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ABSTRACT

A finite element model of a Panasonic USM-40D piezoelectric motor’s rotor was
coupled with a finite element model of the motor’s friction liner/rotor so that the
frictional interface could be further studied. Results from the model were used to
study the affects of various friction liner material properties on motor stall torque.
Statistical methods were used to determine the significant friction liner material
properties and their interactions. An equation for predicting the stall torque as a
function of the significant variables and their interactions was established.

INTRODUCTION

While the traditional electric motor converts electrical energy to mechanical energy
through the mutual actions of an electric current and a magnetic field, the piezoelectric motor

converts electrical energy into mechanical energy by converting electrically induced vibratory
motion into unidirectional motion through frictional coupling.

Although piezoelectric motors have become widely popular in Japan, they have been
almost unheard of in the United States and Europe until recently. There are now over 90 U.S.
patents for ultrasonic motors and actuators, most of which are owned by the Japanese. Some
development has begun in the United States, but most of the U.S. research is focused around
piezoelectric ceramic processing and development.

One reason for all this activity is that piezoelectric motors provide a number of distinct
advantages over the traditional electric motor. The piezoelectric motor can develop a very large
torque per unit volume. Output torques of up to ten times higher than conventional drives of the
same volume have been reported [1]. They can be made extremely small and light weight.
Motors as small as 1 mm in diameter have been reported [2]. Their operating speed can-be’
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adjusted down to zero if required without the need for gearing, and they maintain an extremely
large holding torque when at rest without additional elements and energy supply. These
characteristics, as well as their excellent controllability, quick response, and freedom from

magnetic noise, make them highly attractive for many applications.

Energy conversion in a piezoelectric motor is a two-stage process. The first process, the
conversion of electrical energy into oscillatory bending motion, is usually accomplished through
the excitation of piezoelectric elements.” Excitation frequencies depend on the specific geometry
of the device and the form of excitation -- longitudinal, torsional, or flexural modes of bending --
but are typically between 20 and 150 kHz. The efficiency of this energy conversion process has
been estimated to be about 96% [3], but it is dependent upon the specific geometry and the
bending mode.

The second energy conversion process in an ultrasonic motor is the conversion of high
" frequency oscillatory vibration into macroscopic, unidirectional rotary or linear motion via
frictional coupling. This process is essentially a vibro-impact system that displays nonlinear
dynamics. The efficiency of this energy conversion process has been estimated to be only about
50% [3]. '

Theoretical estimation of piezoelectric motor performance is difficult, but in general, they
offer lower conversion efficiency (< 45%) than electric motors. This lower efficiency can be
attributed to a number of factors including the physical design of the stator, the mechanical and
piezoelectric properties of the piezoelectric ceramic, the electrical drive circuitry, and the
mechanical and frictional characteristics of the materials used for frictional coupling.

In this paper we will explore the frictional interaction between the stator teeth and the
friction liner/rotor of a Panasonic USM-40D piezoelectric motor using finite element analysis. A
linear motor model of one quarter of the USM-40D piezoelectric motor is proposed. The finite
element model is then used to determine the effects of various friction liner material properties
on the stall torque of the motor. Statistical analysis techniques are used to determine the
significant friction liner material variables and their interactions. Model results are fitted to a
quadratic response curve to develop a prediction equation for motor stall torque based on
significant friction liner material variables and their interactions.

STATOR/FRICTION LINER CONTACT MODELING

What we are primarily interested in for the use of ultrasonic motors is how much power
can be delivered to a load and what the form of the torque-speed curve will take. In order to
further understand these two things, we must investigate the interaction between the stator tooth
and the friction liner. .

Several researchers have investigated this frictional coupling phenomenon. In 1987,
Endo and Sasaki [4] reported the results of friction linef tests conducted using a linear ultrasonic
motor with a toothless stator and a variety of frictional interface materials. Okumura and
Mukohjima [5] and Hosoe [6] reported on wear problems associated with this frictional interface
and discussed efforts at improving the efficiency of a Canon ring-type ultrasonic motor. In 1988,
Kurosawa and Ueha [7] issued the results of their closed-form analysis of the frictional interface
losses, claiming theoretical limits of 70% efficiency for the traveling wave motor. In 1991,
Nakamura, Kurosawa, Kurebayasi, and Ueha [8] developed a method of ultrasonic motor testing



based on the motor's transient response, and conducted a number of friction liner tests. In 1992,
Maeno, Tsukimoto, and Myake [9] modeled the contact behavior of a ring-type ultrasonic motor
using finite element analysis and discovered a stick/slip phenomenon between the stator tooth
and the liner material. That same year, Maeno and Bogy [10] went on to study the
hydrodynamic bearing effects on the rotor/stator contact. Also, Yoshinobu Imasaka, Hiroshi
Yoneno, and Masanori Sumihara [11] published the results of friction liner tests on a number of
different material formulations and suggested formulations to maximize motor performance with
regards to breaking torque, restarting performance, surface wear, noise generation, and resonant
frequency variation. In 1993, Hirata and Ueha [12] proposed a lumped mass equivalent circuit
for the calculation of the load characteristics of a traveling wave type ultrasonic motor, and
Minotti and Lallement modeled the rotor/stator interaction parameterizing the contact conditions
of a nonrigid rotor in terms of the angle of contact. Also, Flynn [13] investigated the contact
mechanics of the rotor and the stator using a number of simple interface condition models and
discussed the torque/speed trade-off's due to the interpenetration of the stator into the friction
liner material. '

While the efforts of the researchers discussed above have provided valuable insight into
the frictional coupling phenomenon of the ultrasonic motor, few have attempted to tie specific
material attributes of the frictional interface materials to the performance characteristics of the
. motor. A correlation between frictional interface material attributes and motor performance is
needed so that interface materials can be selected to optimize ultrasonic motor performance for a
particular application.

Some of the researchers discussed above have attempted to study the effects of various
interface materials on motor performance experimentally, but experimental results have been, for
the most part, inconclusive. Experimental results require many hours of testing and a large
number of data points due to motor resonant frequency fluctuations during operation. Resonant
frequency fluctuations have been reported by Panasonic [14], Mentesana [15], and Nakamura,
Kurosawa, Kurebayashi, and Ueha [8]. They discuss some possible causes of this fluctuation as
being related to losses caused by internal heating of the piezoelectric ceramics, fluctuations of the
rotor preload during operation, the quality of epoxy bond joints, viscoelastic behavior of the
epoxy bond joints, hysteretic material effects in the stator, and the size of the operating load of

the motor.

THE F INITE ELEMENT MODEL

For the purpose of this study, we are primarily interested in determining the optimum
friction liner material properties to maximize the output torque of the USM-40D ultrasonic motor.
A finite element model of the USM-40D is constructed by coupling the finite element model of
the motor's stator with a finite element model of the friction liner and rotor as shown in Figure 1.
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Figure 1: Finite element model used in the stator tooth/friction
liner analysis. Stator tooth interactions for one full
wavelength (1/4 of the motor) are modeled.

In the model, the rotor is spring loaded against the stator using a theoretical spring with
_the same spring constant (k=300 Ib/in.) as the one used in the Panasonic USM-40D piezoelectric
motor. The rotor is restrained in the x-direction but allowed to move up and down in the
y-direction to oppose the rotor preload (spring force) as shown in Figure 2.

Preload spring
Friction liner / Rotor body
Rotor \ g/ Rotor
rastraints \ 7 restraints
Y AN
X Stator body

-Figure 2: Simple graphic depiction of the finite element
model showing how the rotor is restrained.

The stator teeth are forced through their elliptical trajectory, and the frictional interaction
between the stator teeth and the friction liner results in an x-directional force being exhibited by
the rotor restraints. Since the model is quasi-static, the force exhibited by the rotor restraints
must be equal and opposite to the frictional force developed at the stator tooth/friction liner
interface, as shown in Figure 3.

By summing the x-directional forces at the rotor restraints, the frictional force developed
by the interaction of the stator tooth with the friction liner is obtained. This restraining force is
then used as a measure of the output force of the ultrasonic motor. If the stator radius at the
location of the teeth is known, this output force can be converted directly to an output torque of
the motor. This finite element model is then used to study the effects of varying the Young's
modulus, mass density, and Poisson's ratio of the friction liner material along with coefficient of
friction and rotor preload on the stall torque of the motor.
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Figure 3: Free-body diagram of the stator tooth and the
friction liner. Forces are shown for only one

tooth to simplify the diagram.

THE ABAQUS CON_TACT MODEL

When two surfaces come in contact, a stress is transmitted across their common surface.
If no friction is present at the interface only a normal stress is transmitted across the common
surface. However, if friction is present at the contact interface, a normal component and a shear
component of stress are transmitted across the common surface. The contact area and the contact
stresses must be determined in order to solve the contact problem.

ABAQUES requires the use of special contact elements when solving contact problems. A
number of different types of contact elements are available in ABAQUS, but the element type
chosen for the ultrasonic motor contact model was the ISL type.

ISL elements are used for modeling contact between two deforming bodies that slide
along each other. Contact load transfer occurs between the nodes of the ISL element, which is
attached to one deforming body, and a slideline which is attached to the other deforming body.
The nodes of the ISL element form the slave surface and slide along the slideline attached to the
master surface. For this model, two node ISL elements are positioned on the friction liner (slave
surface), and the slideline is positioned on the top of each stator tooth (master surface). These
elements provide for output of the shear stress at the frictional interface (S12), the normal stress
or contact pressure at the contact interface (S11), the separation of the surfaces normal to the
slide line (E11), and the accumulated relative tangential displacement of the contact surfaces
(E12).

The contact model uses the classical Coulomb friction model which assumes that the
surfaces in contact will not slide over one another as long as the shear stress magnitude is less
than the coefficient of friction times the contact pressure between the two surfaces. When the
shear stress reaches a critical value, 1°, the two surfaces in contact will slide along each other.
The value of this critical stress, 1°, is equal to the coefficient of friction, p, times the contact
pressure, P. Often, the shear stress is lower during slipping than the value required to initiate
slip. In this case, a coefficient of kinetic friction is often introduced. However, the friction



model used in this analysis provides for only a single value of p for each possible contact
surface. ;

Contact models require the imposition of constraints between the points that are in
contact. ABAQUS uses the Lagrange multiplier method for the imposition of the contact
constraints. The Lagrange multipliers are defined as internal variables and are not apparent to

the user, except when equation solver problems occur. For each potential contact point, the
contact condition is described by the single, nonlinear, inequality constraint:

h(ul,uz,u3,...)20

where h is the "clearance" between the points, and u" are the kinematic degrees of freedom. If
h <0, the contact constraints are imposed, and the contact area, the contact pressure, and the
shear stresses are calculated. No contact constraints are imposed if h >0.

The use of contact elements automatically invokes the assumption of large displacement,
small strain theory, or Green's strain theory in ABAQUS. Green's strain theory suggests that the
strain, f(A), is defined by:

f0) =-;-(>3-1)

where A is termed the stretch ratio, and is defined as:

r=2
dL
where dL is the initial distance between the nodes of the structure and dl is the current distance
between the nodes of the structure. Thus, the Green's strain matrix can be established once the
deformation gradients are established without the need to solve for the principle directions,
which makes Green's strain computationally attractive.

RESULTS

Since the frictional drive force of the stator tooth depends upon the contact pressure
between the tooth and the friction liner, the difference in the contact surface areas between that of
the actual USM-40D stator tooth and the stator tooth of the proposed finite element contact
model must be considered if the frictional output forces from each are to be compared. The
equivalent contact surface area, A,, of the USM-40D is 0.15168 square inches (0.00474 x 32).
The equivalent contact surface area, Ag,, of the finite element model is .48 square inches
(0.06 x 8).

By setting the equivalent contact pressure of the finite element model, Py, equal to the
equivalent contact pressure of the USM-40D, P,, some comparison can be made between the
output force results. Since the "as received" preload, F, for the USM-40D was determined to be
6 Ibs [15], and the equivalent contact pressure, P.=F/A_, the equivalent contact pressure is -
39.56 psi. Setting P,=P¢., the equivalent preload force for the finite element model is 18.98 Ibs.



Thus, a 6 Ib preload force for the USM-40D is equivalent to an 18.98 Ib preload force for the
finite element contact model, a ratio of about 3 to 1 for the finite element model.

The starting torque for the USM-40D is 500 gf-cm or 6.945 ounce-inches. Converting
the starting torque value to a linear equivalent load, F,, at the radius of the stator teeth (r=.465 in.)
we find the equivalent load, Fi= 0.93355 1b. The actual tooth thickness for the USM-40D stator
tooth is 0.079 inches. Dividing the equivalent starting torque load, F;, by the tooth thickness
(0.079) gives the equivalent normalized load, F;;=11.817 lbs/inch.

The results of the finite element contact model, using a friction liner material with a
Young's modulus of 136000 psi, a coefficient of friction of 0.22, and a rotor preload of 18 1bs,
indicate an average output force of 3.07 Ibs. Since only one fourth of the motor is modeled, we
would expect the model to predict an average output force of 12.28 Ibs. for the USM-40D. Thus,
the model output force prediction appears to be within about 4% of the USM-40D rated output
force. ' '

Figure 4 shows the effect of the stator tooth interactions with the friction liner when the
stator is forced through its elliptical trajectory. The force values are negative, since the rotor
restraints are applying a force in the negative x-direction to keep the rotor from moving. This
figure indicates that the drive force (frictional force) is a minimum as the primary drive function
is transferred from one tooth to the other. It also indicates that the total output force is not
constant, but fluctuates as the primary driving function transfers from one tooth to the other.
Thus, it is the combined interaction of the stator teeth with the friction liner material that creates
the total output force.
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Figure 4: The frictional forces generated by the stator teeth when a PPO Polycarbonate
friction liner is used, E=374500 psi, 1=.3, and the rotor preload is 24 Ibs.

Additional analysis of the frictional interface indicated that the maximum drive force
occurrs when the amount of preload supported by each tooth is a maximum and that the
maximum output force occurs at the point where a stator tooth is in complete contact with the
friction liner surface. .

From Figure 4, we see that the total output force of the motor is not a comstant value, but
fluctuates as the stator teeth interact with the friction liner material. Since we are primarily
interested in studying the effects of different friction liner materials on the output force of the
model, the average output force was chosen as the figure of merit for each friction liner material.
Thus, an average output force for the time steps on each computer simulation was calculated.



Figure 5 compares the average output force of the model with both a HMW polyethylene

and PPO polycarbonate friction liner material for a given rotor preload and coefficient of friction.
Figure 5 indicates a complex relationship between rotor preload, coefficient of friction, Poisson’s
. ratio, and density of the friction liner material. Although the figure indicates a general increase
in model average output force as the coefficient of friction, Young’s Modulus, and rotor preload
increase, a better understanding as to how these variables and their interactions affect the average
output force of the motor is needed so that interface materials can be selected to optimize
piezoelectric motor performance for a particular application.

Box-Behnken, Four-Level Full Factorial, and Central Composite experimental design
techniques are used to identify the model variables (Young’s Modulus (E), rotor preload or
normal force (F), coefficient of friction (), liner material density (p), and liner Poisson’s ratio
(v)) and the variable interactions statistically significant to the average output force prediction of
the model. Data ranges are chosen for each model variable. The Young’s Modulus of the
friction liner material ranges from 15,000 to 1,000,000 psi, the rotor preload ranges from 1 to
36 lbs, the coefficient of friction ranges from .1 to 5 the P01sson s ratio ranges from .1 to .5, and
the material density ranges from O. 5x107* to 7.3x10™ slugs/m

The effect of the five model variables and their interactions on the model’s predicted
average output force is determined using regression analysis on the data from all three
experimental designs. The significant variables are identified to be the Young’s Modulus (E) of
the friction liner material, the coefficient of friction (jt) between the friction liner and the stator
tooth, and the normal force (F). The significant variable interactions are determined to be the
Young’s Modulus with the coefficient of friction, the Young’s Modulus with the normal force,
the coefficient of friction with the normal force, and the Young’s Modulus with itself.
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Figure 5: The average output force of a PPO Polycarbonate friction liner vs. a friction
liner of HMW Polyethylene for a given preload and coefficient of friction.

The data points for each of the significant variables and their interactions are then fitted
to a quadratic response curve so that an equation to predict the model output force as a function



of the significant variables and their interactions is developed. The predicfion equation for the
average output force of the model is:

AOF=5.23+2.20Y+3.59F+3.59N+1 48 YF+2.24 YN+2.41FN-2.44Y*

where AOF, Y, F, and N represent the average output force of the model, the Young’s Modulus,
the coefficient of friction, and the normal force, respectively. For use in the prediction equation
given above, the values of Y, F, and N must be scaled according to Table I.

TABLE I SCALING OF PARAMETERS
PARAMETER ACTUAL VALUE SCALED VALUE
YOUNG'S MODULUS 1,000,000 15,000 +1 -1
)
COEFFICIENT OF 0.5 0.1 +1 -1
FRICTION (F)
NORMAL FORCE (N) 36 1 , +1 -1

Statistically, the average output force (AOF) prediction given by the equation listed
above is within +/-2.5 1bs of the computer-simulated value for the average output force, with a
95% likelihood.

CONCLUSIONS

One quarter symmetry of a Panasonic USM-40D piezoelectric motor is modeled as a

linear motor model using finite element analysis. The stall torque prediction of the finite element
contact model is very close (within 4%) to the manufacturer’s published value of stall torque for
the USM-40D piezoelectric motor when the data is normalized for differences in the frictional
contact areas. This close correlation allows us to use this model to further study the frictional
interface. Our analysis indicates that it is the combined interactions of several stator teeth that
produce the output torque of the piezoelectric motor, and thus, the output torque of the
piezoelectric motor is not constant, but fluctuates as the primary driving function transfers from
one tooth to the other. The initial contact between the stator tooth and the friction liner occurs at
the sharp edge of the stator tooth, and the maximum individual driving force for each tooth
occurs when the tooth has the largest contact area with the friction liner.

Statistical experimental design techniques were used to determine the significant
frictional interface material variables and the variable interactions for the model. The significant
model variables were determined to be the Young’s Modulus of the friction liner material (E),
the coefficient of friction (1) between the friction liner and the stator tooth, and the rotor preload
(F). The significant variable interactions were determined to be the Young’s Modulus with the



coefficient of friction, the Young’s Modulus with the normal force, and the Young’s Modulus
with itself.
The data points for significant variable and variable interactions were then fitted to a

quadratic response curve to develop an equation for the model output force as a function of the .
significant variables and their interactions. Using this equation, the frictional interface
parameters can be selected to optimize motor performance for a particular application.
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