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Abstract. We present a pipe inspection robot using a newdyebbped spherical ultrasonic
motor (SUSM) as a camera actuator. The novel SUaMimproved the range of movement
compared to previous SUSMs, and the robot can gogamera in any direction. In this study,
we determined a method for controlling the rotadiodirection and strategic control from the
kinematics and characteristics of ultrasonic motdise rotational directions were defined by
the phase differences of the applied voltages,thaedotational speeds were changed with the
frequencies. Additionally, we developed a very snpaisition sensing system using rotary
potentiometers. In the control experiment performeihg the sensing system, the SUSM
showed the returnability to the default positionfr several specified points, within an
accuracy of 1°.
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Introduction

Many research groups have attempted the developafesumpact pipe inspection robots
with new actuation to detect flaws and rust in pifrectories [1-10]. Pipe inspection devices
using a camera with fish-eye lens suffer from tieadvantage that small details cannot be
observed. Pneumatic actuators [1-3], shaped meatiogs (SMAS) [4], piezoelectric actuators
[5, 6], and giant magnetostrictive alloys [7] hdeen employed to incline the head carrying the
camera in the robots. Pneumatic wobble motors, twhie compact and flexible actuators,
rotate the camera and hands of the robot [8]. Snallkets, which aim to move in a pipe, also
have cameras at the head of the robot and theynclme their head [9, 10].

Kinematic Design of Actuator and Sensing System

The SUSM comprises three ring-shaped vibratorsaaedsphere. The vibrator consists of
an annular metallic elastic body to which piezogle@lements are glued. When an AC voltage
is applied to the piezoelectric elements, a stanpdiave is generated on the elastic body. When
two AC voltages with a time phase difference anglied to the positive and negative sections
of the piezoelectric elements, a traveling-wavegéserated due to combination of the two
standing-waves. The vibrators provide vibrationrgpeo the sphere by an elliptical motion
generated by the traveling wave. We can controinthgnitude and direction of the torque by
changing the phase difference.

The relationship between the torqlieand phase differencg in a single vibrator is
approximated by the following equation:

T = Asinp (1)
where A is the maximum value of the torque. The torquéhef SUSM is determined by the
resultant vector of the vibrators. Fig. 1 showslteations of the vibrators and sphere along the
X-Y and X-Z planes, respectively. The components of the r@sultector generated by each
vibrator, S, S, and S;, are described by the following equations:
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.
Sl=Tl[cosgzzcos¢ sin%;zcos;b sin¢}

5 5 !
S, =T2[cosgzzcos¢ singﬂcos¢ sin¢} (2)

.
SS=T3[cosézrcos¢ sin%zzcos;é sin¢}

whereTy, T,, andT; are the scalars of the torque generated by eachtor, respectivelyg is

the angle with th&-Y plane, as shown in Fig. 1(b). The resultant vecfdhe torque generated
by SUSM, S, is described as follows:

S=S,+S,+S, ®)
(—£T +£TJCOS¢
S)(
1. 1
S= Sy = (—T1+ET2+ET3JCOS¢ (4)
SZ
(T, +T,+T,)sing

Here, the torque of the SUSM has three rotatio@FB By controlling the torque of each
vibrator, the SUSM generates a torque betweenuter gase and the sphere.

The rotational direction of the SUSM is definedthg differences in the input phase of each
vibrator. To avoid rotating camera footage, thatioh around th&-axis is restricted when the
SUSM is used as a camera actuator in the pipedtispeobot:

S,=0 (5)

In addition, the scalar of the SUSM torque shouéddonstant in order to equalize the

rotational speeds in all rotational directions:

l9=8 (6)
Here, B is a constant number. We defined the angle froentkaxis, y , to the rotational

vector on the X-Y plane, as shown in Fig. 1(a). Tdvgues of each vibratof;, T,, andTs, are
described by the following equations, Eqgs. (4) }- (&spectively:

T, =Ccosy
T, = CCO{{// +§7rj (7)
2
T, =CCO{(//—§7Z)
2 B
£ - 8
3 cosp ®

The torque of the SUSM becomes maximum when thewiaig condition is applied to Eq.
(1) and (7):

Crax = A 9)

Using Egs. (6), (8), and (9), the maximum torquéhef SUSM is described as follows:
e =5 c084 A (10)
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The maximum torque of the SUSM is approximately fitBes larger than that of one
vibrator when the anglg is small. When the rotational direction is givehe input phase

differences of each vibratop, , p,, and p,, are defined by the following equations:
p, = sin*(cosy)

Py = sinl(cos{z// +§”D (11)
Py = sin‘l(co{y/ - gﬂD
3

Vibratorl Y& v Z

S:S1 + S2 + Sg

(b)
(a)
Fig. 1. Location of the vibrators (a&}y plane, (b)x-z plane

Experiments of SUSM

The characteristics of the torque and rotationakdpand those of the phase difference and
rotational speed were measured. Figs. 2-4 demdadtra schematic of the experimental setup.
The equipment comprises an SUSM at the center wodrdtary encoders (MES-20-3600P)
manufactured by MTL located at right angles to eattter. The encoders with circular arch-
shaped guides measure the rotational angle of WG

The relationship between the torque and the ratatispeed was measured. The output axis
was an added weight with a thread. The amount afjhwevas varied, and the rotational speed
was measured. The rotational speed was measurbdavdteady speed in order to avoid the
effect of the acceleration of the weight. This ekpent was conducted with both conventional
SUSMs and OR-SUSMs. Fig. 5 shows the results ofcti@racteristics of the torque and
rotational speed, indicating that it is linear. Téhés little difference between the conventional
and outer rotor types. The new case has satisiiygoevented the loss of torque.

Rotary

Rotary

Camera

Rotary

Guide C LED
Sensing unit
Fig. 2. Position sensing system using rotaryFig. 3. Head unit of pipe inspection robot with
potentiometers a camera unit in the head of the robot
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Fig. 4. Schematic of the experimental setup foFig.5. Relationship between torque and rotational
measuring angle speed

Conclusions

In this study, we developed a novel SUSM (outeortgpe SUSM) as the camera actuator
for a pipe inspection robot. The OR-SUSM dramalycalicceeded in expanding the range of
movement from 60° to 270°, and decreasing the weifjthe case for the OR-SUSM. An FEM
analysis and an experiment to evaluate the OR-SU8hM conducted.

We have presented a hybrid control strategy ugiegohase differences and frequencies of
applied voltages to move to designated directidgngompact position sensing system using
rotary potentiometers was developed. The total @izbe pipe inspection robot can be inserted
into the interior of a 50-mm inner diameter pipg. Bsing this sensing system, the SUSM can
return to the default position within accuracy &f 1
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