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This study investigates a new circular cylindrical wedge wave ultrasonic motor (WW-USM) integrated
with modal sensors. The presented motor is driven by continuous wedge waves of the fundamental
modes with an integer circumferential number. In this design, the constructive interference of two
equal-intensity standing waves actuated by two comb transducers generates a traveling wedge wave.
Dual-phase electrodes were parallel to the axis placed on a piezoelectric (PZT) tube at a distance of 1/4
wavelength. Two orthogonal sinusoidal signals at the resonant frequency of designated flexural mode
exerting on the electrodes have the WW-USM operate in bidirectional rotation. The base height of the
stator was appropriately tuned to achieve an excellent modal separation from other vibration modes. A
modal sensor on the border of the PZT tube was designed to detect the dynamic characteristics of the
WW-USM and to improve the performance. The wedge wave motor has a flexible mechanical perfor-
mance between the angular speed and output torque. Varying the contact position of the rotor on the
inclined surface of the stator may exchange the angular speed for torque output. No further modifica-
tion of the entire motor structure is needed. The prototype WW-USM driven by the flexural mode F(1,
4) under 1N static preload was operated by an AC voltage of 400V, at the frequency of 36.605 kHz.
The maximum values of angular speed, output torque, and electromechanical transduction efficiency are

Keywords:

Wedge wave

Ultrasonic motor (USM), Modal sensor
Modal separation

225rpm, 15.736 mNm, and 16.22%, respectively.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The ultrasonic motor (USM) is driven by the piezoelectric actu-
ator induced mechanical vibrations or traveling waves around the
stator via frictional force acting on the contact surfaces between
stator and rotor. Featuring simpler structure, higher torque at low
revolution speed, more freedom from electromagnetic interfer-
ence, and better controllability, the USM outperforms traditional
electro-magnetic motors in some application areas. Researchers
have developed various USMs over the past four decades. Differ-
ent kinds of shapes have been considered for the geometries of
ultrasonic piezoelectric motors, including disk, ring, solid cylinder,
hollow cylinder, and so on.

Sashida [1] pioneered the fabrication of a ring-type traveling
wave USM in 1982. Many subsequent researches continuously
extended his achievement. In 1991, Kurosawa and Ueha [2] devel-
oped a hybrid cylindrical USM, in which the stator consisted of a
torsional vibrator and longitudinal vibrator. Hagedorn and Wal-
laschek [3,4] presented a mathematical description of the disk-type
traveling wave USM stator in 1992. They calculated the transverse
forced vibration of thin annular plates using a finite difference
scheme. Aoyagi et al. 5] dealt with the USMs in which longitudinal
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and bending multi-modes were used to drive a rectangular plate
vibrator in 1992. Morita et al. [6] devised a cylindrical micro USM
in 1998, in which a lead zirconate titanate thin film was deposited
on a titanium substrate by a single process hydrothermal method.
Lu et al. [7] reported a contact interface model with projections
on the surface of the rotor of a traveling wave USM in 2001. In
2002, Koc et al. [8] designed a hollow cylindrical USM excited by
two beam modes in orthogonal planes. Sun et al. [9] developed
a new analytical model for traveling wave USM and experimen-
tally verified the correctness. Xu et al. [10] presented a mechanical
model of a longitudinal oscillation USM and a method to ana-
lyze its frequency-temperature attributes in 2003. Tominaga et al.
[11] developed a ridge-mode traveling wave linear USM in 2005.
Vyshnevskyy et al. [12] proposed a piezoelectric hollow cylinder
USM coupled the tangential-axial resonant modes in 2005. Iula and
Pappalardo [13] developed a high-power traveling wave USM by
use of Langeven transducers to excite the mode (0, 5) traveling
wave on a thin steel ring in 2006. Ma et al. [14] devised a two-
phase traveling wave USM using multiple piezoelectric tubes in
2009. Sun et al. [15] designed a piezoelectric linear USM having the
circular cylindrical stator and slider in 2010. Many circular cylindri-
cal USMs are driven by beam mode resonators, and have a higher
mechanical output power than other type motors. In the beam
mode drive cylindrical USM, the cross section remains circular and
the cylinder deflects in a manner similar to an elastic beam. The
rotor contacts the friction surface of the resonator at only one point
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around the circumference. Consequently, the motor experiences
uneven rotation and stress concentration. Increasing the contact
points between the circular stator and a rotor around the circum-
ference helps prevent wobbling and failure during operation.

Lagasse [16] discovered acoustic wedge waves in 1972. It was
found that most of the elastic energy carried by wedge waves
is confined within a region of approximately one wavelength
near the apex of a wedge. In spite of no exact solution, Krylov
[17,18] developed the approximations for phase velocities of wedge
waves propagating in linear and circular wedges in 1990 and
1999. Hladky-Hennion [19] conducted a finite element analysis
on acoustic wave propagation in the wedge-like waveguides in
1996. Krylov [20] proposed a novel method for submarine propul-
sion by guided flexural waves around the edge of the attached
elastic fins in 1994. Later, Krylov and Pritchard [21,22] experimen-
tally verified the feasibility. Using acoustic waveguides as stators
is a trend in recent USM designs [11,13,23,24]. Acoustic guided
waves can propagate far with less energy dissipation because parti-
cles resonantly oscillate in cross-section of the elastic waveguides.
The resonant flexural modes around a circular wedge represent
the standing wedge waves which have integer circumferential
number.

This study presents the working principle of the WW-USM and
a promising design method for the desired resonator. Simulation
results indicate that an appropriate upper base height yields a sat-
isfactory modal separation near the designated resonant mode.
This work investigated the dynamic characteristics of the motor by
detecting the impedance curve and the quality of traveling waves
using modal sensors around the stator. The performance of a pro-
totype four-wavelength WW-USM was evaluated in accordance
with the measured T-N curves. Experimental results reveal that
the trade-off between fast angular speed and high torque essen-
tially depends on the contact position at which the rotor touches
the stator. It demonstrates that the proposed motor has a flexible
mechanical output without a need to modify the entire WW-USM
structure.

2. Basic principles
2.1. Frequency equation

It was reported in our earlier work [24] that the resonant vibra-
tion modes and phase velocities of flexural waves circumferentially
propagating in circular wedges could be efficiently evaluated using
a bi-dimensional finite element method. This study used a com-
mercial finite element code ANSYS 10.0 (ANSYS Inc., Canonsburg,
PA, USA) for numerical calculations. The eight-node coupled-field
hexahedral element SOLID5 was adopted to model the stator. Fig. 1
shows an exploded view of the WW-USM and the designated res-
onant mode F(1, 4) together with a polar coordinate system (r, 6,
z). The elastic displacement vector u and electric potential ¢ at any
point inside each element can be interpolated by nodal displace-
ment vector d and nodal electric potential ® in the form

ur(r, 0, z)
u uy(r, 0, z) N,d
(o) (o
© uy(r, 0,z) N, ®
o(r, 0, z)

The time dependence et in all field variables is suppressed
throughout. The matrices Ny, Ny are interpolation functions in con-
junction with each nodal displacement and electric potential. Based
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Fig. 1. Exploded view of the WW-USM and its resonant flexural mode F(1, 4).

on Hamilton’s principle, a system of equations for wedge waves
traveling along the circular cylindrical stator are derived as

o {ah e ml{a)-(8) e

where M, Ky, Kug: Kpg denote the global mass matrix as well as
the global elastic, elasto-piezoelectric, and piezoelectric stiffness
matrices, respectively. The existence of nontrivial solution to Eq.
(2) yields the frequency equation,

Ku K| o[M 0]) _
det({K(pu K Ll P =0 (3)
The resonant flexural modes can be calculated by standard

numerical scheme after determining the angular frequency w =
27xf in Eq. (3).

2.2. Dual-phase drive principle

Two sets of comb transducers parallel to the axis placed on
the outer PZT tube are used to excite two standing waves. The
amplitude of particle motion is substantially a function of the
circumferential position. The constructive interference of two
equal-intensity standing waves with a 90° phase difference forms
a traveling wave. Both comb electrodes have a stripe width equal
to one quarter of the wavelength.

Two sets of dual-phase transducers are sketched in Fig. 2. Sup-
pose that the displacement fields induced by transducers A and B
are of the same amplitude. Both are expressed to be the sum of two
waves traveling in opposite direction in the form

Uy = eilif-ot) | einbon) (4)

(@) (b)
(1+1)a

(1+5)A

A/4 Jx/4 A4 /4
T e
<a_| 4 B 4 B
ol loJ Lo Lo

sin(w?)

cos(wr) —sin(z) cos(wr)
Fig. 2. Dual-phase electrode placement for generating a constructive wave traveling

toward (a) negative 0 and (b) positive 0 direction.



146 T.-H. Yu, C.-C. Yin / Sensors and Actuators A 174 (2012) 144-154

ol

-20 -15 -10 -5

0.
Position

5 10 15 20

Fig. 3. Constructive and destructive interferences of two wave motions (a) ua, (b) ug, and (c) ua +ug.

up = elln@-5-w(t=0] | @iln@-E+w(t-7)] (5)

where t indicates the time delay or phase difference between the
time-harmonic voltages exerted on transducers A and B; £ is the
circumferential space interval between transducers A and B; the
integer n denotes the circumference number.

The sufficient condition for the constructive interference trav-
eling toward positive 6 direction can be given by

g;(u%)/\, r:% (6)

where [ is a positive integer, T is the period, and A is the circumfer-
ential wavelength.

Similarly, the sufficient condition for the same configuration to
generate a constructive interference propagating toward negative
0 direction is

1 T
g=(1+z>x, r=-7 @)

According to both conditions described in Eqgs. (6) and (7), we
placed two sets of electrodes with a space interval of (I+1/4)A on
the circumference of piezoelectric tube and exerted two sinusoidal
signals with a phase difference of T/4 on the electrodes. As shown
in Fig. 3, a constructive interference formed by a combination of
two equal amplitude sinusoidal signals propagates toward the pos-
itive 8 direction in case that the sinusoidal wave up leads ug by 90°
phase difference. However, an initial part wave remains in front
of the destructive interference and propagates toward the nega-
tive 6 direction. In case that wave B leads wave A by 90°, a similar
interference can be observed, but travels in opposite direction. The
WW-USM can bi-directionally operate by applying two mutually
orthogonal AC voltages on both transducers at a resonant frequency
of specific wedge wave mode.
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2.3. Modal sensor equation

Piezoelectric ceramics exhibit hexagonal symmetry. Let the
polarization direction be parallel to the x3 direction. For a circular
cylindrical PZT tube which is poled radially, the piezoelectric con-
stant e3q is identical in both circumferential and axial directions.
Hence, the charge output of these materials is independent of the
direction of the in-plane normal strains. The electric charge induced
over the sensor area covering the outer surface of the piezoelectric
tube is a function of its deformation. The modal sensor equation
reveals the coupling between mechanical deformation and electric
output [25].

Q= /{8§3Er + €335 + e31(Sp + Sz)}dA (8)
A

where e33 and e3; are the piezoelectric constants of the material,
e§3 the dielectric constant. Both electric charge Q- and electric field
Er are measured and applied in the radial direction. The surface area
A is underlain by the modal sensor electrodes on the PZT tube. The
normal strains Sy and S, are measured in the circumferential and
axial directions.

3. Simulations
3.1. Structural design

A WW-USM stator comprises three main components, includ-
ing a circular wedge, a piezoceramic tube, and a two-segment
base. All components were adhered together by epoxy. The influ-
ence from epoxy was ignored hereafter in calculations. The stator
base and circular wedge were made of stainless steel (mass den-
sity p=7.82g/cm3, Young’s modulus E=201.25 GPa, Poisson ratio

(b)

Fig. 4. The structure of a WW-USM stator: (a) sectional view and (b) top view of the dual phase electrodes and integrated modal sensors.
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Fig. 5. Mesh view of the resonant flexural mode F(1, 4) of the WW-USM stator with an upper base height of (a) h=0 and (b) h, =12.5 mm.

v=0.29). The rotors were made of Navy brass (o=8.47 g/cm?3,
E=105.46 GPa, v=0.34). The piezoceramic tube was polarized in
radial direction. The charge coefficients used in numerical calcula-
tion were d33 =289 pC/N, d3; =—123 pC/N. A sectional view of the
WW-USM stator is shown in Fig. 4(a). A cylindrical Navy brass rotor
contacts the inclined surface of the stainless steel wedge. The latter
is attached to the top of a PZT tube. The PZT tube was mounted on
a stiff stainless steel base to provide thrust to the rotor. The PZT
tube has an inner diameter of 21.9 mm, outer diameter 25.9 mm,
and height of 12.5 mm.

The electrodes and modal sensor stripes were parallel to the
longitudinal axis placed on the outer surface of PZT tube by screen
printing technique. The inner surface was printed with full elec-
trode. This process requires 10 min of heating in a furnace at 120°C.
Fig. 4(b) shows the top view of the dual-phase electrodes A, B and
the integrated modal sensors (MS). Both electrodes were exerted
by two 90° out-of-phase AC voltages. In the current prototype, the
wedge has an apex angle of 15° and a height of 9.44 mm. There
remained a 40 pm truncation on the wedge apex due to machining
tolerance.

As mentioned earlier, the ANSYS code was used for numerical
analysis in this study. We adopted the eight-node coupled-field
hexahedral element SOLID5 to approximate the circular cylindrical
WW-USM. As examples, the motor stators of h, =0 and 12.5mm
were modeled by 60,440 elements with 73,200 nodes, and 80,440
elements with 89,200 nodes, respectively. In both cases, there were
1244 fully fixed nodes on the bottom of the stepped base. Fig. 5
shows a mesh view of the resonant mode F(1, 4) for a circular
wedge-like stator with different upper base heights. The largest
deformation apparently happened at the wedge apex. Hence, the
highest particle velocity occurs at the apex.

3.2. Vibration analysis

Vibrations of the circular cylindrical structure are classified into
three categories: longitudinal modes, torsional modes, and flexural
modes. The longitudinal modes and torsional modes are axisym-
metric modes, but the flexural modes are not. The latter have
three mutual orthogonal motion components. The flexural vibra-
tion modes of the clamped-free hollow cylinders are usually labeled
by F(m, n). The first integer m denotes the number for a vibration
mode with m zero-displacement nodes along the axial length of a
cylinder. The second integer n represents the circumferential mode
number, which refers to the number of wavelengths in the standing
wave around the circumference. Modes for which n=1 are called

beam modes, while the remaining flexural modes are called cir-
cumferential modes. The resonant frequencies are functions of the
dimensions of the stator. As an example, changing the height of
upper stepped base can effectively adjust the modal density.

3.3. Modal separation

The fundamental resonant frequency of commercial piezoelec-
tric products is one of the important material properties supplied
by most manufacturers. However, these products might not be sat-
isfactory for a clear modal separation in the neighborhood of the
driving frequency of USM. Additionally, resonant frequencies do
not monotonically appear in the order of resonant vibration modes.
Therefore, trimming modal separation between resonant frequen-
cies is essential in designing a WW-USM. Changing the height hj, of
the upper stepped base significantly affects modal separation. This
study presents an approach for trimming modal separation using
ANSYS code.

Resonant frequencies decrease as the value of hj, increases, espe-
cially for the axial mode number m > 2, as shown in Fig. 6. In this
figure, the double circle indicates the resonant frequency of F(1,
4) mode was 36.950kHz and the F(2, 2) mode was 36.627 kHz.
The frequency difference between the F(1, 4) and F(2, 2) modes is
only 323 Hz when hy, =0. It is easy to stimulate both modes simul-
taneously, and inducing unexpected disturbance at the instant of
switching on/off or changing the direction of the motor. The three
single circles in Fig. 6 represent the resonant frequency of F(1, 4)
mode occurring at 36.617 kHz, the F(2, 2) mode at 23.815 kHz, and
the F(2, 1) mode at 31.544 kHz when hj,=12.5mm. The resonant
frequency of the F(2, 2) mode decreases 12.812kHz in case that
hy, increases from O to 12.5mm. Table 1 lists the changes in res-
onant frequencies of the stator obtained by the ANSYS code if the
upper stepped base height h, increases from 0 to 12.5 mm. Selecting

Table 1
Calculated resonant frequencies of the WW-USM for an upper base height of
hp =12.5 mm. The values in parentheses are those for hj, = 0.

Resonant frequency (kHz)

n m=1 m=2 m=3
11.063 (16.676 31.544 (42.665) 41.792 (52.100
9.859 (13.252 23.815 (36.627) 41.358 (61.964

36.617 (36.950
49.667 (50.066

43.726 (52.149)
64.006 (68.873)

58.811 (74.954
79.979 (90.683

g W =

( ) ( ( )
( ) ( ( )
21.679 (22.770) 29.207 (38.383) 45.127 (65.867)
( ) ( ( )
( ) ( ( )
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Fig. 6. Plot of calculated resonant frequencies vs. upper base height h;, (F: flexural
mode, T: torsional mode, and L: longitudinal mode).

hp =12.5 mm as the height of upper stator base and the resonant fre-
quency of flexural mode F(1, 4) to drive the WW-USM could achieve
excellent modal separation from the nearest neighboring modes
F(2, 1) or F(4, 2). The frequency difference between the modes F(1,
4) and its very next resonant modes was at least 5 kHz.

3.4. Harmonic analysis

The harmonic analysis was carried out to analyze the dynamic
response of the WW-USM in a steady state. The stator was
assumed to have a slight attenuation with a damping factor { = 0.2%.
The dual-phase AC voltages of amplitude 400V,, and frequency
36.617 kHz were applied to the electrodes. Material attenuation
could alter the magnitude and phase of particle motion. In case that
particle motion has different magnitude or nonlinear phase angle
around the circumference of the wedge, wobble motion will induce
during operation. Fig. 7 shows the amplitude and phase of circum-
ferential displacement Uy over the inclined surface of the wedge
at section 6=0° when hj =12.5 mm. The solid circles with integer
numbers (1-6) indicate the contact positions between the stator
and the rotor. The circumferential displacement Uy has a variation
in amplitude and phase over the inclined surface of the wedge. The
maximum values in both amplitude and phase occur at position
#1, which is about 1.26 mm below the wedge apex. The minimum
phase of the circumferential displacement Uy occurs at position #6,
approximately 8.18 mm below the apex.

Fig. 8 reveals the amplitude and phase distributions of the
circumferential displacement Uy vs. wedge circumferential angle
(—180° <0 <180°) at distinct positions on the inclined surface (#1,
#3, and #6 in Fig. 7). The phases shown in this figure are linear and

U, phase (deg)
-5.84 -5.8 -5.76 -5.72 -5.68
— 1 T T T 7
0 |— -
amplitude
-------- phase #1

contact points

h, (mm)

0.8 1 1.2 1.4 1.6 1.8
U, magnitude (nm)

Fig. 7. Amplitude (solid line) and phase (dashed line) of the calculated circumfer-
ential displacement Uy of flexural mode F(1, 4) on the wedge inclined surface as
hp=12.5mm.
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Fig. 8. Calculated amplitudes and phases of constructed wedge wave motion around
the wedge circumference (—180° <6 <180°).

independent of the axial positions. Numerical simulation demon-
strates that the constructed wedge wave propagates in a constant
phase velocity around the circumference. However, the magnitudes
exhibit minimal fluctuation along the wedge circumference with a
deviation less than 0.14%.

3.5. Transient responses

Transient response of a USM at the instant of altering driv-
ing voltages depends on the natural vibration characteristics of
motor and has mechanical influence on precision motion control.
The transient response of the WW-USM stator was numerically
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Fig. 10. AC driving voltages and simulated signal recorded by modal sensors in a
steady state.

simulated using the implicit Newmark integration provided in the
ANSYS code. Assume that the system is initially at rest and in
static equilibrium. The proportional damping constants of the sta-
tor are assumed to be o =485rad/s and 8=8.4 x 1079 s/rad, in the
case that the damping factor ¢ is 0.2% at the resonant frequency
of F(1, 4). Adopt the resonant frequency f- =36.008 kHz as the driv-
ing frequency f;, and apply AC voltages Vj4(t) = 200sin(wgt) and
Vp(t) = 200 cos(wyt) to both electrodes, respectively.

Fig. 9 shows the calculated transient response detected by four
parallel connected modal sensors. In simulation, excitation was
immediately turned off after 600 cycles, approximately 16.663 ms
after the starting time. The amplitude of the response exhibits that
residual vibration exponentially decayed after 600 cycles. Oscilla-
tion terminated after 1000 cycles. The envelope response voltage
exhibited a beating phenomenon until reaching the steady state.
The response of the stator from power on to off can be divided
into three stages: the “ON” state, steady state, and the “OFF” state.
The setting time, defined as the time required for the vibration to
reach and stay with +1% of the steady-state value, was 7.51 ms.
The peak amplitude occurred at 0.96 ms, and the maximum percent
overshoot was 36%. Fig. 10 shows the dual phase sinusoidal volt-
ages applied on the electrodes and the calculated signal detected
by modal sensors in the steady state. Provided that amplitudes of
the mutually orthogonal driving voltages are 400 Vpp, the estimated
output voltage is about 25.46 Vpp.

4. Experiments
4.1. Experimental description

The stainless steel wedge, the Navy brass rotors, and stainless
steel base were manufactured by lathe processing. The rotor bor-
der was embossed with teeth-like structures on the contact points
to increase the friction force between the rotor and the stator.

Rotor 1

Fig. 11. Photo of the stator and three rotors of the prototype WW-USM.

The piezoceramic tube made of PZT-4 was supplied by Eleceram
Inc. (Taiwan). A small mistake in the fabrication process can cause
motor rotation to be unstable, or create the deviation in the reso-
nance frequency between the simulation and the experiment. For
example, if the PZT tube and the stainless steel base are not adhered
tightly, that would cause the wave distortion and prevent the trav-
eling wave from concentrating at the wedge tip. This in turn would
render the rotor unable to operate. The photos of the WW-USM
stator, rotors and the performance test fixture are demonstrated in
Figs. 11 and 12, respectively.

This study measured the frequency response function of
impedance and its phase, as shown in Fig. 13, through a parallel con-
nection using an HP 8751 network analyzer (Agilent Technologies,
Santa Clara, CA, USA). The red dashed line indicates the impedance
curve of load-free WW-USM, while the red solid line indicates the

Fig. 12. Photo of the performance test fixture for WW-USM.
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Fig. 13. Impedance curve of the WW-USM measured by HP8751. Arrow P denotes
the poling direction. (For interpretation of the references to color in the text, the
reader is referred to the web version of the article.)

impedance curve of WW-USM subjected to 1N axial preload. The
resonant frequency of mode F(1, 4) appears at 36.065 kHz (free)
and at 36.605kHz (1N axial preload). There remained a 3.7 kHz
frequency apart from the nearest neighboring modes. The experi-
mental results slightly drift from the estimated resonant frequency
due to assemblage or varying mechanical clamping conditions of
the stator.

4.2. Modal sensing

The resonant frequencies of small structures are usually mea-
sured using non-contact optical interferometers, e.g., laser Doppler
vibrometer (LDV), to get rid of the influence of the added mass of
the installed accelerometer. However, it is still of difficulty to cor-
relate the measured resonant frequencies with their corresponding
vibration modes. This study measured the resonant frequencies
and dynamic response of the WW-USM during operation using
the modal sensors designed for the desired flexural mode F(1, 4).

MS1 (V)

MS2 (V)

MS3 (V)

MS4 (V)

Time (us)

Fig. 14. Proper signals (solid lines) and improper signals (dashed lines) detected by
four modal sensors.

—
40 — free (36.065 kH7) ]
I ——— loaded 1 N (36.065 kHz) ]

—— loaded 1 N (36.605 kHz)

Amplitude (V)

Time (us)

Fig. 15. Free and loaded transient responses detected by modal sensors.

Four electrodes were placed on the outer surface of the PZT tube at
an equal angular space interval together with the full-circle elec-
trode on the inner surface to form the modal sensors. The electric
charge over both inner and outer electrode coverage areas is pro-
portional to the strains generated by the wedge waves around the
stator circumference. A time-dependent electrical signal was then
induced in a closed circuit of a modal sensor. The largest response of
mode F(1, 4) was obtained in case that the maximum amplitude of
dynamic strains passed over the sensors. This placement of modal
sensors may detect other resonant responses, but they are less dis-
tinct than that of F(1, 4) mode. The modal sensors can help tune
the driving frequency of WW-USM during operation, and monitor
the performance of the constructed traveling wave propagating in
the stator. The traveling wave cannot be constructed if the driving
frequency significantly differs from the desired resonant frequency
or corresponds to other resonant modes.

A typical example is shown in Fig. 14, in which the proper and
improper signals were measured by the modal sensors. The proper
signals detected by the modal sensors were of the same ampli-
tude and phase. The improper signals were produced by a flexural
mode in different electrode layout other than the excitation for
F(1,4). The amplitude of improper signal captured by MS1 was rel-
atively large, and the signal amplitude of MS3 was smaller than
the proper. Although the amplitudes observed by each sensor may
not be the same, their phases are identical. Fig. 15 illustrates the
signals of the traveling waves induced at different driving frequen-
cies or under distinct loading conditions. The resonant frequencies
drift in case of different preload exerted on the test object. Under
the same driving frequency, different preloads might yield decreas-
ing amplitude. A satisfactory time-harmonic signal appeared, but
phase shifted, if the traveling wave was driven at the resonant fre-
quency, f; = 36.605 kHz, of the same mode F(1, 4) under 1N preload.

A pair of 600 cycle burst signals of amplitude 400 Vp, with 90°
phase difference were applied to the electrodes A and B to drive
the USM. Fig. 16 shows the actual transient wave motion detected
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Fig. 16. Actual transient response detected by the modal sensors.
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Fig. 17. Actual AC driving voltages and signal detected by modal sensors in a steady
state.

by parallel connected modal sensors. The setting time was 7.65 ms,
and the peak amplitude happened at 0.88 ms. The maximum per-
cent overshoot was 45%. The beating phenomenon was found in the
amplitude of the response which exponentially decayed after 600
cycles, approximately 16.391 ms after the starting time. Oscilla-
tion ceased after 1000 cycles. Compared with the calculated results
shown in Fig. 9, the damping ratio ¢ in the real motor might be
higher than the estimated value 0.2%. Fig. 17 shows the dual-phase
sinusoidal driving voltages and real signal measured by modal sen-
sors in the steady state.

4.3. Performance test

Fig. 18 demonstrates the schematic diagram of the performance
test setup for the prototype WW-USM. A phase shifter was used
to split the signal produced by the function generator into two
mutually orthogonal sinusoidal driving voltages. The amplitudes
of both dual phase signals were gained to drive the motor by two
power amplifiers A-303 (A.A. Lab Systems Ltd., Israel). The transient
response of the stator was detected by modal sensors connected
in parallel and captured by a digital oscilloscope LeCroy WS42Xs
(LeCroy Corp., New York, USA). An encoder HRT-3A (1000 ppr, Hon-
tko Inc., Taiwan) recorded the angular speed of the WW-USM. The
output torque of the WW-USM was measured using a simple setup,

Function Generator A-303
HP33250A PIZO AMPLIFIER
. OnOff
E & X

250 . , . . .

200 =

150 =

100
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Fig.19. Curves of angular speed vs. driving voltage of the WW-USM under a preload
of TN.

in which a steel wire embracing the rotor hung a weight at one end,
and connected to a load cell FUTEK LSM400 (Futek Advanced Sen-
sor Technology, Inc., CA, USA) at the other end. The load cell signal
was maghnified by a low-noise conditioning amplifier Vishay 2210B
(Vishay Micro-Measurement, Inc., Munich, Germany) and recorded
by the NI-PXI-DAQ 6251 data-acquisition module (National Instru-
ment Corp., TX, USA).

Measure the angular speed when the motor was subjected to
1N axial preload and driven at frequency of 36.605kHz. Fig. 19
shows that the angular speed of the rotor was proportional to the
amplitude of driving voltage, and the threshold voltage was approx-
imately 110-130Vpp. The angular speed is also a function of the
contact position between the rotor and stator. Six contact points
were considered for comparison. The distance measured from the
contact position to the wedge apex hy is 1.26, 2.52, 3.79, 5.66, 6.92,
and 8.18 mm, respectively. The contact points are numbered as
#1 to #6. The shorter distance the contact position is apart from
the wedge apex, the faster the revolution speed. As examples, the
angular speeds are 225, 173, and 150 rpm for driving voltage of
400 Vpp while the contact positions located at points #1, #3, and
#6.

The angular speed vs. output torque curves for the contact posi-
tions located at points #1, #3, and #6 are shown in Fig. 20(a).
The maximum output torque was 15.736 mN m when the contact
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Fig. 18. Experimental setup for the test of WW-USM.
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Fig. 20. Performance curves of a WW-USM prototype under a preload of 1N at
various contact positions: (a) curves of angular speed vs. rotary torque and (b) curves
of output power vs. rotary torque.

position located at the point #6. Fig. 20(b) demonstrates the out-
put power vs. rotary torque at three contact positions (#1, #3,
and #6). The WW-USM produced relatively high power while
the contact position was located at a lower point. Fig. 21 shows
both the maximum angular speed and output torque measured
at every contact point. The intersection of both curves provides
a compromise between angular speed and output torque. How-
ever, only moderate mechanical power could be delivered. Fig. 22
reveals a cross-sectional view of the stainless steel wedge with the
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Fig. 21. The maximum angular speed and the maximum output torque at different
contact positions. The contact position is measured from the wedge apex.
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Fig. 22. The maximum angular speeds and output torques in case of the rotor in
contact with the inclined surface of the wedge stator at different positions.

maximum output torque and angular speed measured for differ-
ent contact positions on the wedge inclined surface. The maximum
mechanical power was 120 mW and the maximum electromechan-
ical transduction efficiency was 16.22%.

5. Discussion

The exact solution of acoustic waves in either linear or circular
elastic wedges has not been available yet. We used finite element
method to design and analyze the wedge-like stator for the rotary
WW-USM. In this work, the natural modes, resonant frequencies,
time-harmonic and transient responses of the wedge waves in
stators were calculated through the commercial code ANSYS. The
proposed WW-USM is driven by a traveling wedge wave and the
friction forces between the rotor and the stator. The motor sta-
tor comprises a circular stainless steel wedge, PZT-4 tube, and a
stainless steel base. Due to anisotropic sintering contraction, the
commercial PZT tube products could not directly satisfy our design
requirements. This study considered a two-segment base, in which
the upper base height was determined in accordance with a better
modal separation near the specific driving mode. The fundamental
flexural mode F(1, 4) was selected to drive the motor. Its reso-
nance had been tuned to occur near 36.617 kHz with at least 3.7 kHz
separation apart from the nearest neighboring modes.

Large flexural deformation appears at the wedge apex and its
vicinity. Hence, the WW-USM reached the maximum angular speed
in case that the contact position between the rotor and stator was
located near the apex. However, the stiffness near the apex is too
weak to provide the force needed to thrust the rotor. In contrast, the
small deformation in the base region of the wedge indicates it has
more stiffness to exert thrust on the rotor. According to the exper-
imental results, the proposed WW-USM can exchange the angular
speed for torque output. A flexible mechanical performance only
depends on the contact position of the rotor on the inclined surface
of the wedge stator.

Both simulation and experimental results agree well. This study
ensures that the proposed motor functions as anticipated. The
concept of modal sensors was successfully realized to detect the
quality of traveling waves. Various operating demands, includ-
ing payload, wear, angular speed, and output torque, would alter
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Fig. 23. Transient angular velocity of the prototype WW-USM.

the driving conditions. The influence of driving conditions such as
amplitude, driving frequency, phase difference, and preload can
be detected for feedback control to achieve the optimal perfor-
mance of WW-USM. The modal sensors were first used to monitor
dynamic response of the WW-USM instead of other expensive opti-
cal instruments. It is found that the amplitude of detected signal
decreased if the rotor exerted a payload or preload on the stator.
Once the driving frequency was adjusted and fitted the resonant
frequency of the loaded system, the signal amplitude increased.
Modal sensors can detect the rotary direction of the rotor and esti-
mate the angular speed of the rotor. The transient angular velocity
recorded at three contact positions (#1, #3, and #6) are shown in
Fig. 23.

Finally, this study analyzed the transient response of WW-USM.
The operating period can be divided into three stages, including the
“ON” state, steady state, and “OFF” state, from start to stop. Most of
the earlier researches focused on the “ON” state right after power on
and the subsequent steady state. Few studies discussed the “OFF”
state. Although residual waves still propagate around the wedge in
the “OFF” state, the energy of the remaining wave becomes evanes-
cent due to the friction between the rotor and stator. Therefore, the
rotor would stop rotation immediately.

6. Conclusions

This study develops a new WW-USM driven by circumferen-
tial modes rather than the beam mode used in a conventional
cylindrical USM. Simulation and experimental results indicate that
the proposed prototype motor operates as expected. The proposed
design prevents abnormal wobbling of the rotor and stress concen-
tration. Adjusting the driving voltage and specific phase difference
between the two comb transducers makes it feasible to control the
angular speed and rotation direction.

According to the comparison of maximum angular speed and
torque of the motor measured at different contact positions
(Fig. 22), the revolution speed of the motor decreases with increas-
ing distance from the apex to the contact position. In contrast, the
output torque increases with increasing distance between both.
These results reveal a trade off between output torque and angu-
lar speed by varying the contact position between the rotor and
the stator without a need to modify the entire structure. The
proposed motor has a flexible mechanical performance for some
applications required priority of angular speed or output torque.
Moreover, using the modal sensors to real time monitor the tran-
sient response quality has achieved good results. The self-sensing
mechanism has been verified.Although the output torque of the
prototype WW-USM is still small, an excess torque output can be

achieved by increasing the preload and driving voltage. A large
aspect ratio WW-USM, in which the radius is relatively larger than
the height of the wedge, can magnify the output torque in case of
the same thrust exerted on the contact surface. Reducing power
consumption and enhancing the overall performance of the WW-
USM requires adding an appropriate frictional material between
the rotor and the stator.
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