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Abstract To reduce the inspection time for evaluating defects
in geometrically complex structures, this study investigates a
more efficient scheme in which the test object is grasped by
the robot (TOGR). Compared with the traditional approach in
which the ultrasonic probe is grasped by the robot (UPGR),
the TOGR solution consumes less time in the inspection of
complex specimens because fewer joints are involved in the
scanning motion. A six-degrees-of-freedom industrial robot is
used to hold the non-destructive testing (NDT) probe normal
to the test surface, and ultrasonic time-domain reflectometry
(UTDR) is used to identify the flaw echo. The ultrasonic
signals are acquired synchronously with positional data re-
garding the robot. The TOGR solution shows a significant
improvement in the positional accuracy of the robotic trajec-
tory. The distribution of defects inferred via ultrasonic C-scan
imaging is plausible, as verified by the stable surface echo in
the time domain during an experimental test. The TOGR so-
lution is well suited for the high-speed automatic inspection of
complex structures, such as turbine blades, milling tools and
other test specimens with curved surfaces. Experiments were
conducted in which NDT data were acquired at scanning
speeds of up to 50 mm/s with a minimum defect resolution
of 0.15 mm.
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Introduction

Using the traditional manual ultrasonic test (UT) approach to
inspect micro-defects in specimens with complex surface
shapes is difficult because of the challenges associated with
manipulating the probe. Robotic scanning technology has re-
ceived increasing attention because of its greater repeatability
and accuracy. Moreover, robot arms can help to access areas
and inspect geometries for which manual inspection is not
practical.

Several methods for establishing automated inspections of
complex parts have been proposed and implemented in recent
decades. Bogue Robert described the development of robotic
applications in the field of ultrasonic non-destructive testing
(NDT) [1]. Mineo Carmelo et al. [2] proposed a synchronous
acquisition system for robotic trajectory and NDT data based
on the phased array UT technique. Sattar T.P. et al. designed a
portable NDT robotic arm that can be carried by climbing and
walking robots; this arm is equipped with a force sensor that is
used to scan complex shapes by keeping the NDT probe nor-
mal to the surface to maintain a constant contact force [3].
Compared with manual inspection, robotic scanning technol-
ogy has enabled significant improvements in the quality of
inspection results [4].

Modern industrial robots can manipulate probes faster and
more accurately than is possible in other NDT inspection
methods. However, the robotic trajectory should be optimized
to reduce the inspection time, and factors that influence the
efficiency of the robotic scanning motion, some of which are
rarely considered in the existing approaches, should be inves-
tigated. In applications of industrial robots in NDT, the spec-
imen is typically fixed, and the ultrasonic probe is grasped by
the robot (UPGR) [5]. In this case, the scope of motion of the
robotic arm is affected by the layout of the gripper and the
water circulation equipment [6]. In particular, if the specimen
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needs to be rotated during the inspection, some auxiliary com-
ponents, such as a swivel table, are needed. Moreover, revolv-
ing the robot around the test object is difficult because of the
singular point [6]. This paper presents a new approach in
which the test object is grasped by the robot (TOGR). A
new algorithm based on coordinate transformation is proposed
for planning the robot’s path. Whereas other solutions require
several joint motions and rotations, the proposed TOGR solu-
tion sometimes requires only one joint rotation for the inspec-
tion of axisymmetric specimens. Compared with the UPGR
solution, the proposed TOGR method is more efficient and
suitable for high-speed inspection.

The geometry of the test object must be known to generate
the robotic trajectory. The geometric model of the test object is
usually known a priori or is measured through reverse engi-
neering methods [7]. A computer-aided drawing (CAD) rep-
resentation of the part should be used. The part position rela-
tive to the robot reference system must be accurately calibrated
for precise robotic path execution and to keep the ultrasonic
probe normal to the test surface. The ultrasonic energy gener-
ated by the ultrasonic transducer will penetrate the specimen
surface more efficiently if the relative position between the test
object and the probe is accurately controlled, which will max-
imize the damage/defect detection sensitivity [8, 9].

Another important requirement for reliable ultrasonic in-
spection is to maintain a constant distance between the probe
and the test surface, along with a constant ultrasonic incidence
angle. Maintaining this distance is relatively easy for simple
geometries, such as flat samples, rotational parts or other sym-
metric specimens, which can be inspected automatically using
traditional NDT approaches. However, complex shapes re-
quire more advanced scanning solutions for proper inspection
at high speeds. Because of trajectory errors, contact detection
methods are inappropriate for specimens with complex geom-
etries. Therefore, the longitudinal wave method is used to
detect the internal defects of such a test object; the incidence
angle is subject to fewer constraints when this non-contact
method is used because the robotic trajectory can be adjusted
to accommodate the errors to a certain extent [10, 11].

In general, the trajectory planning algorithm should guar-
antee the positional accuracy of the robot. Tavakoli Mahmoud
et al. [12] described several schemes for controlling the probe
orientation during the inspection of industrial pipelines. Sattar
Tariq, et al. [3] designed a climbing robot for inspecting air-
craft wings and fuselages; the sensor was carried by a mobile
robot, and the positional data were simulated in MATLAB.
Kalra Love P et al. [13] proposed a surface coverage algorithm
for a climbing robot that autonomously scans the wall surface
and performs the necessary inspection tasks; the orientation of
the robot is compensated according to feedback from the NDT
sensors. Mineo Carmelo et al. [14] described software that
enables accurate robot tool paths to be executed through an
innovative external control approach. This method overcomes
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the limitations of traditional off-line programming approaches
when applied to NDT measurements. However, these soft-
ware algorithms were designed for the case of a fixed speci-
men, with the probe being manipulated by the robot.

This paper describes the advantages of the new TOGR
inspection approach which is suitable for the fast, automated
inspection of small complex parts; this method is particularly
efficient when the primary necessary motion is the rotation of
the part around one axis (for symmetric specimens).
Reversing the traditional UPGR approach can significantly
reduce the necessary movement range. The mathematical
model represents the coordinate conversion between the ref-
erence coordinate system of the robot and the work-piece
coordinate system. The robot positions are calculated using a
CAD model of the specimen. In this study, an ultrasonic in-
spection is performed by collecting the ultrasonic energy that
is reflected by the back wall of the specimen or by flaws
within the specimen. The collected data are then analyzed to
find the flaws. The experimental results verify the accuracy
and validity of the proposed robotic path-planning algorithm.
This method allows a more accurate robotic trajectory for
inspecting turbine blades, which produces better ultrasonic
data and, therefore, a better non-destructive evaluation
(NDE) through ultrasonic C-scan imaging. Ultrasonic C-
scans consist of ultrasonic signals encoded through the robot
feedback positions.

Trajectory Planning of the Robot

Although industrial robots are commonly used in various
fields of industrial on-line testing, the positional accuracy
of the robotic trajectory should be improved for NDT
applications. Generating an accurate robot tool path for
the ultrasonic inspection of complex geometries is chal-
lenging, and the TOGR approach requires the develop-
ment of new algorithms. For the traditional situation in
which the probe is manipulated by the robot, a CAD
model of the part is the necessary input. In this case,
the tool path is usually generated using off-line path
planning software based on computer-aided manufactur-
ing (CAM) algorithms. The TOGR approach requires
additional computations to transform the positions and
orientations of the robot into the work-piece coordinate
system.

In this paper, a turbine blade is inspected by the industrial
robot STAUBLI TX90L, which has 6 degrees of freedom
(DOFs) and whose end effector is designed to be sealed and
waterproof. Both the TOGR and UPGR solutions are imple-
mented to determine the more efficient solution and the min-
imum motion of the robot arm. In the UPGR approach, all
trajectory points for the ultrasonic scan of the target specimen
are generated using CAM software. The kinematic parameters
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required by the robot manipulator are obtained by considering
the requirements for ultrasonic NDT scanning.

Process of Trajectory Planning

The robotic trajectory for the TOGR approach is generated by
applying a newly developed coordinate conversion algorithm
to the discrete points that are generated by the CAM software
for the traditional UPGR method. This algorithm consists of
the following steps:

1) The coordinates of the UPGR trajectory points are trans-
formed into the work-piece coordinate system (as shown
in Fig. 1(a)).

2) Robotic simulations are generated by the CAM post-pro-
cessor. The robotic scanning motion can be treated as the
trajectory of a milling tool, and the kinematic parameters
can be adjusted as needed.

3) The coordinates and normal vector of each point are
exported to be post-processed by a MATLAB script.
Transforms consisting of the rotational matrix for each
point of the trajectory are generated.

4) The trajectory command positions are sent to the robot
controller.

5) The command positions are adjusted to maximize the
amplitude of the ultrasonic energy. This final task is driv-
en by the experimental results.

Manufacturing Simulation

Figure 2 shows a turbine blade tool path, which consists of
numerous green points that cover the entire surface. The dis-
tance between two adjacent points can be adjusted to satisfy

Fig. 1 The coordinate systems of
the robot. A Work-piece
coordinate system B Auxiliary
coordinate system C Coordinate
system of the probe W World
coordinate frame

Fig. 2 Tool path for a turbine blade

the NDT requirements, including the sampling interval and
line spacing.

Matrix Transformation

Four coordinate frames are defined for the robotic system, as
shown in Fig. 1: the work-piece coordinate system {A}, the
auxiliary coordinate system at each discrete point {B}, the
reference coordinate system of the robot {W} (called the
world coordinate frame) and the user frame {C} (in this paper,
this is defined as the coordinate system of the probe) [15]. In
the UPGR approach, the position and orientation of the robot
in the work-piece coordinate system are obtained. This infor-
mation is generated by the CAM post-processor and is ar-
ranged in a row array of the form [X, y, z, P, Uy, V,], where
the first three parameters indicate the location of the discrete
point and the last three parameters are the components of the
unit normal vector along the x, y and z axes. Then, a rotational
matrix based on the array can be constructed to estimate the
position and orientation of the robot. Additionally, because a
constant ultrasonic incidence angle is guaranteed by the path-
planning algorithm, the normal vector is coincident with the
beam axis of the probe during automatic inspection.

The TOGR approach requires the rotational matrix that is
based on the equivalent matrix relative to the tool frame or to

Robot manipulator

specimen
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the world coordinate frame. Therefore, a new algorithm
should be developed to generate an accurate robotic trajectory
so that the robotic end effector can be controlled as planned.

An industrial robot with 6 DOFs, known as STAUBLI
TX90L, is used for ultrasonic NDT inspection in this paper.
The rotation sequence of this robot obeys the X-Y-Z Euler
angle-set convention [13]. Supposing that there is a vector
labeled “P in {A}, the orientations of the same vector in {B}
and {C} can be labeled as ®P and P, respectively. Then, the
transform matrix denoted by 4.7 describes the orientation of
the robotic end effector after the transformation from *P to “P.

According to coordinate conversion theory, 2.7 is equal to
the matrix product 4727, and the transform matrices 47 and
BT can be solved based on the geometry of the original dis-
crete points.

Ap=ATETCP=AT P (1)

Since there is no singular point on the milling-tool path, the
transform between {A} and {C} is reversible. Therefore, {T
can be decomposed into a rotation matrix, denoted by {R and
a translation matrix, denoted by “Pyorg-

CT_|:§R Cl)AORGi|_|:§RT jRT | BFRBP/4()RG+C1)B’ORGi|
A= =

0 1 00 0| 1
— gRT fRT |_z§RgRT APBORG+CPBORG
00 0| 1
(2)
N P &x Px Yy
gR="P°P = &y Py Py (3)
&z ¥z Yy

£=[Ex, Ex £7]"— the representation of the x components in
{A} relative to {B};

© =[x, Py ©7]"— the representation of the y components in
{A} relative to {B}; and

1 =[x, ¥y 17]"— the representation of the z components in
{A} relative to {B};

—1
SR="5pP (4)

If the orientation of {B} coincides with that of {C},
then ZR is a unit matrix; if the normal vectors of {B}
and {C} are opposite, then ZR is the following diagonal
matrix:

1 0 0
5R=1| 0 -1 0 (5)
0 0 -1

Thus, { T can be simplified into the following matrix:

o [ iR
A 000\ 1

| —IR""P,

BORG :| (6)

When the robotic end effector moves to a given discrete
point as planned, the origin points of the auxiliary coordinate
frame and the user frame overlap. Moreover, a constant ultra-
sonic incidence angle is guaranteed if the spatial relationship
between {B} and {C} is correctly considered.

A definite transform matrix is calculated following the ro-
tation sequence rule, known as the X-Y-Z Euler convention.

Ry—y-z = Ry ()Ry(B)Rz(7)
1 0 0 cos 0 sing | | cosy
= {0 cosq sina} [ 0 1 0 } [sinv

0 0 1

—siny 0
cosy O
0 sina cosa —sinG 0 cos(

cfey —cPsy sp
= sasfey 4+ casy  —sasfsy + cacy  —sacf
—casPcy + sasy  casfsy + sacy  cacl

(7)

In matrix (7), «, (3, and 'y are the Euler angles that indi-
cate the values of the changes between the beginning and
ending orientations of the robotic end effector; parameters
such as cosx and sinx are abbreviated to coe and sx for
clarity.

Six parameters should be delivered to the robot control-
ler, including the position coordinates of the discrete point
relative to the world coordinate frame of the robot and the
Euler angles [«, (3, Y]. By substituting the solution for
matrix (7) into A’?R, which is a component of matrix (6),
ST can be solved when #Pgzorc is obtained from the
geometry of the test object.

The Euler angles for each discrete point can be calculated
as follows:

B = atan2 (w Va+ so%)

« = atan2 (—wy/cosﬁ, qlzz/cosﬁ) (8)
v = atan2 (—gpx / cosf, &, / cosﬂ)

BBPAORG = 7§RT[X7% 7]
Therefore, the parameters [*Pyorg, . B, y] can be calcu-
lated and delivered to the robot controller. However, certain
parameters such as the Denavit-Hartenberg parameters and the
Euler angles are necessary for a new robot; the positional
matrices of discrete points can be derived from these input
parameters [16].
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Transformation of the Robotic Trajectory

The robotic trajectory can be expressed as a point cloud that is
obtained from the tool path of a numerical control (NC) ma-
chining simulation (as shown in Fig. 3).

The locations of the discrete points, labeled as [X, Y, Z]
relative to the world coordinate frame, are read from the con-
troller in real time. Then, the corresponding points on the test
surface, labeled as [Xy, Yo, Zo] relative to the work-piece
coordinate system, can be computed by solving the inverse
kinematic problem:

X Xo
Y|=-Ryy | Yo 9)
z Z

By substituting equation (7) into the transform matrix
Ry . the real-time locations of the discrete points can be
calculated as follows:

X X
Yo | =Ry | Y (10)
Zo z

The mathematical models of the coordinate conversions
between the reference coordinate system of the robot and the
work-piece coordinate system are represented simultaneously,
and the orientation of the robotic end effector can be con-
trolled using the proposed coordinate conversion algorithm.

Simulation of the Robotic Trajectory

The TOGR solution is simulated in the pre-processor of the
manipulator, as shown in Fig. 4. The primary motion of the
robot is small-scale rotation, which is less time-consuming for
the TOGR solution than for the UPGR solution at the same
velocity.

Initial positional data from CAM trajectory

250

30

-10
Y axis 40 20 X axis

Fig. 3 Point cloud of a simulated tool path

Fig. 4 Simulation of the robotic path with the TOGR solution
Ultrasonic Signal Acquisition and Processing

A UT system was constructed based on the TOGR solution;
Fig. 5 shows the design prototype. The system includes the
probe, A/D acquisition card, signal generator, industrial robot,
and computer.

Experimental Design and Components

Several tests were performed using the TOGR and UPGR
solutions. With the planned robotic trajectory guaranteeing
the correct orientation, the test object is maintained at a con-
stant distance from the probe. Performance parameters of the
apparatus are listed in Table 1.

In this system, a straight Olympus immersion focusing
probe is fixed on the platform, a voltage of 400 V is applied
to excite the longitudinal wave probe with a 10 kHz pulse
repetition frequency, and the UTDR method is used to collect
the ultrasonic echo waves. Considering energy attenuation,

Industrial control computer Container

Blade specimen

Fig. 5 The prototype NDT system
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Table 1  Components of the UT system
Apparatus Model & Characteristics
Brand Property
Robot STAUBLI TX90L 6DOFs, 250 mm/s(max)

Ultrasonic probe Olympus 10 MHz, immersion focusing

A/D acquisition card Acquisition Logic 12bit, sample rate:200 MHz
AL12200

Signal generator Olympus PR5077 Repetition frequency:10 kHz

Gripper Non-standard Connect the specimen to
the robot end effector
Container Non-standard Volume: 500 L

the ultrasound incidence angle should be constant, and the
echo waves will be reflected along the beam axis, as planned
by the orientation constraint of the robotic trajectory. The lo-
cation of the robot and the corresponding ultrasonic signal are
collected synchronously to constitute the test results; the po-
sitional data are provided by the controller, and the ultrasonic
signal is collected by the A/D acquisition card. Since all data
are collected sequentially, the flaw characteristics can be cor-
rectly distinguished from the ultrasonic A-scan waves.
Furthermore, the integrity of the specimen can be examined
using ultrasonic C-scan imaging, which presents the distribu-
tion of flaws inside the specimen.

Signal Acquisition and Processing

Synchronous acquisition of the discrete point locations and
the ultrasonic signal is crucial to the UT system, since the
threads that collect the ultrasonic reflected wave echoes and
the real-time robotic positional data are independent. During
an NDT experiment, the echo reflected from the flaws, located
between the surface echo wave and the back-wall echo wave,
can be distinguished from the A-scan waves [17].

Figure 6 shows the reflected ultrasonic echo waves in the
time domain; only the region between the surface echo wave
and the back-wall echo wave is investigated. The signal that

Flaw echo wave

Surface echo wave

1.0

Back wall echo

0.5

415 41.9 423 427 43.1
(ps)

Fig. 7 The following gate in the ultrasonic wave

represents the manifestation of a flaw feature is explored
based on the peak-to-peak value of the flaw echo. As shown
in Fig. 7, a following gate (in red) is used to track the region of
interest, and several parameters describing the ultrasonic A-
scan waves are defined. Thus, a scattered wave in the region of
interest cannot influence the acquisition of the feature signals,
although refracted waves and diffracted waves are common in
the reflected echo waves.

During an automatic inspection, each discrete point of the
robotic trajectory corresponds to an ultrasonic echo wave.
Real-time observation of the waveforms is necessary for eval-
uating the specimen’s integrity. The delay of the back-wall
echo, which is labeled Lg in Fig. 7, changes as the thickness
of the specimen varies. The flaw echo is tracked using a
threshold gate (shown in red in the figure); if the amplitude
of the flaw echo exceeds this threshold, then the peak-to-peak
value is recorded as a gray value to form a bright color region.
Thus, the distribution of flaws in the specimen can be visual-
ized through ultrasonic C-scan imaging. By contrast, the sur-
face echo is tracked using the threshold gate shown in yellow
in the figure; the distance between the flaw and the surface can
then be estimated from the parameter Ly, which specifies the
region of interest.

To visualized the distribution of flaws in the specimen,
waveforms of ultrasonic echoes are collected at different
points using the pulse reflection method; Fig. 8 shows several
examples. Then, the feature signals of the echo waves can be

1
T

Excitation Signal
/Surface echo wave

Back wall echo

Secondary echo
L ry

Fig. 6 Ultrasonic waves in the time domain

SEM
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Fig. 8 Ultrasonic waves at different points

analyzed to find the flaws. As shown in Fig. 8, the position of
the surface echo is stable and is centered at 45 us in the time
domain; therefore, the distance between the probe and the test
surface is constant. In addition, the amplitude of the surface
echo wave approaches the initial excited value, which indi-
cates that the incidence angle satisfies the requirements. If the
amplitude of the reflected surface echo wave decreases, as in
the case of full echo wave 1, this indicates that the probe is not
normal to the test surface; in this case, the robotic trajectory
should be adjusted to more accurately obtain a point with
limited energy attenuation.

Although the echoes reflected by specimens of different
materials and geometries are diverse, flaw echoes should be
distinguishable because of their specific location in the time
domain, which is assigned by the inspector prior to the exper-
iment. Furthermore, the amplitude of a flaw echo, which is
affected by the geometry and gain bandwidth, will be mark-
edly smaller than that of the surface echo wave because of
energy attenuation; therefore, it is necessary to track the flaw
echoes in real time using a following gate.

Pixels are assigned gray values that are extracted from the
feature signals, and different colors in the region of interest for
the specimen are used to identify flaws. There is a one-to-one
correlation between the positional data and the pixels where
the feature signals are depicted. If the robotic end effector
moves 0.15 mm, the real-time positional data provided by
the manipulator controller will be updated based on instruc-
tions written in the variable assembly language (VAL).
Simultaneously, an ultrasonic wave is acquired by the A/D
acquisition card when the ultrasonic pulse is excited.

By virtue of this synchronous acquisition, the pixels in the
generated ultrasonic C-scan image have the same precision as
the repeatable positioning accuracy of the robot, which is
0.08 mm, as declared by the manufacturer. Therefore, the test

results are precise, and the error is within the permissible
range.

Experimental Results and Discussion

During practical testing, ultrasonic waves are excited and
transmitted through water, which acts as the transmission me-
dium. Then, the waves are reflected when they encounter dis-
continuities in the specimen. The echo waves are received by
the probe and the A/D acquisition card, and the ultrasonic A-
scan waves are collected to analyze the feature signals, which
represent the flaws characteristics.

Practical Trajectory of the Robot

Since the precision of the robotic trajectory is crucial for the
NDE of the specimen, it is necessary to record the real-time
position of the robot and to verify the accuracy of the robotic
trajectory that is calculated using the proposed algorithm. The
positional precision of the robotic trajectory can be estimated
based on the distance between the probe and the test surface
that is deduced from the ultrasonic A-scan waves in the time-
domain.

More than 98,475 discrete points were delivered to the
manipulator in the test reported here. The positions along the
robotic trajectory were exported from the CAM post-
processor and transformed from the initial data into the re-
quired equivalent data. To verify the correctness of the
planned trajectory, the real-time positional data relative to
the reference coordinate system of the robot could be calcu-
lated based on the changes in the values of the encoder pulses,
output from the manipulator controller every 4 milliseconds.

To improve the positional accuracy of the robotic tra-
jectory, high-density point data that are adapted to match
the high-frequency ultrasonic waves are necessary for a
specimen with a curved surface. Therefore, an iterative
approach, such as the Lagrange multiplier method, is used
to generate an interpolation [18].

As illustrated in Fig. 9, if the robotic end effector has the
correct orientation, then the normal vector of the auxiliary
coordinate system at each discrete point is guaranteed to co-
incide with the beam axis of the probe; consequently, the
energy attenuation of the ultrasonic wave is reduced, as seen
from the fact that the amplitude of the surface echo waveform
approaches the initial excited value. Otherwise, if the beam
axis of the probe is not perpendicular to the test surface, the
energy attenuation may be higher. Furthermore, the distance
between the probe and the test surface should remain constant,
which manifested as a stable position of the surface echo wave
in the time domain.

Considering the capacity of the robotic system for the syn-
chronous acquisition of NDT data, the robot velocity was set
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Initial wave at the first point (R0)
‘‘‘‘‘ Ultrasonic wave during the inspection process (R1)

surface echo wave

Amplitude/V

flaw echo wave

-1t

!

4.45 4.5 4.55 4.6 4.65 4.7 4.75 4.8
time/s %10~

Fig. 9 Repeatability of the robotic trajectory

to 50 mm/s, which, in combination with the 25 MHz sampling
rate, is suitable for finding flaws with a minimum equivalent
diameter of 0.5 mm; the other scanning conditions were the
same between the experiments conducted using both the
TOGR and UPGR solutions. Inspecting the turbine blade
using the proposed TOGR solution required less than
15 min at this speed of 50 mm/s; at the same velocity, the
inspection using the UPGR solution required 22 min, demon-
strating that the TOGR solution decrease the inspection time
by approximately one third. The required space in which to
perform the NDT application using the TOGR solution is also
smaller; only rotations of the terminal joint and small-scale up
and down movements of the robotic wrist are necessary in this
case for inspecting the test object, rather than large-scale mo-
tions of several joints or the entire robot.

Even when inspecting extremely asymmetric test objects
using the TOGR solution, the only possible primary motion is
the rotation of the robotic end effector. Fewer joints are in-
volved in this motion, and the detection efficiency is im-
proved. Moreover, the scanning velocity can be more easily
increased because the maximum rotational speed of the termi-
nal joint is greater than the maximum movement speed.
Therefore, using the TOGR solution can reduce the inspection
time for specimens with curved surfaces.

Experimental Results

An integrated system designed for industrial applications was
constructed based on the NDT prototype, including the
STAUBLI TX90L robot, a conventional ultrasonic longitudi-
nal testing probe, and a signal generator. Several turbine
blades with artificial defects were inspected to verify the pro-
posed TOGR solution.

- |

(a) Experimental results obtained using the TOGR solution

I

._ i | fed i il '[
(b) Experimental results obtained using the UPGR solution

Fig. 10 Ultrasonic C-scan imaging of a specimen with artificial defects
as shown in the control software

The ultrasonic A-scan signals were monitored in real time,
and the distance L¢ was adjusted by modifying the threshold
gate used to track the region of interest in the time domain. A
turbine blade made of nickel alloy was used in this test, and
two flat-bottom holes with diameters of 1.5 mm and 1 mm and
depths of 1.5 mm and 1 mm, respectively, were manufactured
in the blade. The experimental results obtained using the
TOGR solution at a speed of 50 mm/s are shown in
Fig. 10(a), and the results obtained using the UPGR solution
at the same velocity are shown in Fig. 10(b).

Both the TOGR and UPGR solutions are able to distin-
guish the two flat-bottom holes, although their automatic in-
spection accuracy and efficiency differ. The UPGR solution
shows image distortion; the pixels shown in white are not
assigned positional data because they correspond to times
when the speed of the robot exceeded the capability of the
system to synchronously record these data and the corre-
sponding feature signal. In particular, several discrete points
collected during high-speeds inspection are assigned a null
gray value. By contrast, the TOGR solution shows higher

it W

(a) Experimental results obtained using the TOGR solution

(b) Experimental results obtained using the UPGR solution

Fig. 11 Experimental results for a real turbine blade as shown in the
control software
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efficiency and satisfies the high-speed inspection require-
ments because each pixel is assigned a gray value that correct-
ly represents the corresponding flaw echo feature signal.

Another test was performed to inspect a turbine blade that
had been used in practical applications, with the results shown
in Fig. 11. Both the TOGR and UPGR solutions are able to
reveal the crack in the blade. The dimensions of the flaw are
5% 0.2 x 0.5 mm, and the flaw detection precision is approx-
imately 0.15 mm, as calculated from the distance between
adjacent points relative to the work-piece coordinate system.

In contrast to the inspection results obtained using the
TOGR solution, the UPGR solution visualizes the flaw with
some image distortion in the ultrasonic C-scan imaging re-
sults. When the robotic scanning velocity exceeds the capa-
bility of the UT system, the feature signal within the range of
the threshold gate in the A-scan waves is incorrect.

Factors such as the sampling rate and ultrasonic intensity
should be considered when they affect the resolution of the C-
scan imaging. Experiments were performed to compare the
image resolutions achieved using different sampling rates to
find an optimal parameter, as shown in Table 2. For the detec-
tion of internal defects, one flat sample with four flat-bottom
holes with diameters of 0.5 mm, 1 mm, 1.5 mm, and 2 mm,
and depths of 1 mm was used, and the minimum sampling rate
was explored based on the test results.

Each pixel in the ultrasonic C-scan imaging results has a
gray value that is transformed from the peak-to-peak value of
the flaw echo wave. If the number of discrete points is not
equal to the number of ultrasonic echo waves, then one or
more pixels may be assigned a null value; thus, the image
resolution is affected by these colorless pixels, especially at
smaller total numbers of pixels.

The sampling rate needs to be optimized to detect micro-
defects. Several scattered colorless pixels can be observed if

the sampling rate is too low to determine the difference be-
tween the feature signals of adjacent points. Therefore, the
density of the discrete points should be increased such that
the pixels in the display area will be assigned the correct flaw
echo signals. According to the test results listed in Table 2,
when the sampling rate exceeds 5 MHz, a hole of 1.0 mm in
diameter can be identified (verified at 10 MHz); similarly, the
sampling rate should exceed 10 MHz when the hole diameter
is 0.5 mm (verified at 25 MHz). Thus, the smaller the holes
are, the higher the sampling rate should be.

Conclusion and Future Work

In this research, a comprehensive study of a UT system based
on the TOGR scanning scheme was conducted to improve the
automatic inspection efficiency for complex structures at high
speeds. First, an algorithm based on a matrix transform was
designed to guide the robotic trajectory planning; then, a
mathematical model for the coordinate conversion between
the reference coordinate system of the robot and the work-
piece coordinate system was developed, to obtain the robot
orientations for complex structures. Second, a mechanism for
synchronous data acquisition of the positional data of the dis-
crete points, read from the robot controller in real time, and the
corresponding ultrasonic flaw echo signals was described.
This mechanism is crucial for ultrasonic C-scan imaging to
visualize the distribution of flaws in a specimen. Third, the
experimental results were shown to be sufficiently precise
when all data are collected in real time and the sampling rate
is sufficiently high that micro-flaws in the specimen can be
conveniently distinguished. Compared with traditional UPGR
inspection methods, the proposed method has a higher image
resolution, and the influence of the sampling rate has been

Table 2 Optimal sampling rate

Test No. Sampling rate Minimum flaw Number of discrete Some pixels with
diameter points null gray value
1 5 MHz 2 mm 24,158 False
2 5 MHz 1.5 mm 33,681 False
3 5 MHz 1.0 mm 36,052 True
4 5 MHz 0.5 mm 45,278 True
5 10 MHz 2 mm 34,849 False
6 10 MHz 1.5 mm 39,784 False
7 10 MHz 1.0 mm 57,134 False
8 10 MHz 0.5 mm 80,503 True
9 25 MHz 2 mm 55,517 False
10 25 MHz 1.5 mm 98,475 False
11 25 MHz 1.0 mm 131,572 False
12 25 MHz 0.5 mm 157,318 False
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examined. Based on the experimental results, the minimum
flaw resolution that can be achieved in ultrasonic C-scan im-
aging is 0.15 mm. Finally, the TOGR scheme has been shown
to be promising for industrial applications.

However, only specimens of an appropriate scale can be
inspected using the TOGR solution and the ultrasonic trans-
mission method may not be applicable for extremely asym-
metric specimens. The attenuation of wave energy is difficult
to measure when obtaining an accurate trajectory estimate is
challenging due to the ultrasound transmission path, which is
determined by the material and geometry. Nevertheless, the
automatic inspection precision of a UT system based on ultra-
sonic technology, such as an ultrasonic phased array or an
ultrasonic microscope, can be improved by adopting the
TOGR solution. In the future, we plan to inspect small-scale
structures using this advanced approach with an acceptable
robotic scanning speed. The proposed algorithms can be wide-
ly used in large-batch industrial productions.
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