1 shows the working principle of a non-
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contact ultrasonic motor. The travelling wave on the
stator generates a sound field in the gap between the
stator and the rotor. The travelling sound field in
the gap produces three unidirectional forces on the
rotor.[8! The first one is in the axial direction and lev-
itates the rotors. The second one is the viscous force
in the radial direction and stabilizes the rotors. The
third one induces near-boundary streaming in the cir-
cumferential direction near the surface of the rotor.
The velocity gradient of the near-boundary streaming
on the surface of the rotor produces a viscous force,
which causes the rotor to rotate in the direction of the
travelling wave along the stator.[”] But for the contact
piezoelectric motor, the rotation direction of the rotor

is the inverse direction of the travelling wave.
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Fig.1. Principle of noncontact ultrasonic motor.
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The non-symmetrical electrode construction of
the parts I, I, IIT and IV is shown in Fig.2 (a); for
comparison, Fig.2(b) also shows the symmetrical elec-
trode construction. From Fig.2(a), the total displace-

ment equation is given by
W = H sin(wt — nf + ¢), (1)

where

H = 2A\/[Cos(3n7r/10)]2 + [1 + sin(3n7/10)]?,

cos(3nm/10)
1+ sin(3nn/10) |

(2)

¢ = arctan [—

Here 2A is the vibration amplitude excited by the non-
symmetrical electrode, w is the angular frequency of
the stator vibration, and n is the wave number along
the circumferential direction of the stator.

From Eq.(1), the vibration velocity equation of
the stator is

v =0W?/(800t) = Hnwsin(wt — nf + ¢).  (3)

/2

Fig.2. Construction of the electrode: (a) non-symmetrical type, (b) symmetrical type.

3. Fabrication and characteristics

of a sample motor

3.1. Fabrication and driving circuit

A sample motor was fabricated according to the
proposed design, and its performance was evaluated
by experiment. Figure 3 is a photograph of the fab-
ricated motor, which consists of a stator and a rotor.
The stator is a composite disc made of piezoceramic

and nickel discs, whose thickness and diameter are

0.17 and 10mm, 0.22 and 20 mm, respectively. SU-
8 photoresist is selected as the material of the rotor.
The rotors are fabricated by UV-LIGA process/'®! to
control the rotor shape and thickness. Furthermore,
the high smoothness level of rotors can be obtained.
This new fabrication process of the rotor is schemat-
ically described in Fig.4. A glass wafer is prepared
with a sacrificial layer (Ni / 0.1um). A thick negative
photoresist layer (SU-8/170um) is spun with a rotat-

ing
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Fig.3. Photograph of a fabricated motor.

cover spinner (Karl siiss RC8 Spin Coater) and pre-
baked in an oven at 90° for 2h (Fig.4(a)). Prebake
is then followed by UV illumination (mask with the
structure of rotor) and post bake in the oven to per-
form crosslinking. Then it is developed in PGMEA
(propylenglycol-monomethylether-acetate) (Fig.4(b)).
In the final step the fabricated rotors are released by a
sacrificial etching of the Ni in a FeCls (ferric chloride)
solution (Fig.4(c)).
of three-blade and six-blade rotors. In this paper, the
blade widths of three-blade and six-blade rotors are 6

and 4 mm, respectively. For both of them, the radius is

Figure 5 shows the construction

6 mm and the thickness is 0.17 mm. The correspond-

ing weights of them are 17 and 19.4 mg, respectively,
by the use of electro-optical analytical balance. Fig-
ure 6 is a schematic diagram of the driving circuit,
which consists of a signal generator, a phase shifter,
two amplifiers, two pulse transformers for impedance

matching.

o VAR

Fig.4. A flow chart of the rotors microfabrication pro-

cess.
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Fig.5. The construction of rotors: (a) three-blade ro-
tor; (b) six-blade rotor.
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Fig.6. Block diagram of driving circuit.

3.2. Vibration analysis

The admittance spectrum measured using Agilent
4294 A precision impedance analyser is given in Fig.7.
It is seen from Fig.7 that the resonant frequency is
about 35 kHz for parts I, II, III and IV of the elec-

trode. To acquire steady-state response functions such
as vibration modes, the dynamic modal analysis of the
stator was performed using a commercially available
FEM package (ANSYS 5.7). And the 3D coupling field
solid elements of SOLID5 with eight modes are used to
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model the piezoceramic disc. The final model consists
of 5392 nodes and 4050 elements. Figure 8(a) illus-
trates the vibration mode of the stator, showing that
the mode is Bs; mode at 35.941kHz. In order to fur-
ther verify the accuracy of the finite element model,
we use the laser Doppler vibrometer (Polytec.OFV-

3001S) to carry out the relative experimental mea-

0.0010
0.0008
0.0006

0.0004 ==

Admittance/S

0.0002

0.0000 i L L 2 i : i 2

31 33 35 37 39
Frequency/kHz

surement within the desired frequency range. Figure
8(b) shows the instantaneous vibration displacement
distributions of the stator. The resonant frequency is
34kHz for Bs; mode obtained from the experiment.
Close agreement has been attained between finite el-
ement model and experimental results for both char-

acteristics mentioned above.
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Fig.7. Admittance spectrum of the stator: (a) the relationship between admittance and frequency;

(b) the relationship between phase and frequency.
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Fig.8. Ultrasonic vibration mode of the stator: (a) computed ANSYS; (b) measured exper-

imentally.

3.3. Motor performance

Figure 9 shows the revolution speed versus driv-
ing frequency for the non-symmetrical electrode driv-
ing, with the driving voltage amplitude being 20V.
The maximum revolution speeds are 5100r/min and
3700r/min at the resonant frequency for three-blade
and six-blade rotors, respectively. On the other hand,
it can be seen that the performance of the motor is
obviously improved, as compared with the symmetri-
cal electrode. From Fig.8(b), the vibration amplitude
measured by a laser vibrometer is 2 yum at the input

voltage of 20V. So the stator vibration velocity is 1.625

m/s at the resonant frequency according to Egs.(3),
and its corresponding revolution speed is 1550 r/min.
The revolution speed of the rotor is far greater than it,
which verifies the advantage of high revolution speed

for noncontact ultrasonic motor.

Figure 10 shows how the revolution speed changes
with the increase of the phase difference of two chan-
nel signals. From Fig. 10, the sinusoidal relationship
between them is obtained. However, the revolution
speed reaches a maximum when the phase difference
approaches 70° or 250°, not 90° or 270°; this is be-
cause ¢ exists in the velocity equation of the stator
from Eq.(3) and the calculated ¢ value is about 20°.
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Furthermore, the rotors can revolve in clockwise or an-
ticlockwise direction according to the phase difference
of either 70°0r 250° as can be seen from Fig.10.

The levitation distance computed by using Eq.(4)
is 136 um for both the three-blade and six-blade rotors.
In this paper, we use a CCD laser displacement trans-
ducer (KEYENCE, LK-036) to measure the levitation

6000 . . .
input voltage 20V distance which is 140pm for both of them. The result
§ 5000 ) /‘ shows that the measured value agrees with the theo-
é non-symmetry- l .
= s000 L ectrode / retical value.
% A tlfxresib;ade symmetry-electrode
g ..q-- six-blade 3000
L 3000+ —a— three-blade
------ 1x-blade a
g ] S1X- ade 'é 2500 | /"\‘A
g 2000 - = II, IV electrode &
= \ P A\
o S A el |- —a— three-blade B
s A < 2000 : . A
o 1000F Tata, g ~a- six-blade /A 4 \'\‘xh I, TII electrode
r uﬁbtc\ q"qﬂ:: 2 1500F A e Y\ —#three-blade
0 i L 00 R : / & 25\ e six-blade
31 32 35 36 37 8 £ X
S 1000} 5 i)
Frequency /kHz '_g' i 3\3
© 500} i &
Fig.9. The relationship between the revolution speed
d drivi i 3 0 : t 1 1 L 1
and driving frequency 325 335 34.5 35.5
Frequency/kHz
6000
- —eo— three-blade
= /o\‘ e —o~- six-blade Fig.11. The relationship between the revolution
g 4000 7 RN speed and driving frequency of single channel signal.
> L A& Q
g 2000
& y 3000
; 0 Q b = II, IV electrode
.8 o, o7 ‘g 2500 —a~— three-blade A
= o) ey -.a- six-blade 7
ire) applied voltage 20V ox Ka) B
é ~2000 | signal frequency 33.4kHz N -z 3 200017 10T eloctrode
\i\% /’5 o 8 1s00| ~*-threeblade e
. L : e
—4000 hil : @ six-blade . - '/a
0 90 180 270 360 o T
£ 1000F el
. ° -
Phase difference/(°) Té L
@ 500 i/
Fig.10. The relationship between the revolution = O/u”
. . 0 . . .
speed and phase difference of two channel signals. 6 3 12 15 18 21
To simplify the driving electrical source, only sin- Applied voltage/V
gle channel signal can be supplied to the noncontact
ultrasonic motor revolved with high speed. Figure 11 Fig.12. The relationship between the revolution

shows the relationship between the revolution speed
and signal frequency driven by the parts I, III of the
electrode or the parts II, IV of the electrode. In Figs.9
and 11, the revolution speed shows a gradual increase
up to the resonant frequency. From Fig.12, we can
find that the revolution speed increases linearly with
the driving voltage.
According to the formulation derived by Chu and
Apfel,[16:9] the radiation pressure II is expressed as
2
Here, v is the specific heat ratio, p is the density of

H:

medium, ¢ is the sound velocity in the medium, a is
the vibration amplitude (= vy/w).

speed and driving voltage of single channel signal.

4. Conclusion

We have improved the performance and simpli-
fied the driving electrode for a noncontact ultrasonic

The

maximum revolution speed of three-blade rotor is

motor driven by non-symmetrical electrode.

5100r /min at the resonant frequency. The revolution
directions of the rotors can be realized by changing
the phase difference of two channel signals. The rela-
tionship between them may be explained by combined
travelling wave equation. The driving mechanism us-
ing the non-symmetrical electrode is also important
and there should be further studies.
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