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Abstract. This work introduces a two-module robotic pipe inspection system with ultrasonic NDE device
to evaluate the integrity of pipe structures. The proposed robotic platform has high mobility. The two module
mobile robot platform overcomes pipe obstacle structures such as elbow, or T-branch joints by cooperative
maneuvers. Also, it can climb up the straight pipeline at a fast speed due to the wheel driven mechanism. For
inspection of pipe structure, SH-waves generated by EMAT are applied with additional signal processing
methods. A wavelet transform is implemented to extract a meaningful and specific signal from the
superposed SH-wave signals. Intensity ratio which is normalized the defect signals intensity by the
maximum intensity of directly transmitted signals in the wavelet transforms spectrum is applied to evaluate
defects quantitatively. It is experimentally verified that the robotic ultrasonic inspection system with EMAT
is capable of non-destructive inspection and evaluation of defects in pipe structure successfully by applying
signal processing method based on wavelet transform.

Keywords: out- pipe robot; EMAT; wavelet transform; two-module climbing robot; non-eestructive test
robotic system

1. Introduction

Large scale plants including power plants are made up of many pipes. Non-destructive tests
using ultrasonic waves have been implemented to inspect the integrity of pipe structures. However,
conventional ultrasonic inspections have been implemented by manual work usually, so it is hard
to be done in high temperature or dangerous areas. Furthermore, ultrasonic testing would not be
possible during facilities in-service operating. To avoid these disadvantages, it would be beneficial
to develop an automated ultrasonic inspection system that uses robots. A robotic pipe inspection
system requires two main functions; the mobility of the robot needs to be good enough to cover
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the extensive regions of the pipe structures and the non-destructive test equipment needs to be
compatible with robotic mobile platforms.

There have been developed two major types of pipe inspections robots (Kim and Choi 2005,
Roh et al. 2009); one is the in-pipe robot which maneuvers inside of the pipelines and the other is
the out-pipe robot which is attached to the outside of the pipe surface and maneuvers on the
pipelines. The major advantage of in-pipe robots is that they do not need special mechanisms to
overcome the pipe installation structures such as hangers, flanges, and valves (Roh and Choi 2005).
However, in-pipe robots require special equipment or structures to be deployed into the pipelines
and they are functional in often cases while the pipeline services stop or even after the pipelines
are emptied (Parker and Graper 1998). Out-pipe robots can perform inspections while the pipelines
are in operation and they do not require special equipment for deployment. However, they need to
be able to overcome obstacles on the pipeline out-surface as well as move from one pipeline to
another over T-branch or elbow joint pipes which are not so trivial tasks as for in-pipe robots.

Many types of out-pipe climbing robots have been developed. A four-wheel based climbing
robot is developed (Xu and Wang 2008). The wheel units and the body structure of the robot
enclose the pipeline in this robot. A six-wheel three-limb enclosed type pipe climbing robot (Noohi
et al. 2010) and a four-wheel four-limb enclosed type pipe climbing robot (Kawasaki and
Murakami 2008) have been introduced. Such closed-formation robots may move stably on the
pipeline, but it is almost impossible to move from one branch of the pipelines to another, for
example, over a T-branch without breaking such enclosure structures. Many robots with
bio-inspired mechanisms have been also developed. A snake robot (Lipkin et al. 2007) forms a
helical configuration and wraps around the pipe to roll along the pipe inside and outside. Although
the climbing motion is relatively fast, no ultrasonic non-destructive evaluation (NDE) test has been
demonstrated so far in such snake-like robots. A gecko robot (Kim et al. 2007) has a very
interesting grasping and climbing mechanism, but its payload is not high enough for ultrasonic
NDE tests. Robots having inch-worm like motion (Fukuda et al. 1987, Tavakoli et al.2011) are
also popular, but their motion is slow.The maximum climbing speed of 3DCLIMBER is only
1Im/min (Tavakoli et al. 2011).

Nondestructive test equipment for robotic inspection should be also carefully selected to
facilitate automated inspection. Conventional ultrasonic probes such as angle beam ultrasonic
testing transducers require couplants for impedance matching between the transducer and the
testing material as well as extended range of scanning motions over the surface of the testing
material. Such conditions require the water-proof design of the robotic platform and also a high
degree of freedom complicated manipulator for probe placing. On the other hand, an
electromagnetic acoustic transducer (EMAT) generates ultrasonic waves without couplants. It can
also generate various types of ultrasonic modes according to the shape and configuration of
magnets and coils. The shear horizontal wave (SH-wave) could be generated by EMAT which can
be transferred as a type of plate wave in thin sheet materials(Hirao and Ogi 2003, Hirao and Ogi
1999, Fujikawa 2002). Therefore, it is possible to perform tests over an entire range of thickness
without switching several transducers back and forth. It means that SH-waves can make an
automated inspection system move and control easier. However, the SH-wave signals are hard to
evaluate the position or the size of defects simply, because the signals may include a superposition
of various modes. Also, the modes can vary due to changes of frequency and velocity in response
to variations in the thickness of the material (Hirao and Ogi 2003, Hirao and Ogi 1999, Fujikawa
2002, Lee et al. 2011, Park et al. 2006). Therefore, lots of researchers have used several
signal-processing methods to analyze EMAT signals and extract the key features from complicated
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defect-signals (Lei et al. 2008, Soto-Cajiga et al. 2012,L.iu et al. 2013). However, it is still difficult
to evaluate defects quantitatively.

In this paper, we introduce a two-module robotic pipe inspection system (see Fig. 21) with
EMAT sensors which is used for inspecting pipelines where human workers cannot perform
manual inspection easily. The robotic platform of our system is composed of two-module with a
joining linkage mechanism and attached to the outer surface of pipelines to move over flanges,
T-branch joints, and elbow joints. Each module has two types of arm-structures, ‘climbing arm’
and ‘rotation arm’, and they are used for attaching the robotic system on the surface of the pipe
(see Fig. 22). Wheels are employed in each arm-structure and the two-module robot can move fast
on the straight pipe lines. Unlike other fast moving wheel-based out-pipe robots, our system is
configured in an open-formation, i.e. the robot does not enclose the pipeline.

The robotic system can perform non-destructive inspection of pipelines with EMAT sensors. A
transducer that generates SH-EMAT signals is developed for the robotic application and the signals
are evaluated. The magnetic coils of EMAT are embodied inside the robotic mobile platform when
traveling and they protrude to be located above the surface of pipe when performing tests. While
moving along the pipeline, the magnetic adhesion force between the EMAT sensor coil and the
pipe surface tends to hinder the robot locomotion. Thus, the EMAT sensors are mechanically
connected to the climbing arm and loose the contact with the pipe surface when the climbing arm
is engaged with the pipe. The SH wave signals are successfully measured and evaluated for
detecting defects in the pipelines.

This paper is composed of five sections. In section 2, we introduce the detail design of the
out-pipe robot, its maneuverability, and strategy for overcoming obstacle joints of the pipelines. In
section 3, signal processing methods are described to analyze the SH-wave signals. To evaluate
complicated SH-wave signals due to the dispersion of modes and the duplication of signals,
wavelet transform signal processing methods are applied and the intensity of the signal between
the transmitter and the receiver is used. Experimental testing results using robotic inspection
system is given in Section 4 and the contribution of our work is summarized in Section 5.Note that
two different tests are conducted for EMAT sensor evaluation. One is for the sensor design
presented in 3.2 and the other is to verify the performance of the sensor in the robotic inspection
system and presented in 4.1.

2. Robotic system
2.1 Robot design

Pipelines in nuclear power plants or in chemical plants usually form complex pipe network
structures consisting of straight pipe, flanges, valves, L-shape, and T-shape joints. Also, there are
fixtures to hold the pipelines on the wall or floor. Pipe inspection systems must traverse over such
complicated obstacles on the pipelines and be able to move from one branch of the pipelines to
another. Therefore, the high mobility of the pipe inspection robot is one of the most critical
functions that the system must have. Our design concept for high mobility is to combine the
advantage of the fast wheel-based locomotion and the high maneuverability of the inch-worm type
arm grasping. To move from one branch to another, the robot must have two degree of freedom of
motion, circumferential and axial motion, and one of the two modules must be attached to the pipe
at all times. The open-formation type design also increases the mobility of the robot because one
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of the modules can be detached from the pipeline and move over the obstacle structure of the
pipeline. In this section, the detail of robot design is discussed.

A schematic figure of our robot design is illustrated in Fig. 1. Two moving mobile robot
platforms are linked by a‘connecting arm’ as shown in Fig. 1(a). Each module is attached to the
pipe by either ‘climbing arm’ or ‘rotation arm’ depending on the task. Two sets of ‘climbing arm’
is used for holding the robot when it moves along the pipeline as shown in Fig. 1(b). There are
four wheels are attached to the one set of ‘climbing arm” and one in each limb is actively driven by
a DC motor. The climbing arms are driven by worm and worm gear mechanism. When the robot
performs NDE test using EMAT sensors, one set of ‘rotation arm’ where four wheels reside in
circumferential direction is used for holding the pipe and driven by a ball-screw and linear guide
mechanism. In this case, climbing arms are detached from the pipe as shown in Fig. 1(c).
Therefore, each moving module has two degree of freedom in motion; the direction along the pipe
and the circumferential direction. The mechanisms used for climbing and rotation arms have high
gear ratio with small backlash and provide suitable amount of force in grasping the pipe. The
surface of the wheels are made of polyurethane to increase the friction between the wheel and the
pipe. Also, the wheel-driven motion of our system is faster than that of inch-worm type of
locomotion when moving along the straight pipeline. When the two-module robot moves from one
branch to another at a T-branch joint, one module holds and rolls on the pipe, then the ‘connecting
arm’ lifts up the other module. When the other module reaches the pipe, two module switches
holding of the pipes as shown in Fig 1(d). The ‘connecting arm’ is composed of a four-bar linkage
mechanism which is designed to maximize the mechanical advantage through the whole lifting-up
process. Each module of the mobile robot platform maintains strong holding force to the pipe so
that it can move along the pipeline with lifting up the other module at all configurations. Elbow
joints are also overcome in a similar fashion.

The configuration of our robot is asymmetric about the axis of the pipeline and open-formation
unlike other closed-formation pipe climbing robots. The mass center of the robot lies off the center
of the pipeline axis. When the holding force from the ‘climbing arm’ or ‘rotation arm’ is not
controlled properly, the pose of the robot becomes inclined from the pipeline and is easy to fall off
from the pipe as shown in Fig. 2(b). To hold the robot parallel to the axis of the pipeline as shown
in Fig. 2(a) and to safely climb and move along the pipe, the robot needs to control the grasping
force evenly distributed among the wheels. Stain gauge-based force sensors are installed on each
limb of ‘climbing arm.” Although our robot has only one degree of freedom in grasping the
pipeline, simply open and close, it can grasp the pipe stably by alternatively using two grasping
mechanisms — by climbing arm and by rotation arm, when needed. Fig. 2(a) shows the case of
stable grasping and Fig. 2(b) shows the case of unstable climbing pose. In case of Fig. 2(b), the
robot falls off from the pipe when driving further upward. We control the robot’s grasping posture
by measuring and controlling the grasping force on each ‘climbing arm.” In each module, two sets
of ‘climbing arms’ exist and strain gauges are attached on each arm to form half bridge circuits.
Each climbing arms is controlled in its position, but the strain gauges generate signals proportional
to its deformation which can be a measure of grasping force. Instead of developing an accurate
force calibration model as a conventional force sensors, we experimentally find a stable level of
the strain gauge signal when the robot stably climbs along the vertical pipeline.
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Moving Module

Conneeting Arm

(a) Two-module inspection robot (b) Moving module climbing along the pipe

Rotation Graspin;

(¢) Moving module rotating around the pole (d) Moving from one branch to another at a T-branch

Fig. 1 Two-Module inspection Robot: CAD model

(a) Stable climbing (b) Unstable climbing

Fig. 2 Stable and unstable climbing pose



1046 Jin-Hyuk Lee, Sangchul Han, Jaekyu Ahn, Dae-Hyun Kim and Hyungpil Moon

swan IS
Waveform graph s NN I wavdom\oyapn | Waveform graph stain (AN ]

0.00025-}
o
<0.00025-|
<0.0005+
-0.00075-
0 oonw
0 02 04 06 08 1
Time(sec) stain AN

0.0175
0017—

z
g .
2
2

Amplitude(V)

0 02 04 06 08 1
Wavelorm graph2 Time(sec)  strain ERNQ Waveform graph?

001645+

0 0 ' D d
02 04 06 08 1

02 o024 06 o8 1
Time(sec) Time{sec)

0 02 04 06 08 1
Tiene{sec)

(a) Before grasping (b) Stable grasping (c) Unstable grasping

Fig. 3 Strain gauge signals when grasping the pipe; red dashed lines represent the zero-force level, green
dash-dot lines represent the level of stable grasping, and the white lines represent the measurement
signal. The labels in x-axis are all time (sec) and those of the y-axis are all the amplitude of the strain
gauge signal (V).

In Fig. 3, raw signals of strain gauges are shown when the ‘climbing arm’ is not engaged with
the pipe (non-grasping situation, Fig. 3(a)), when the climbing arm is stably grasping the pipe (Fig.
3(b)), and when the climbing arm is unstably grasping the pipe (Fig. 3(c)). In the unstable grasping
case, the upper leg begins losing the grasping force as the wheel is slipping away from the pipe
and, at the same time, an exceeding grasping force (larger than the necessary grasping force that
corresponds to the green dash-dot line in Fig. 3) is exerted to the low leg. When the climbing arm
of the robot unstably grasps the pipe, its pose becomes the one in Fig. 2(b) and the strain gauge
signals of the climbing arm become the ones in Fig. 3(c). Because the climbing leg deforms in the
elastic deformation region when grasping, the strain gauge signals reliably provide the grasping
status. Using this strain gauge signals, we could succeed in making the robot stably moving along
the vertical, horizontal, and inclined pipelines.

2.2 EMAT sensor installment in robot module

Three main issues must be resolved for robotic NDE testing with EMAT sensors. First, the
EMAT transducers should maintain a constant distance to the pipe surface as well as between the
transmitter and the receiver. Second, EMAT transducers should cover all the testing surface of pipe
which requires axial directional motions and circumferential directional motions of the sensors.
Third, the strong magnetic force of EMAT transduces must be considered in EMAT sensor
installation because it may disturb the robot’s locomotion. To resolve these issues, we design the
EMAT installment for our mobile robot platform. The distance between the transmitter and the
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receiver transducers are fixed as the transmitter is installed in one robot module and the receiver is
installed in the other. In order to maintain the contact distance between the transducers and the
pipe surface, each EMAT sensor installment is linked to the climbing arm linkage system as
depicted in Fig. 4(a). As the NDE test is performed circumferentially, the contact distance between
the EMAT sensor and the pipe surface should be maintained while the robot is rotating about the
pipe axis. In this case, the ‘climbing arm’ is disengaged with the pipe. Therefore, the position of
the EMAT sensor installment can be controlled independently from the rotational motion of the
robot (Fig. 4(c)). The contact force between the sensor and the pipe surfaces is maintained by a
spring. As the climbing arm is controlled based on its position, it is reasonable that the compliant
element is used for maintaining the contact force. Moreover, when the robot modules climb or
move along the pipe, the climbing arm is engaged with the pipe and the EMAT sensor installment
moves inside of the robot body (Fig. 4(b)). In this case, the strong magnetic force from the EMAT
sensor does not disturb the robot’s locomotion.

2.3 Robotic pipe inspection system locomotion test

The robot system is composed of two modules linked together by a connecting arm. The total
robot weight including EMAT sensors is 30 kg and its size is 77x 38x 40 cm. Each module has
two actuators for climbing motion, two actuators for circumferential motion, and two actuators for
generating grasping force. Including the one actuator for the connecting arm, total 13 actuators are
used. All the actuators are DC motors and Maxon DC 150 W motors are used for the connecting
arm, the climbing arms, and the rotation arms. Maxon DC 60 W motors are used for the remaining
wheel driving actuators. The robot control unit is remotely interfaced with an external operating
PC via CAN communication protocol. Controlling the robot in a wireless fashion is not currently
implemented but can be done without difficulties in near future.

(a) EMAT Moving mechanism concept (b) Climbing (c) Rotation

Fig. 4 EMAT Moving mechanism
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The sequence of inspection is as follows. The robot platform moves along the pipeline and
places itself on a target inspection spot. In this process, the climbing arms are engaged with the
pipe. The rotation arms switches to grasp the pipe and the climbing arm position is controlled so
that the EMAT sensors are properly placed on top of the pipe surface. The robot finally performs
the test while rotating circumferentially about the pipe. The sensing data obtained during this
process are shown in Figs. 5 through 8. Fig. 5 shows the climbing arm position and the grasping
measurement from the strain gauge sensor. Initially, the climbing arm is not engaged with the pipe
and after moving about 32° the climbing arm is completely engaged with the pipe. It can be
verified from the strain gauge signal which stably maintains about 2.9 V signal in the half-bridge
circuit when the robot stably climbs up and down the pipe (Fig. 5). When the robot reaches the
testing spot, it switches the holding mechanism to the rotation arm staring at time 58 sec (Fig. 7).
In this process, the climbing arm is detached from the pipe and the stain gauge signal verifies the
release of the holding force. At time 230 sec, the climbing arm begins detaching process. At this
point, the strain gauge signal is high because the climbing arm is still in deformation. It loses
contact force at about time 278 sec. The robot rotates about the pipe in circumferential direction
and performs NDE tests (Fig. 8). After completing the test, the robot switches back to the climbing
grasping and moves along the pipe. In Fig. 6, it is shown that the robot can move at speed of 12
cm/s.
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Fig. 6 Climbing velocity of the robot module
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Fig. 8 Rotating angle of the robot module during the NDE test

3. NDE-EMAT System
3.1 EMAT design and setup

EMAT consists of two important elements, a coil and magnets. A shape of the coil determines a
mode of ultrasonic wave. As alternating currents are generated in a coil by approaching an EMAT
to a conductor, eddy currents are induced on the surface of the material, and a static magnetic field
is applied to the eddy currents. Then the Lorentz force is also applied to the particles on the surface.
When SH-waves are generated by using the Lorentz force in a plate, the force is perpendicular to
the forwarding direction, and is transferred to a sample to be tested by turning the force 180° for
every specific interval (a half-wavelength period). Thus, as illustrated in Fig. 9, an arrayed magnet
that turns its polarity is required. The direction of the Lorentz force can be changed by the
alternating current in a coil that is close to the surface of a structure; the alternating force plays a
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role of transmitting SH-waves as a source to generating ultrasonic waves. Also, the SH-wave could
be transferred as a type of plate wave in thin sheet materials. It means that SH-waves can make an
automated inspection system move and control easier.

As ultrasonic waves are induced in a region that is magnetized by the EMAT magnet, the
magnetic field in a conductor can be described by the phase of the ultrasonic waves. Then,
additional electric fields can be excited in the conductor. Using Maxwell’s equations, the magnetic
field and the electric field in the conductor can be obtained. The equations satisfy the boundary
condition for the conductor surface vibrated on the lower side and can be transformed to the
electric and magnetic fields in the air where the EMAT coil is located. That is, the vibration of the
ultrasonic wave is determined as electric and magnetic fields in the air and these are finally
received by the EMAT coil. So, the EMAT can generate and receive ultrasonic waves without
couplants (Hirao and Ogi 2003, Fujikawa 2002, Lee et al. 2011, Park et al. 2006).

In this study, a spiral coil is designed to generate Lorentz's force which makes SH-waves. In
order to make high-precision coil, a printed-circuit technique is applied. The
neodymium-iron-boron (Nd-Fe-B) magnets are applied to make a high power magnetic field. Fig.
10 shows the applied coil and magnets. Here, a thickness of magnet is designed according to a
center-frequency of ultrasonic wave because the thickness of the magnet is related to a wavelength
of the wave. Also, a case is designed to apply the magnets and coil as an EMAT. To consider of
applying the sensor to the robot system, the size of the case is designed. Fig. 11 shows the design
and a picture of the finally manufactured case.

In the robot system, two EMATS are set up at a fixed distance, as shown in Fig. 12. The
transmitting EMAT generates SH-waves into the pipe wall and then the receiving EMAT acquires
the SH-waves. The received SH-waves signals include both waves that are directly transmitted
from the transmitting EMAT to the receiving EMAT, and waves reflected from a flaw. So, any
defects can be detected by analyzing the signals of the reflected waves (Park et al. 2006, Gori et al.
1996).
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Fig. 9 Structure of the Lorenz type EMAT for generating SH waves
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(b) coil

(a) magnets

Fig. 10 Magnets and coil to construct EMAT
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3.2 Pipe Inspection using SH-EMAT

3.2.1 Specimen and test setup

A pipe-specimen with defects is manufactured for the SH-EMAT test by applying simulated
defects. The specifications of the specimen, STS304 stainless steel pipe with 165.2 mm outer
diameter and 3 mm thickness, are those used largely in plants.

The SH-waves generally work as a type of plate wave in thin sheets like a pipe. Therefore the
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intensity of the wave signal reflected from a defect depends on the vertical area of the defect
versus the wave propagation direction. To consider a reflection from defects, the defects were
manufactured as a type of notch in the pipe which having various areas including 3 mm x 2 mm
(length of circumferential direction x depth), 3 mm x 3 mm, 5 mm x3 mm and 10 mm x35 mm,
using electrical discharge machining (EDM). Fig. 13 shows the drawing of a pipe-specimen and
the picture of the manufactured specimen with flaws.
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To operate the EMATS, an ultrasonic inspection system consists of a pulser/receiver (Ritec,
RAM 10000) for generating and receiving ultrasonic waves, an impedance matching system, a
pre-amplifier for amplifying received signals (WIS, EMAT pre-Amplifier), a digitizer (NI,
USB-5133) for data acquisition and the signal process software. An ultrasonic testing device
usually includes a scope for evaluating signals. In this research a signal processing program is
developed and applied to the pipe inspection system instead of the scope for a data acquisition and
analyzing of the SH-wave signal effectively. The program is implemented by coding a program
using LabVIEW software. Fig. 14 shows the developed signal processing software. The control
panels are placed in the left half side of the monitor and the visualization of the signal is displayed
in the right hand side. Also, Fig. 15 shows the schematic diagram of the EMAT experimental
system and Fig. 16 is a picture of the SH-EMAT experimental system.

3.2.2 Pipe inspection using EMAT

In general, SH-waves have various modes and dispersion characteristics. The modes could be
changed in the group velocities by their frequencies and the thicknesses of specimens. Particularly,
defects in structures induce changes of the thickness, and that leads to changes in the velocities of
modes. Changes of the velocities can bring out a superposition of the modes in time region. SH,
mode which is one of the SH-wave modes has no changes in velocities according to variation in
thicknesses. So, if SHy, mode is applied, the defects are possible to detect and analyze. A proper
frequency could generate a SHy mode by the relationship between the wavelength and the phase
velocity. The proper frequency could be selected in a dispersion diagram to generate specific mode.
Theoretically, the detectable minimum size of a defect by ultrasonic waves is proportional to the
wavelength of the ultrasonic waves. So, the usage of a shorter wavelength can lead to more precise
detection of defect. However, it easily causes mode-superposition because of the closeness of two
frequencies that generate the SH, mode and the SH;mode individually.

In this study, SH-EMATSs with a wavelength of 5.2 mm are applied to detect the minimum size
defect (3 mm x 2 mm) in the pipe specimen and consider the superposition in modes. In order to
generate the SH, mode, the pulser is operated with a frequency of 597 kHz. Fig. 17 indicates the
amplitudes of received ultrasonic waves which propagate from specimens with different notch size
defects, according to flying time. The signals include signals directly transmitted from the
transmitting EMAT to the receiving EMAT and signals reflected from the defect zone to the
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receiving EMAT. From the analysis of the SH, signals, it is verified that signals reflected from the
defect of which size is more than 15 mm?® (5 mm x 3 mm) can be easily identified due to their high
amplitudes. However, it is hard to recognize defects with areas under 6 mm? (3 mm x 2 mm), due
to low signal to noise ratio. Particularly, the amplitudes of the ultrasonic waves directly transmitted
from the transmitting EMAT to the receiving EMAT in each test signal, show differences in each
other, as shown in the dashed line box of Fig. 17. Originally, by experimental conditions such as
lift-off and the contact condition of the EMAT, the intensities of the initiated ultrasonic waves are
different from each other. Furthermore, the SH-waves generated by the EMAT would include other
modes by superposition, even if the pulser could be controlled precisely. Thus, it is not possible to
define defects simply using only the amplitudes of reflected signals.
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Fig.17 SH-waves time histories in the pipe for each notch zone
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3.3 Signal processing based on wavelet transform

SH-EAMT signals can be propagated in different modes with various group velocities
according to the frequencies and thickness of a specimen. Therefore, it is necessary to analyze the
desired signals in a specific mode, using a frequency analysis according to the times of the signals
in the evaluation of defects using SH-EMAT. Wavelet transforms are a good technique of changing
the scale of transform time regions according to variations in frequencies. That is, the SH-EMAT
signals can be analyzed by frequency analysis according to times by using such wavelet transforms,
and that makes it possible to extract and analyze signals in the desired mode, which has specific
frequencies (Varma et al. 2004).

A continuous wavelet transform (CWT) is defined as a transform function, F(a, b), in which a
signal, f(t), can be analyzed using a wavelet function, Y, p 8S shown in Eq. (1). Here, y"is a

complex conjugate function ofy. wy_, is a mother wavelet that transforms signals to a

time-frequency function according to the scale parameter, aa, and position parameter, b. The
mother wavelet can be defined as Eq. (2) For processing complex function type signals, the Morlet
wavelet, which is a Gaussian function, has been largely used as the mother wavelet. The Morlet
wavelet is defined as Eqg. (3) and should satisfy the allowance condition, w, = 2xnf, because this
function is to represent values in a specific region without any divergences (Varma et al. 2004,
Mertins 1999, Park and Ahn 2001, Biissow2007, Lee and Kim 2012).

F(a,b) = [ f(Dv", (O dt (1)
Vop® =7 (T), a>0 @
y(o) = elwotg-pt?/2 (3)

To use the wavelet transform in analyzing waveforms that exhibit a characteristic of dispersion
like shear horizontal waves, the relationship between the dispersiveness and the wavelet constant
is considered. Parameters that represent the highest wavelet amplitude in a dispersive wave, which
has the center frequency of ®, group velocity of cg, and movement of x, can be calculated using

Eq. (4).
a==, b== (4)

That is, as the signal, f(t), has a frequency component corresponding to the scale parameter of
a, it makes it possible to analyze its frequency components, because the frequency components of
the signal represent large amplitude values from the wavelet transform in the position region of b
where the frequency components are presented (Mertins 1999, Park and Ahn 2001, Bussow2007,
Lee and Kim 2012). In this paper, the wavelet transform is carried out by coding a program using
MATLAB software. In this program, a looping statement is used in order to analyze the frequency
range from 10 kHz tol.2 MHz. Here, the basic form of the ultrasonic signal is a sinusoidal, so
wo = 2m was applied.

Also, the looping statement is applied to calculate the position parameter of ‘b’ in Eq. (4); the
movement ‘x’ is increased from a sample time to a total time length of 2.0 X 10 *sec. In addition,

an ultrasonic test is a comparative test basically. So, reflected signals should be evaluated with a
specific sensitivity to determine as a defect. That means that it is necessary to confirm the intensity
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of the reflected signal according to the intensity of transmitted ultrasonic waves to verify the
intensity of signals reflected from defects. Particularly, the intensity of the directly transmitted
signals from the transmitting EMAT to the receiving EMAT is used as the reference intensity. Here,
the wavelet transform of signals is implemented in SH-waves signals for evaluating defects using a
SHy mode. The maximum intensity of the directly transmitted signals in the wavelet transformed
spectrum is used to determine the specific sensitivity, as shown in Fig. 18, instead of using a
specific sensitivity in a reference block.
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Fig. 19 shows the spectrum result after applying the wavelet transforms of the transferred SH
waves in the defect specimen. The ratio of the intensities between the directly transferred wave
signals and the reflected wave signals is used to evaluate of the defect area with the intensity of the
signal component of 597 kHz. Fig. 20 shows mean values of the intensity ratio which are averaged
with 10 times repeated experiment results and standard deviation (95% confidence interval). As a
result, the intensity ratio increases almost linearly with increase in the defect area. That is, the
wavelet transforms can be very profitable for extracting meaningful information from signals. In
addition, pipe testing using SH-EMATSs are quantitatively evaluated by an analysis of the signal
intensity ratio.

4. Pipe Inspection by robotic system with EMATs
4.1 Pipe Inspection setup

In a main experiment, the developed robot system with EMATs was applied to pipe inspection
tests. To verify a mobility performance of the robot and evaluate integrity of the pipe, a test-bed
was constructed with several pipes. One of the pipes in test-bed is the defect specimen which is
used for the pipe inspection using EMATs as mentioned in section 3.3. Fig. 21 shows a
configuration of the inspection robot system with EMATSs. The robot system moves on the pipe
according to longitudinal direction. To inspect the pipe, the robot fixed at the longitudinal direction.
Then the robot rotates to the circumferential direction on the pipe. As the same time, EMATS
perform the pipe inspection by the generating and receiving SH-waves. Also, the ultrasonic
inspection system using EMATS is constructed as same as described in Section 3.3. Fig. 22 shows
the pipe test-bed, the inspection robot and the EMAT ultrasonic system. Fig. 23 shows the robot
system with EMATSs in detail. In the test, the receiver EMAT acquired signals with 115 mm
distance from the defects.
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4.2 Pipe inspection result

As shown in Fig. 24 that indicates an inspection result with the robot system, directly
transmitted signals and reflected signals were successfully acquired. The reflected signals from the
defects were collected with an exact distance (115 mm) from receiver EMAT to the defect, in the
time region. From the results of the amplitude signals received from the SH, it was verified that
defect signals from defect areas more than 15 mm? (5 mm x 3 mm) can be easily identified too.
However, it is hard to identify their dispersion and superposition of the modes in cases of defect
signals under 6 mm? (3 mm x 2 mm) area. So, the signal processing based on wavelet transforms,
as described in section 3.4, was applied to evaluate the signals. Fig. 25 shows the spectrum result
after applying the wavelet transforms.
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Fig. 24 SH-waves time histories in the pipe for each notch zone acquired by inspection robot
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Based on the intensity of the signal component of 597 kHz, evaluation of the defect area was
performed using the intensity ratio too, as shown in Fig. 26. As a result, it was verified that the
intensity ratio increased linearly with increases in the defect area like in section 3.4. Even if the
ratio of the 6 mm® area defect shows some errors with the fitted line, it could be evaluated
qualitatively.
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5. Conclusions

In this study, to evaluate the integrity of pipe structures, a robotic ultrasonic inspection system
is proposed. The robotic system is developed to overcome an obstacle with high mobility. For
inspection of pipe structure, SH-waves generated by EMAT is applied with additional signal
processing methods. Two-module mobile robot platform could move over the T-branch pipe joint
and move along the straight pipeline at 12 cm/s. The SHomode, which has no changes in velocities,
is applied to evaluate the position and size of defects in a pipe using SH-EMAT.A wavelet
transform is implemented to extract a meaningful and specific signal from the superposed
SH-wave signals. Intensity ratio which is normalized the defect signals intensity by the maximum
intensity of directly transmitted signals in the wavelet transforms spectrum is applied to evaluate
defects quantitatively. Finally, it is verified that the robotic ultrasonic inspection system with
EMAT can implement of inspection and evaluate defects in pipe structure successfully by applying
signal processing method based on wavelet transform.
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