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Abstract

The importance of genmerating a multi-degrees of

freedom (DOF) motion is increasingly growing in order to
develop  dexterous robots. Authors developed a
bar-shaped ultrasonic motor capable of gemerating a
multi-DOF motion. The multi-DOI" ultrasonic motor
consists of a bar-shaped stator and a spherical rotor. The
spherical rotor is rotated around three perpendicular axes
by the three natural vibrations excited on the stator. In the
present study, the driving and control characteristics
around ome driving axis, which is perpendicular to the
stators geometric axis, are measured in detail. Namely,
the relationship between the frequency of the input signal
and the rotational speed, the relationship between the

torque and the rotational speed and the step response of

the ultrasonic motor are measured. The maximum
rotational speed and the maximum torque are 183 rpm
and 5 mNm, respectively. The rotational speed is
controlled successfully.

1. Introduction

Nowadays, the sphere of robotics is widely spreading
to many fields, a medical field, an amusement field and so
on. As growing such a tendency, the motion patterns of
the robots are required to be more human-friendly.
Namely, the dexterous-precise, multi-DOF motion is
expected to the mechanisms. For designing the motion
unit capable of generating a multi-DOF motion, the
volume of each actuators have to be considered. If the
general electromagnetic motors are used to construct the
multi-DOF motion unit, the volume of the unit increases
because reduction devices must be connected to the

output axis to decrease the rotational speed while
increasing the output torque. Additionally, the total
number of motors required must be equal to the number
of DOF of motion. Furthermore, such motors require
electric power even when the rotor stops, in order to
generate a holding torque to keep the rotor station. Thus,
constructing a multi-DOF unit using general one-DOF
actuators is difficult.

Because of these reasons, the actuators capable of
generating the motions different from the ones of general
electromagnetic motors are required to be developed to
address the problems as mentioned above[l]. Some
actuators meeting these requirements are proposed or
developed [2][3][4], however, they are not practical at all.

On the other hand, the ultrasonic motors need no
reduction device because of its characteristic of high
torque at low rotational speed, and no electric power to
keep the rotor station because of its characteristic of high
stationary limiting torque. What is more, the ultrasonic
motors offer the advantages of silence, simplicity of
design, absence of electromagnetic waves, and high
controllability. Because of such characteristics, the
ultrasonic motors are thought to be suitable for arranging
at the joints of robot arms or manipulators. However,
most ultrasonic motors proposed have only one-DOF, i.e.
rotational or linear motion [5][6][7]. So, if the ultrasonic
motor that can generate the dexterous motion is developed,
the robotics can become more widely applicable.

Because of the background as mentioned above, some
multi-DOF ultrasonic motors are developed. Bansevisius
[8] developed a piezoelectric multi-DOF actuator. It can
generate a six-DOF motion by one stator. However, the
construction of the stator (vibrator) is not simple enough
for mass production. Toyama [9] developed a spherical
ultrasonic motor in which three or four ring-shaped stators



(vibrators) are arranged around a spherical rotor in order
to generate a three- or two-DOF motion. However, the
unused stators generate the excess load and heat when
other stator in contact with the rotor is vibrating.
Nakamura [10] proposed a bar-shaped ultrasonic motor
capable of generating a three-DOF motion. It generates
three-DOF actuation using only one stator, however, the
structure of the stator and the contact points between the
stator/rotor are not optimized. Authors [11] developed a
bar-shaped ultrasonic motor capable of generating a
multi-DOF motion using one stator, and confirmed its
basic characteristics. However, the driving characteristics
and the method to control the motor were not clear
enough to make the motor practicable. So, we provide the
rotational axes of the rotor around one axis that is
perpendicular to the stator’s geometrical axis, and study
the driving characteristics and the method to control. The
reason to choose the rotation around the axis as mentioned
above is that its driving principle is a new idea in the
history of ultrasonic motors. Furthermore, the rotation
around the axis that is perpendicular to the stator’s
geometric axis, the elbow-shaped bend, is different from
the motion patterns of general electromagnetic motors. It
is profitable for the development of the robotics in itself.

In the present paper, the driving principle and the
geometry of the ultrasonic motor are described in chapter
2 and 3, respectively. The driving characteristics and
control characteristics of the motor are given in chapter 4
and 5, respectively. Then, in chapter 6, the conclusion and
the application of the ultrasonic motor are shown.

2. Driving Principle

The ultrasonic motor is a frictionally driven motor. It

Spheical rotor

Figure 1 : Entire view of the ultrasonic motor
capable of generating a multi-DOF motion

usually consists of a stator and a rotor. The energy of the
natural vibration of the stator is transmitted to the rotation
of the rotor by the frictional force between the stator and
the rotor.

The multi-DOF ultrasonic motor we developed
consists of a bar-shaped stator and a spherical rotor as
shown in Figure 1. Three axes shown in Fig. 1 are
common by use in this paper. The multi-DOF ultrasonic
motor can generate the rotations of the spherical rotor
around x-, y- and z-axis. The driving principle is shown in
Figure 2. Fig. 2 (a) shows the natural vibrating modes of
the stator used when the rotor rotates around z-axis.
Figures (i) and (iii) show the second bending mode of the
stator in z-x plane (mode A), and figures (ii) and (iv) show
the second bending mode of the stator in y-z plane (mode
B). When these two natural vibrating modes, A and B, are
combined with the phase difference of 90 degrees, the tip
of the stator rotates around z-axis. Then, the spherical
rotor in contact with the stator’s head also rotates around
z-axis by the frictional force. Fig. 2 (b) shows the natural
vibrating modes of the stator used when the rotor rotates
around x-axis. Figures (i) and (iii) show the first
longitudinal mode of the stator along z-axis (mode C), and
figures (ii) and (iv) shows the second bending mode of the
stator in y-z plane (mode B). When these two natural
vibrating modes, B and C, are combined with the phase
difference of 90 degrees, the tip of the stator rotates
around x-axis. Then, the spherical rotor in contact with the
stator’s head also rotates around x-axis by the frictional
force, as well. The rotor rotates around y-axis, when mode
A and mode C are combined in the same way as Fig. 2 (b).
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Figure 2 : Driving principle of the ultrasonic motor
capable of generating a multi-DOF motion
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Figure 3 : Configuration of the ultrasonic motor
capable of generating a multi-DOF motion

The point to notice is that the natural frequencies of these
three natural vibrating modes, A, B and C, should
correspond.

3. Geometry

The natural frequencies of the second bending modes
and the first longitudinal mode of the bar-shaped stator
should correspond, as mentioned above. So, we designed
the stator by calculating the natural vibrating modes and
the natural frequencies using a finite element analysis.
Figure 3 is the configuration of the ultrasonic motor we
developed. The stator consists of the metal rings,
ring-shaped piezoelectric ceramics and shaft. The
piezoelectric ceramics are used to excite the natural
vibrations of the stator. The shaft is screwed up into the
head. The tip of the cross-shaped support plate is fixed to
hold the stator. The diameter and the height of the stator
are 10 mm and 32.12 mm, respectively. The diameter of
the spherical rotor is 10 mm, as well.

In order to measure the characteristics of the
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Figure 4 : Device to provide the rotational axis of the
spherical rotor around x-axis

multi-DOF ultrasonic motor precisely, we provide the
rotational axis of the spherical rotor around one axis that
is perpendicular to the stator’s axis. Figure 4 is the
structure of the device to measure the characteristics of
the multi-DOF ultrasonic motor around x-axis. The
normal load between the stator and the rotor is gained by
the coil spring arranged under the pedestal. The normal
load is adjusted by turning the screw shown in Fig. 4. The
rotational speed is measured using an optical encoder
connected to the rotational axis. The output torque is
measured by a weight attached to a string that is reeled to
a pulley.

4. Driving Characteristics

Driving characteristics of the multi-DOF ultrasonic
motor around x-axis are measured using the device shown
in Fig. 4. The experimental results of the driving
characteristics of the ultrasonic motor are described as
follows.

4.1. f~-N Curve

Here shows the relationship between the frequency of
an input signal and the rotational speed of the rotor
around x-axis (N curve). Amplitude of the input signal to
excite the second bending mode is 40 Vp-p, and one to
excite the first longitudinal mode is 20 Vp-p. A phase
difference between these two input signals is 90 degrees.
The rotational speed of the rotor is measured continuously,
while the frequencies of the input signals are swept from
46 kHz to 41 kHz in 10 s. The measured f~N curves are
shown in Figure 5. Fig. 5 (a)-(e) are when the normal load
between the stator and the rotor is 10 N, 8 N, 6 N, 4 N and
2 N, respectively. The vibrations of curves depend on the
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Figure 5 : /-N curve of the ultrasonic motor

around x-axis
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Figure 6 : 7-N curve of the ultrasonic motor
around x-axis

error of processing. It is seen from Fig. 5 that the
maximum values of the rotational speed do not change a
lot while the normal load between the stator and the rotor
is changed from 10 N to 4 N. It is also seen that the range
of the frequency where the motor can be driven stably is
wide when the load is small.

4.2. T-N Curve

Here shows the relationship between the torque and
the rotational speed of the rotor around x-axis (7-N curve).
Amplitude of the input signal to excite the second bending
mode is 40 Vp-p and one to excite first longitudinal mode
is 20 Vp-p. The phase difference between these two input
signals is 90 degrees, the same condition as that for
measuring the /~N curve. The torque is measured using the
weights attached to the pulley shown in Fig. 4. The
frequencies of the input signals are equal to the natural
frequencies of the second bending mode and the first
longitudinal mode of the stator. The measured 7-N curve
is shown in Figure 6. It is seen form Fig. 6 that the
rotational speed decreases when the torque increases, and
that the maximum torque increases when the normal load
between the stator and the rotor increases. The maximum
values of the rotational speed and the torque under the
present condition are 183 rpm and 5 mNm, respectively.

5. Control Characteristics

It is seen from Fig. 5 that the rotational speed of the
rotor can be controlled by changing the frequency of the
input signal. So, we control the rotational speed of the
rotor by changing the frequency of the input signal. The
frequency of the input signal are changed as,
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Figure 7 : Control characteristics of the ultrasonic

motor around x-axis
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Figure 8 : Relationship between K, and
the response time
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where, f,.. 1s a frequency of an input signal in the next
step, fnow is a present frequency of an input signal, K, is a
proportional gain, N,,, is a present rotational speed and
Niarger 18 a target rotational speed. The amplitude of the
input signals to excite the second bending mode and the
first longitudinal mode are 40 Vp-p and 20 Vp-p,
respectively. The phase difference between these two
input signals is 90 degrees. The normal load between the
stator and the rotor is 8 N. The target rotational speed is
150 rpm.

The experimental results of the step response are
shown in Figure 7. Fig. 7 (a)-(e) show results when K, is
equal to 0.5, 2.5, 5.0, 7.5 and 10.0, respectively. Fig. 7
shows that the rotational speeds converge to the steady
state, 150 rpm, after a sufficient time. The response time
is improved as K, increases. Figure 8 is the measured
response time when K, is varied. The response time
decreases sharply as K, increases. However, the overshoot
is seen when K, is equal to 10.0 as shown in Fig. 7 (e). In
the future study, the derivative component must be added
to the equation (1) to reduce the overshoot. In Fig. 7, the
steady-state error does not take place. However, there
remains the vibration around 150 rpm. It is due to the
steady-state vibration and the eccentricity of the rotor.

6. Conclusion

In the present study, the characteristics of the
multi-DOF ultrasonic motor are measured precisely. First,
we made a measuring device that provides the rotational
axis of the spherical rotor around x-axis, in order to
measure the characteristics of the spherical rotor around
x-axis. Next, the driving and control characteristics of the
spherical rotor around x-axis are measured using the
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Figure 9 : Image figure of a multi-DOF forceps

device mentioned above. The result of the present study
should be extended to the multi-DOF drive of the motor
in our future studies.

After achieving the multi-DOF position control of the
spherical rotor, we will apply the multi-DOF ultrasonic
motor to the forceps for a laparoscopic surgery. The image
figure of the multi-DOF forceps we propose is shown in
Figure 9. The multi-DOF forceps can generate the motion
similar to that of human wrists by using the multi-DOF
ultrasonic motor and can generate the grasping motion by
using a solenoid shown in Fig. 9. Then the dexterous
manipulation under the laparoscopic surgery can be
achieved, consequently.
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