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Finite-Element Analysis of the Rotor/Stator Contact
in a Ring-Type Ultrasonic Motor

Takashi Maeno, Takayuki Tsukimoto, and Akira Miyake

Abstract—A new way to understand mechanical characteristics
of an ultrasonic motor by using a finite-element (FE) analysis is
presented. First, the vibration mode of a stator by using a finite-
element method (FEM) code is calculated. The path of the elliptic
motion of the stator’s teeth is obtained. The computed vibration
mode at the surface of the stator is compared with the measured
one by using an electrooptical displacement transducer. Next, the
contact condition of the rotor/stator is calculated. The stick/slip
behavior at the contact interface of the rotor/stator is taken
into account. The displacement and velocity of the rotor/stator,
the distribution of the stick/slip area, the rotational speed of
the rotor, and the friction loss of the motor are obtained. The
calculated rotor displacement and torque-rotational speed (T-N)
curve correspond closely to the experimentally measured ones.
Furthermore, an internal loss of the rotor/stator and the loss
of the supporting felt is measured. The total loss of the motor
obtained by adding the aforementioned losses and the calculated
friction loss agree with the measured total loss. The calculated
and the measured efficiency of the motor also agree.

[. INTRODUCTION

HE ULTRASONIC MOTOR was invented by Sashida [1]
in 1982. The principle of the ultrasonic motor is based on
two energy transfers. First is the transfer from electric power
to a mechanical vibrational power by piezoelectric ceramics
employed in the stator (vibrating body) to induce traveling or
standing waves in the stator with frequencies in the ultrasonic
range. Secondly, the wave energy in the stator is transferred to
the rotor/slider (driven body) by means of the frictional contact
force between them. This replaces the electromagnetic force
that usual electromagnetic motors have utilized. The ultrasonic
motor has been of interest in industry because of its unique
characteristics such as its output power per unit volume, high
stationary limiting torque, high maximum operating torque,
simple design, silence, and high precision controllability.
Several types of ultrasonic motors have been proposed
[1]-[6]. They can be divided into two groups according to
their contact principles between the stator and the rotor/slider.
One is a “traveling” contact type, in which the contact area
between the stator and rotor/slider moves with the traveling
wave excited in the stator. The two bodies are always in
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Piezoelectric ceramic

Fig. 1. The rotor and stator of a ring-type ultrasonic motor.

contact near the wave crests. The other is an “intermittent”
contact type, in which the two bodies contact intermittently
and the contact area of the stator always remains the same.
One example has contact controlled by synchronized forced
vibration of the stator in the normal and tangential direc-
tion.

A ring-type motor developed and produced by Canon, Inc.
for autofocus lenses [5], [6], which fits the design of the lens
unit, employs the traveling wave (See Fig. 1). The traveling
wave is excited in the stator ring by disjoined conductor films
on a piezoelectric ceramic bonded to one side of the stator.
There are teeth on the another side of the stator to enlarge the
tangential velocity at the contact interface. A flange-shaped
rotor spring contacts the stator’s teeth at the crests of the
stator’s traveling waves. The rotor, which is pressed against
the stator with a certain normal force, is driven in the opposite
direction from the stator’s traveling wave movement by means
of the friction force at the contact areas as shown schematically
in Fig. 2.

One of the most important points for designing the ul-
trasonic motor is the control of the dynamic contact be-
havior between the two bodies. In order to understand the
contact characteristics, various researchers have undertaken
theoretical and experimental studies in recent years. Ueha
and Kurosawa (7] were the first to analyze the rotor/stator
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Fig. 2. Principles to drive the ultrasonic motor.

interface. They introduced a linear spring model for the
rotor’s normal deformation and used it to calculate the mo-
tor’s performance, such as the torque-rotational speed (T-N)
curve and motor efficiency. Yamabuchi and Kagawa [8] an-
alyzed the piezoelectric elastic structures using the finite-
element method (FEM) and proposed an equivalent electrical
circuit. They showed ways to understand qualitatively the
motor’s characteristics. However, the details of the mechanical
contact behavior of the two bodies, such as the nonlinear-
ity of contact and the shear deformation of bodies near
the contact areas, were not considered in the above stud-
ies.

In our research, we clarify the mechanical characteristics
of the ring type ultrasonic motor by using FE codes. First,
the vibration mode of the actual ring-type stator is calculated
by using the FE code MSC/NASTRAN. Next, the elastic
contact of the rotor/stator, considering the shear deformation of
bodies by using a static friction coefficient y1, and a dynamic
friction coefficient pq, is simulated by the FE code INIKE3D.
A complex distribution of the stick and slip areas within
the contact region is shown. Important motor performances,
including the T-N curve, power loss, and efficiency, are
calculated as well. By considering the initial displacement of
the rotor/stator, we obtain results that are in good agreement
with the experimental results.
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Fig. 3.

Finite-element model of the stator.

II. STATOR VIBRATION

The stator vibration modes of the ring-type ultrasonic motor
have been calculated by using the simple bending model of a
bar [6]. But the actual stator has a complex shape as shown
in Fig. 1. As the cross section of the stator is trapezoidal
and it has teeth, it is difficult to predict the shape of the
stator traveling wave by means of the previous method. So,
we calculate the stator vibration mode by using a FE code.
Fig. 3 shows the finite-element model of the stator. One tooth,
in other words, 1/90 of the stator along the circumferential
direction is modeled. It has 837 nodes and 576 solid elements.
Bar elements fixed at the edge of the tooth represent thin
stainless plates used as targets in the optical measurement. Two
natural modes, the sine/cosine modes, which have the same
mode shapes and natural frequencies, and their frequencies
are calculated by utilizing the cylindrical symmetry solution
sequence of the MSC/NASTRAN. The calculated natural
modes are standing waves. The two standing waves at any
point in the stator have the following forms, shown at the
bottom of the page in (1), where, A,, and A, are normal and
tangential amplitudes, respectively, w is the angular velocity,
t is time, n is a nodal diameter, # is the circumferential
coordinate angle, and ¢ is the phase delay due to the existence
of the teeth. A,,, A, and ¢ are functions of the location of the
selected point. If the stator did not have the periodic thickness
change due to the presence of the teeth, the value of ¢ would
be zero. We can obtain the traveling wave form by adding
the above two standing waves. The normal and tangential
deformations at any point in the stator, w, and w;, are

Wn = Wns + Wne = Ay cos (Wt — nb)
Wy = Wi + We = Agsin (wi — nb — @) )

Wns = A sin (wt) sin (nd) (normal deformation of sine mode)

wys = —Ay sin (wt) cos (nd + ¢) (tangential deformation of sine mode)

Wne = An c0s (wt) cos (nf) (normal deformation of cosine mode)

wye = Ay cos (wt) sin (nf + ¢) (tangential deformation of cosine mode) 1)
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Fig. 4. The elliptic motion of some points on the teeth.

Equation (2) shows that any point in the stator moves el-
liptically when the traveling wave is excited. Fig. 4 shows
the elliptic motion of some nodes when the seventh traveling
wave is excited in the stator. Circled numbers of each ellipse
correspond to the nodes shown in the Fig. 3. This figure shows
that the tangential displacement is enlarged at the top of the
teeth. It also shows that the axis of the ellipses are not vertical,
in other words, ¢ is not zero, at the edge of the tooth due
to the existence of the tooth. Fig. 5 shows the comparison
between the calculated and the measured normal and tangential
amplitudes. Measurement of vibrational amplitudes on the
target plates bonded at the edge of some teeth was made
by utilizing an electrooptical displacement transducer made
by Zimmer KG [9]. The measured amplitudes of different
teeth, plotted by using solid lines, are distributed because the
amplitudes of the sine and cosine modes are not the same in
the actual motor. The calculated amplitude, a broken line, is in
the middle of the measured lines. This result shows that this
FE analysis gives an appropriate solution, in opposition to the
beam model approximation that had an error for predicting the
vibrational modes of the complex shaped stator.

III. ROTOR/STATOR CONTACT

A. Analysis Model

We calculate the dynamic contact behavior of the rotor/stator
by using the finite-element code JNIKE3D. This code has
the ability to treat the contact problem based on a penalty
function formulation [10]. For solving the contact problem,
we can consider the static/dynamic contact condition. In other
words, we can define the static/dynamic friction coefficient as
a function of the relative velocity between the two bodies.

The condition of the frictional contact is described shortly
as follows. Surfaces of finite elements that can contact are
defined as so-called “master” and “slave” surfaces. Fig. 6
shows the slave node S,, on the master segment M;, My, M3,
and M, when S, contacts the master surface. Linear springs
from S, to M;, M5, M3, and M, are imagined in the normal
and tangential directions. The normal force is added in the
normal spring in order to place the point S, on the master
segment. When S, does not contact the master segment, the
normal and the tangential springs are removed.
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Fig. 5. Normal and tangential amplitude of the stator at the outside edge of

the teeth.
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Fig. 6. Springs in the master/slave interface. (a) Normal springs. (b) Tan-
gential springs.

When the point S, sticks, the tangential force vector F}
is applied in the tangential springs to keep the point Sn at
the same place in the master segment with the result of the
previous time step. Now, the maximum steady friction force
Fhax 18

Frax = U/s]v (3)

where p, is a static friction coefficient, N is a normal force
of point Sn. If the tangential force vector satisfies

|Ft| SFmax (4)

then, the point S, sticks. The relative location of S, to the
master surface does not change during this time step. On the



MAENO et al.: FINITE-ELEMENT ANALYSIS OF THE ROTOR/STATOR CONTACT

Bar element

Rotor

Stator Tooth

Fig. 7. The finite-element model of the rotor/stator for the contact analysis.

other hand, if the tangential force vector is

Fi

> Frax 5)
then, the point S, slips. Then F} is replaced by the following
slipping force vector, Fy,

F
Ff = paN—
CTHTR]

6)
where, pq is a dynamic friction coefficient as a function
of a relative velocity between S, and the master segment.
So, the dynamic friction force is applied at this point S,,.
Calculation is repeated by changing the normal force vector
F, for contact and the tangential force vector F; for stick/slip,
to obtain the converged solution for every time step in which
the displacement and energy norm is smaller than the given
tolerances.

A mesh model is shown in Fig. 7. The change of the
vibration mode of the stator’s ring due to the rotor contact
was not observed by the measurement using the electrooptical
displacement transducer because the change was smaller than
the resolution of the measurement. We can say that the
deformation of the stator’s ring due to the rotor contact is
negligible. So only the teeth are modeled by using solid
elements to express the shear deformation of the stator. The
rotor is modeled using solid and shell elements. Shell elements
are used for the flange-shaped spring in order to increase the
accuracy and reduce the mesh size. The materials of the rotor
and stator are aluminum and invar, respectively. Bar elements
are connected at the inner edge of the rotor in order to constrain
the rotor in the radial direction. The rotor/stator deformations
and the force distributions were steady after about the fifth
step. The calculation is performed up to the 15th step and the
results are averaged over the sixth to 15th steps to increase the
accuracy. The elliptical motion of the stator (traveling wave)
with frequency of 30 kHz is given as a forced deformation in
the radial, tangential, and normal directions at the downside
nodes of the teeth from the first step. The rotor pressure is
given at the top surface of the rotor ring as concentrated loads
from the first step as well. Load torque is given at the inner side
of the rotor ring from the second step as the concentrated load
in the circumferential direction. The inertial force is ignored
because the natural frequencies of the rotor spring and the
stator teeth are designed to be high compared with the exciting
frequency of the stator. The time step At is 5 x 107 (s). This
value is selected so that the change of the stator deformation
through one step is sufficiently small.
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Fig. 8. Deformation of the rotor/stator.

We also calculate the power loss by friction, Wy from the
result of the FE analysis as

N

Wi =" (filvsi = vril)

i=1

™

where, 7 is a node on the rotor/stator, f; is a tangential force
at the slipping node i, vs; and v,; are tangential velocities
of the stator and rotor at point 7, respectively. Actually, the
rotor/stator nodes are not located at the same point 7, so linear
interpolation is applied. Internal loss near the contact interface
due to the frictional contact is ignored.

A Hitachi super computer S820 was used for the calculation.
The CPU time for calculating one case is about 60 min (VPU
(vectorized calculation time per unit) is about 40 min).

B. Comparison between the Calculated and the Experimentally
Measured Results

Fig. 8 shows the deformation of the rotor/stator calculated
by the JNIKE3D FE code. The rotor springs are bent by the
contact force between the rotor/stator and contact at the crest
of the stator traveling wave. We can see that there are certain
contact areas.

Fig. 9(a) shows the normal displacements of the stator teeth
and the rotor spring, where the stator vibration amplitude is
2 ump — p, the rotor load in the normal direction is 14 N,
and the load torque is zero Nm. The horizontal axis is the
circumferential location of the interface nodes. Lines (a) and
(b) represent the displacements at the inner and outer edges
in the interface area of the rotor spring, respectively. The
displacement of the stator teeth are shown in bar-graph form
with one side on the zero displacement line. This figure shows
that the crest of the stator’s traveling wave penetrates to the
rotor spring with contact along the outer line (b). Three or
four teeth per one wave contact the rotor spring. Fig. 9(b)
shows the measured deformations of the rotor/stator by using
the electro optical displacement transducer [9]. The horizontal
axis is time. The rotor and stator deformation were measured
separately, but are shown simultaneously. This figure also
shows that the rotor contacts the stator at the crest of the
stator’s traveling wave. The calculated and measured shape of
the rotor deformation correspond closely.

Fig. 10(a) shows the normal force of the rotor/stator contact.
Fig. 10(b) and (c) show the tangential force of the rotor/stator
when the torque is 0 and 0.05 Nm, respectively. When the load



672 EEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 39, NO. 6, NOVEMBER 1992

Rotor(a)

1. Rotor(b)
4 2kl

© 8080606 -

-a.
-a.

=1.

Normal displacement (um)
&
N @ © 0O 2 N § N A O D

\ Stator
T i

30 60 99 120 158 180 218 249 2;@ 300 330 360
angle (degree)

1
y

®

(a)
3
2 3f
N o=
3 5 i Rotor
w® E
EQ 1}
(Z) %. ! N Stator
0 100 200
time ( usec)
®)

Fig. 9. Normal displacement of the rotor/stator interface. (a) Calculation.
(b) Measurement.

torque is zero, the resultant tangential force is zero, which does
not mean that the friction forces at every point is zero. This
means that the resultant forces in the positive and the negative
directions have the same value. On the contrary, when the load
torque is applied, the resultant of the tangential force is not
zero, but must balance the applied load torque.

Fig. 11 shows the time dependent change of the tangential
force at a certain node on the rotor surface. We can see an
interesting stick/slip phenomena due to the periodic change
of the stator’s tangential speed and the shear deformation of
the rotor/stator. When the node on the rotor starts contacting
the stator, the tangential speed of the stator is lower than that
of the rotor. Consequently, the rotor/stator interface slips at a
certain velocity. The direction of the dynamic friction force in
the rotor is negative and the value is proportional to the normal
force (f = ualN, pq : dynamic friction coefficient) . At a later
time when the speeds of the rotor/stator nodes become the
same, the interface area sticks. At this time, the static friction
force f is smaller than the maximum steady friction force
fmax (Fmax = s N 1 us: static friction coefficient). After that,
the stator speed exceeds the rotor speed and the interface area
slips again. During this slip, the friction force at the rotor node
has a positive value because the slip direction is different from
the previous slip. After that, the rotor/stator speed becomes the
same again and the interface area sticks again. Later, the stator
speed becomes lower again and slips. The direction of the
friction force becomes negative again. Finally, the rotor/stator
interface breaks contact.
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Fig. 10. Normal and tangential force between the stator and rotor. (a)
Normal force. (b) Tangential force (I' = 0.0 (Nm)). (c) Tangential force
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Friction force (x10°TN)

Stick Slip Stick Slip

1
r 1 T ¥ T 1

2 2 Ll 6 8 19 12 14
time ( psec)

Fig. 11. The friction force at one point on the rotor interface.

These stick/slip phenomena are similar to the contact be-
tween two rollers that have different elastic moduli as analyzed
by Bentall and Johnson [11). The rotor corresponds to the soft
roller and the stator to the hard one. One difference is that the
hard roller’s shape is a circle, but the stator’s deformation is
a sine function.
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Fig. 12 shows the calculated and the measured torque—rota-
tional speed (T-N) curves. The static and dynamic friction
coefficients used in the calculation are 0.48 and 0.40, respec-
tively. These values are selected so that slope of the calculated
curve is in good agreement with the measured curve. The
actual static and dynamic friction coefficients measured by
the friction tester were 0.70 and 0.84, respectively. In order
to explain these differences, future work should be done by
considering some more effects on contact.

When there is no initial deformation of the rotor/stator, the
calculated rotor speed is higher than that of the measurement.
So, we introduce an out-of-plane initial deformation of the
rotor/stator as can be observed. The initial deformation of the
actual rotor/stator due to the tolerance of production has the
shape

w = Acos(nf).

®

Usually, n 2 with an amplitude of a few microns is
dominant in the actual ring type ultrasonic motor produced
by Canon for auto focus lenses. The normal displacement of
the rotor/stator when the initial deformation of the stator is
4 cos(28) is shown in the Fig. 13. When there is this amount of
the initial deformation, the calculated T-N curve corresponds
with the measured one ( see Fig. 12 ).

The friction loss Wy averaged from time step 6 to 15
is plotted in Fig. 14 with the measured internal loss of the
rotor/stator and the loss of supporting members. The total
power loss obtained by adding the above losses are in good
agreement with a total loss that is directly measured. Accuracy
of the calculated friction loss by using the equation (7) is
confirmed.

The efficiency of the motor calculated by the above losses
and a measured output power is compared with the measured
one as well (see Fig. 15). The calculated and the measured
efficiency are also in good agreement.

IV. CoONCLUSION

We presented a new way to understand the mechanical
characteristics of an ultrasonic motor by using FE analysis.
First, we calculated the vibration mode of a stator by using a
FE code MSC/NASTRAN. The shape of the elliptic motion at
the surface of the stator’s teeth obtained in the calculation
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are in good agreement with the measured one. Next, we
calculated the dynamic contact condition of the rotor/stator
by using the FE code JNIKE3D. The displacement and the
velocity of the rotor/stator, the distribution of the stick/slip
area, the rotational speed of the rotor, and the friction loss of
the motor are obtained. The calculated rotor displacement and
T-N (torque-rotational speed) curve correspond closely to the
experimentally measured ones. The calculated total loss and
the efficiency of the motor agreed with the measured ones as
well.
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Future work should be done for the following reasons.

1))

2)

3)
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In this study, the friction coefficients, p, and pg4, are
selected so that the T-N curve corresponds to the ex-
perimentally measured one. These values of the friction
coefficients are different from the measured values by
using a friction tester. So the difference of the friction
coefficient used in the calculation from the measured
one should be clarified.

The calculated stick/slip condition of the rotot/stator
contact presented in this study should be confirmed by
experiments.

This study is done to clarify the mechanical character-
istics of contact between the rotor/stator. This method
should be used for obtaining the optimal design of the ul-
trasonic motor such as optimum stick/slip condition, the
minimum frictional loss, and the maximum efficiency.
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