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Abstract— A multi-DOF ultrasonic motor developed
in our previous study has significant potentials for dex-
terous actuation. The ultrasonic motor provides multi-
DOF rotation of a spherical rotor using three natural
vibrations of a bar-shaped stator. In this paper, nu-
merical analyses on the multi-DOF ultrasonic motor
are conducted. First, a forward model of multi-DOF
ultrasonic motor is developed considering the frictional
condition between the rotor/stator. Using the forward
model, driving state of the multi-DOF ultrasonic mo-
tor under arbitrary combination of vibrations is clar-
ified. Second, an inverse model of the multi-DOF ul-
trasonic motor is also developed. The inverse model is
constructed using experienced knowledge about ultra-
sonic motor and neural network technique. An appro-
priate input for the multi-DOF ultrasonic motor with
regard to arbitrary rotational axis is estimated using
the inverse model. The proposed models are available
not only for our motor but for all multi-DOF ultrasonic
motors.

Keywords— Ultrasonic motor, Muli-DOF, Simulation,
Neural Network.

I. INTRODUCTION

OBOTS are now widely used in the field of indus-
try, amusement, extreme work, medicine, and so
on. In other words, target of robots has much more re-
lation to our lives in last decade, and some of them are
handled not only by specialists but also by nonprofes-
sionals for engineering. Generating dexterous motion
like human beings is one of the most important sub-
jects in the field of robotics. Dexterous multi-DOF
motion is generally generated by combining single-
DOF motions of electromagnetic motors with reduc-
tion dears. In this case, however, it is difficult to con-
struct a compact multi-DOF motion unit. To solve
the issue, some multi-DOF actuators have been pro-
posed and developed, which can generate multi-DOF
motion using only single stators. As examples of multi-
DOF electromagnetic actuator, Roth et al. proposed
a three-DOF variable reluctance spherical wrist motor
[1], and Yano developed a spherical stepping motor
[2]. Structures of their motors, however, are so com-
plicated that they cannot be compact.
On the other hand, ultrasonic motors have excellent
characteristics such as high torque at low speed, high
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stationary limiting torque, absence of electromagnetic
radiation, quiet, and simplicity of design. Therefore,
multi-DOF actuators extending the principle of ultra-
sonic motors have been proposed as follows: Bansevi-
cius developed a piezoelectric multi-DOF actuator [3].
Amano et al. developed a multi-DOF ultrasonic ac-
tuator [4]. Toyama constructed a spherical ultrasonic
motor [5]. Sasae et al. developed a spherical actuator
[6]. Authors have also developed a new type of multi-
DOF ultrasonic motor [7], which generates multi-DOF
rotation of a spherical rotor using three natural vibra-
tion modes of a bar-shaped stator.

For ultrasonic motors generally have great features
as mentioned above, the multi-DOF ultrasonic motors
[3]-[7] have potentials to take place of general multi-
DOF units of single-DOF electromagnetic motors. To
put them into practical, numerical analyses on the ul-
trasonic motors must be conducted in order to clar-
ify the input/output relationships. At this point, we
propose the forward and inverse models of multi-DOF
ultrasonic motors in the present paper.

There have been proposed some analysis methods
for practical single-DOF ultrasonic motors. Maeno re-
ported a ”finite element analysis of the rotor/stator
contact in ring-type ultrasonic motor” [8] and a ”con-
tact analysis of traveling wave type ultrasonic motor
considering stick/slip condition” [9]. Kurosawa re-
ported an "efficiency of ultrasonic motor using trav-
eling wave” [10]. Although the methods are suitable
for the single-DOF ultrasonic motors, they are not for
the multi-DOF ones, because they have been calcu-
lated under the assumption that the rotational axis is
known. In case of the multi-DOF ultrasonic motors,
rotational axis is arbitrary according to a combination
of vibration modes. Furthermore, parameters, such as
frequency, amplitude, and phase of vibrations, have
independent non-linear characteristics and their com-
binations are redundant against the rotor motion.

So, we propose first a new type of numerical forward
model, which has ability to identify the rotational axis
of the spherical rotor under the arbitrary combination
of vibration modes. Then, a number of input/output
pairs of multi-DOF ultrasonic motor are obtained us-
ing the forward model. Finally, an inverse model based
on a neural network technique is made and the neural
network is trained using the input/output pairs to be
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Fig. 2. Driving principle

the inverse model of multi-DOF ultrasonic motor.

In the present paper, outline of the hardware, multi-
DOF ultrasonic motor, is briefly described in chapter
II. Then, the forward and inverse models of multi-DOF
ultrasonic motor are described in chapter IIT and IV,
respectively. In chapter V, conclusions of this study
are described.

II. MuLTI-DOF ULTRASONIC MOTOR

The multi-DOF ultrasonic motor we developed [7]
is shown in Fig. 1. The ultrasonic motor consists of a
bar-shaped stator and a spherical rotor. The diame-
ter, height, and mass of the stator are 10.0 mm, 31.8
mm, and 16.9 g, respectively. Multi-DOF rotation of
the rotor like human wrist joint is generated using two
bending vibrations and a longitudinal vibration of the
stator, whose natural frequencies are designed to corre-
spond. Basal driving principles of the ultrasonic motor
are shown in Fig. 2. The rotor is rotated around the z-
axis by the rotor/stator frictional force, when the two
orthogonal bending vibrations are excited on the sta-
tor with quarter cycle interval as shown in Fig. 2 (a).
On the other hand, the rotor is rotated around the z-
(y-)axis, when the bending and longitudinal vibrations
are combined as shown in Fig. 2 (b). Furthermore, a
rotation around arbitrary axis is generated when the
vibrations are appropriately combined.
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III. FORWARD MODEL

Since the multi-DOF ultrasonic motor can poten-
tially generates the motion like human wrist joint, it
is difficult to estimate which axis the rotor rotates
around when three vibrations are arbitrary combined.
It is also difficult to estimate the rotational speed and
torque. Although there have been some researches on
numerical simulation for practical single-DOF ultra-
sonic motors [8]-[10], the simulations are not available
for the multi-DOF ultrasonic motor because of a fol-
lowing reason. The previous method works under an
assumption that the rotational axis of rotor is mechan-
ically fixed, however, it is not fixed in case of the multi-
DOF ultrasonic motors. So, we develop a new type of
analysis method using forward model for multi-DOF
ultrasonic motor.

A. Analysis Method for Forward Model

The natural vibrations in the z-, y-, and z-direction
are used in the multi-DOF ultrasonic motor. A
method for estimating the driving characteristics of
the rotor is proposed as follows. The flowchart of pro-
posed analysis method is shown in Fig. 3.



Fig. 5. Node F; ; and its kinematics’ vectors

A.1 Modeling and parameters

Since the ultrasonic motor is a frictionally driven
motor, contact condition between the rotor/stator sig-
nificantly influences the driving characteristic. So, the
contact area between the rotor/stator is modeled us-
ing nodes P; and linear spring k; as shown in Fig. 4,
where n is a total number of the nodes. The directions
of each spring k; are the same as those of vector C' P;.
A cycle of vibration is divided to m steps. Parameters
for the analysis are as follows.

f : frequency of vibrations

A¢:  amplitude of vibration in ¢-direction
fe © phase of vibration in ¢-direction

F : pre-load between the rotor/stator

A.2 Rotor position and nodes’ kinematics

The position of the center of the rotor is calculated
considering the balance of spring force and external
pre-load between the rotor/stator. Then, positions
P; ; and velocities v;; of ith node at jth step are
calculated using the shapes of each vibration mode
obtained by the finite element analysis.

A.3 Rotational axis

Driving torque 7; ; of ith node at jth step are ob-
tained using the positions P;; and velocities v;; as
follows. Kinematics’ vectors at jth step with regard
to the rotor and node P; are shown in Fig. 5, where
Agxis; ; is a rotational axis by the torque 7; ;, d; ; is
the decline of node P; against the rotor, and f’“i’j is
the spring force. If it is assumed that the rotor is sta-
tionary and the stator always slips against the rotor,
the node P; provides a frictional force juf*;. 4 in the di-
rection of velocity v; ;j, where p is a dynamic friction
coefficient. Then, the torque 7; ; is defined by

Tij — ,u’fki,j X CPiyj = /,Lk:zéw X CPZ',j (1)

A driving torque T is obtained by averaging the sum
of the torque 7; ; of all nodes throughout a cycle. As
a result, the direction and magnitude of the torque T
represent the direction of the rotational axis and the
maximum torque of the rotor, respectively.

TABLE 1

SIMULATED CONDITIONS AND RESULTS

No. B2 x B2y L1||Rot. axis| Rot. speed [rpm]
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A .4 Rotational speed, torque and efficiency

The rotational speed, output torque and efficiency
around the rotational axis derived above are calcu-
lated. If the angular velocity w is known, an output
torque Ti‘j}” and a power loss by friction wﬁf’js is defined
by

t
vy
out _ k 2y t
Ty = Wl ‘v_‘ Ry jsgn(vi; —whi ) (2)
i,
vt .
loss __ k 27 t -
wiyt = ‘U, ‘ Jviy = wRi| (3)
1/7
where, vj ; and R;; are a tangential velocity around

the rotational axis and a distance from the rotational
axis of node P;, respectively. A total output torque
T°% and a total power loss by friction W% are ob-
tained as a summation of the averaged output torque
and the power loss by friction at each step. Efficiency
is calculated by

Tout LW

= Tout . w—+ Wloss (4)

Ui
A T-N curve (relationship between the output torque
and rotational speed) and a T-n curve (relationship
between the output torque and efficiency) are obtained
by sweeping the angular velocity w.

B. Results of Forward Model

Driving characteristics of the multi-DOF ultrasonic
motor are calculated using the proposed method. The
numbers of nodes, steps and natural frequencies of the
modes are 360, 100 and 40 kHz, respectively. Other
analytical conditions and simulated results are shown
in Table I, where the rotational axes are normalized.
When the two bending vibrations are combined, the
rotational axis agrees with the z-axis, and when the
longitudinal mode and the bending mode in the zz
plane are combined, it agrees with the y-axis as shown
in Table I (1) and (2). The results agree well with
the theoretical driving axis as shown in Fig. 2. A
rotational axis obtained in condition (3) means that
the mixture of vibration modes occurred when phase
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Fig. 7. Simulated rotational speed against each parameter (Ro-
tation around the z-axis)

differences of each modes are not equal to 0 or 180
deg. Simulated T-N curve and T-n curve are shown
in Fig. 6. The rotational speed decreases as the torque
increases. The efficiency shows a parabola character-
istic. The maximum torque under the simulated con-
ditions is about 5 mNm. The result agrees with the
experimental results obtained in our previous study
[7]. Furthermore, effects of each parameter for the ro-
tational speed are simulated as partly shown in Fig. 7.
Each parameter has non-linear effects against the driv-
ing state. Still more, there you can see a redundancy of
the combination of parameters, i.e., the same driving
state can be obtained under several conditions.
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Fig. 8. Constructing process for inverse model

IV. INVERSE MODEL

In order to make the multi-DOF ultrasonic motor
practical, it is necessary to construct a control method-
ology. Therefore, we propose an inverse model of
the multi-DOF ultrasonic motor using neural network
technique. There have been reported some research on
controlling ultrasonic motors with neural network con-
troller [11], however, they have only dealt with the case
of single operating parameter. In the inverse model
proposed bellow, all of the potential operating param-
eters for the multi-DOF ultrasonic motor are consid-
ered in order to generate a rotation of the rotor around
desired rotational axis.

A. Model for Inverse Model

The parameters for multi-DOF ultrasonic motor
have non-linear and redundant characteristics against
the driving state as mentioned in the section III-B. It
is difficult to obtain its inverse model directly. So, we
propose a method with three-step process to construct
the inverse model as shown in Fig. 8.

A.1 Classification

The driving state of the rotor is expressed using a
rotational speed IN. The direction of IN represents the
rotational axis. Each ingredient represents rotational
speed around each axis of coordinates. We have intro-
duced a normalized rotational speed N° to make the
issue simple. INC is defined by dividing N by maxi-
mum value of the absolute ingredients.

We classify the driving state into 24 classes. First,
the driving state is divided into eight categories ac-
cording to the combination of signs of each ingredient
of N% As a result, an order of phases for each vi-
bration is determined for each category. Next, each
category is divided into three sub-categories accord-
ing to an experienced knowledge; such as the phase
difference between the combined vibrations should be
quarter cycle in order to make the efficiency of rota-
tion around the axis of coordinate high. Namely, the
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Fig. 9. Structure of neural network

phase difference between the combined vibrations for
maximum ingredient of N is made to be quarter cy-
cle. Then, ranges of phases and relative amplitudes of
the vibrations are determined.

Table II shows the combinations of phases and am-
plitudes for each class. The classification process de-
termines the phases and relative amplitudes of vibra-
tions except for one vibration. Namely, The experi-
enced knowledge solves the problem of redundancy.

A.2 Neural network

The phase and relative amplitude of a certain vibra-
tion are not decided yet. So, we adopt neural network
technique for dealing with the non-linear relationship
between the undecided parameters and IN?. Structure
of the neural network is shown in Fig. 9. Two neural
networks for the phase and amplitude, respectively, are
used. Outline of the network is given as follows:
Sensory layer : Inputs, in®[i], are the ingredients of

NO. Outputs, out®[i], are defined by

1
ts ) e ———————— 5
out’li] 1+ exp(—ins[i]) 5)
where, 7 is a number of unit in sensory layer.
Associate layer : Inputs, in®[j], and outputs, out®[j],
are defined by

in®j] = Z (wsjout®[i]) + 6, (6)
i
out®[j] = ! — (7)
1+ exp(—in®[j])
where, w;; is a connective weight between sen-
sory/associate layers, 6; is a threshold value for the
unit in associate layer and j is a number of unit in
associate layer.
Response layer : Inputs, in"[k], and outputs, out” [k]
are defined by

in"[k] = Z (wjkout®[j]) + Ok (8)

out"[k] = in"[k] (9)

where, wj; is a connective weight between asso-
ciate/response layers, 6 is a threshold value for the
unit in response layer and k is a number of unit in
response layer.

A.3 Training

Teacher signals for training the neural networks are
obtained using the forward model mentioned in chap-
ter III. Connective weights of the neural networks are
trained according to the error back propagation algo-
rithm [11] using the teacher signals. However, ranges
of the undecided parameters are encoded to be from 0
to 1.

B. Results of Inverse Model

Relationships between the normalized rotational
speed N? and the undecided parameters in Table 1T
are trained using the neural network and error back
propagation technique. Namely, relationships between
the N© as inputs and undecided phase and amplitude
as outputs are trained. The training conditions are
as follows: numbers of teacher signals, training cy-
cle and units in associate layer are 1000, 50000 and
5, respectively. Initial connective weights are set to
be random from -3 to 3, and a training rate is 0.5.
Fig. 10 shows the relationships between the teacher
signals and outputs from trained neural network in
case of class 1. The undecided parameters are respec-
tively well trained. The errors between teacher signals
and outputs are within 0.5 % of full scale. The neural
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networks for other classes are successfully trained, too.
All the parameters for the multi-DOF ultrasonic motor
are now determined. Then, appropriate inputs for the
multi-DOF ultrasonic motor with regard to arbitrary
rotational axis of the rotor are successfully obtained
using the inverse model.

V. CONCLUSIONS

The methods for analyzing characteristics of the
multi-DOF ultrasonic motors have been proposed in
this paper. First, the forward model of the multi-
DOF ultrasonic motor is developed considering the
frictional condition between the rotor/stator. The for-
ward model successfully provides the ability to esti-
mate driving states of the multi-DOF ultrasonic mo-
tor even if the combination of vibrations are arbitrary.
Second, the inverse model of the multi-DOF ultrasonic
motor is also developed. The inverse model is con-
structed with experienced knowledge about ultrasonic
motors and neural network technique. Using the in-
verse model, an appropriate input for a desired driving
can be obtained. The analysis methods proposed in
this paper are available not only for our motor but for
all multi-DOF ultrasonic motors.

Future study focuses on constructing a controller for
multi-DOF ultrasonic motor using the proposed mod-
els, on control experiment, and on redesigning the ro-

tor /stator contact condition to increase output torque.
Then, the multi-DOF ultrasonic motor presents a dex-
terous motion for robots.
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