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Abstract. We present a pipe inspection robot using a newly developed spherical ultrasonic
motor (SUSM) as a camera actuator. The novel SUSM has improved the range of movement
compared to previous SUSMs, and the robot can point a camera in any direction. In this study,
we determined a method for controlling the rotational direction and strategic control from the
kinematics and characteristics of ultrasonic motors. The rotational directions were defined by
the phase differences of the applied voltages, and the rotational speeds were changed with the
frequencies. Additionally, we developed a very small position sensing system using rotary
potentiometers. In the control experiment performed using the sensing system, the SUSM
showed the returnability to the default position from several specified points, within an
accuracy of 1°.
Keywords: ultrasonic motor, pipe inspection, PZT, spherical motor.
Introduction
Many research groups have attempted the development of compact pipe inspection robots
with new actuation to detect flaws and rust in pipe directories [1–10]. Pipe inspection devices
using a camera with fish-eye lens suffer from the disadvantage that small details cannot be
observed. Pneumatic actuators [1–3], shaped memory alloys (SMAs) [4], piezoelectric actuators
[5, 6], and giant magnetostrictive alloys [7] have been employed to incline the head carrying the
camera in the robots. Pneumatic wobble motors, which are compact and flexible actuators,
rotate the camera and hands of the robot [8]. Snake robots, which aim to move in a pipe, also
have cameras at the head of the robot and they can incline their head [9, 10].
Kinematic Design of Actuator and Sensing System
The SUSM comprises three ring-shaped vibrators and one sphere. The vibrator consists of
an annular metallic elastic body to which piezoelectric elements are glued. When an AC voltage
is applied to the piezoelectric elements, a standing wave is generated on the elastic body. When
two AC voltages with a time phase difference are applied to the positive and negative sections
of the piezoelectric elements, a traveling-wave is generated due to combination of the two
standing-waves. The vibrators provide vibration energy to the sphere by an elliptical motion
generated by the traveling wave. We can control the magnitude and direction of the torque by
changing the phase difference.
The relationship between the torque T and phase difference ρ in a single vibrator is
approximated by the following equation:
(1)
T = A sin ρ
where A is the maximum value of the torque. The torque of the SUSM is determined by the
resultant vector of the vibrators. Fig. 1 shows the locations of the vibrators and sphere along the
X-Y and X-Z planes, respectively. The components of the resultant vector generated by each
vibrator, S 1 , S 2 and S 3 , are described by the following equations:
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where T1, T2, and T3 are the scalars of the torque generated by each vibrator, respectively. φ is
the angle with the X-Y plane, as shown in Fig. 1(b). The resultant vector of the torque generated
by SUSM, S , is described as follows:
S = S1 + S 2 + S 3
(3)
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Here, the torque of the SUSM has three rotational DOFs. By controlling the torque of each
vibrator, the SUSM generates a torque between the outer case and the sphere.
The rotational direction of the SUSM is defined by the differences in the input phase of each
vibrator. To avoid rotating camera footage, the rotation around the Z-axis is restricted when the
SUSM is used as a camera actuator in the pipe inspection robot:
Sz = 0
(5)
In addition, the scalar of the SUSM torque should be constant in order to equalize the
rotational speeds in all rotational directions:
S =B
(6)
Here, B is a constant number. We defined the angle from the Y-axis, ψ , to the rotational
vector on the X-Y plane, as shown in Fig. 1(a). The torques of each vibrator, T1, T2, and T3, are
described by the following equations, Eqs. (4) – (6), respectively:
T1 = C cosψ
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T2 = C cosψ + π 
(7)
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T3 = C cosψ − π 
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(8)
3 cos φ
The torque of the SUSM becomes maximum when the following condition is applied to Eq.
(1) and (7):
C max = A
(9)
Using Eqs. (6), (8), and (9), the maximum torque of the SUSM is described as follows:
2
S max = cos φ ⋅ A
(10)
3
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The maximum torque of the SUSM is approximately 1.5 times larger than that of one
vibrator when the angle φ is small. When the rotational direction is given, the input phase
differences of each vibrator, ρ 1 , ρ 2 , and ρ 3 , are defined by the following equations:

ρ 1 = sin −1 (cosψ )
 
2 
ρ 2 = sin −1  cosψ + π  
3 
 

(11)
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ρ 3 = sin −1  cosψ − π  
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Fig. 1. Location of the vibrators (a) x-y plane, (b) x-z plane

Experiments of SUSM
The characteristics of the torque and rotational speed and those of the phase difference and
rotational speed were measured. Figs. 2-4 demonstrate the schematic of the experimental setup.
The equipment comprises an SUSM at the center and two rotary encoders (MES-20-3600P)
manufactured by MTL located at right angles to each other. The encoders with circular archshaped guides measure the rotational angle of the SUSM.
The relationship between the torque and the rotational speed was measured. The output axis
was an added weight with a thread. The amount of weight was varied, and the rotational speed
was measured. The rotational speed was measured with a steady speed in order to avoid the
effect of the acceleration of the weight. This experiment was conducted with both conventional
SUSMs and OR-SUSMs. Fig. 5 shows the results of the characteristics of the torque and
rotational speed, indicating that it is linear. There is little difference between the conventional
and outer rotor types. The new case has satisfactorily prevented the loss of torque.

Fig. 2. Position sensing system using rotary
potentiometers

Fig. 3. Head unit of pipe inspection robot with
a camera unit in the head of the robot
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Fig. 4. Schematic of the experimental setup for
measuring angle

Fig. 5. Relationship between torque and rotational
speed

Conclusions
In this study, we developed a novel SUSM (outer rotor-type SUSM) as the camera actuator
for a pipe inspection robot. The OR-SUSM dramatically succeeded in expanding the range of
movement from 60° to 270°, and decreasing the weight of the case for the OR-SUSM. An FEM
analysis and an experiment to evaluate the OR-SUSM were conducted.
We have presented a hybrid control strategy using the phase differences and frequencies of
applied voltages to move to designated directions. A compact position sensing system using
rotary potentiometers was developed. The total size of the pipe inspection robot can be inserted
into the interior of a 50-mm inner diameter pipe. By using this sensing system, the SUSM can
return to the default position within accuracy of 1°.
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