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Abstract

Complex-shaped surface represents one of the challenges in ultrasonic testing of metal castings. This conditions the
growing interest in development and application of the automated testing system based on a six degrees of freedom
(DOF) robotic manipulators. This is due to their ability to provide ultrasonic scanning of the curved specimens with high
speed. Higher reliability of the results can be obtained via implementation of the imaging algorithms based on Synthetic
Aperture Focusing Technique (SAFT) in the named systems. This approach allows to obtain high-resolution imagery of
the internal structure of controlled objects with reduced level of grain noise, the latter occurs due to the often encountered
coarse-grained structure of metal castings. In this paper, we introduce the novel imaging algorithm for the automated ul-
trasonic testing system based on a six degree of freedom robotic manipulator. The capabilities of the algorithm were veri-
fied by the application of computer simulations in CIVA 2016 software and also via the in situ experiments. In all the
cases analyzed the results revealed that the imaging algorithm allows to make precise imagery of the internal structure of
the specimens with different curvature. The obtained research results confirmed the suggested algorithm effectiveness,
thus making it acceptable for prospective industrial applications.
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1. INTRODUCTION

Ultrasonic nondestructive testing is extensively
used in aerospace, petrochemical and power genera-
tion industries. One of the areas of ultrasonic evalua-
tion application is metal castings testing. Testing of
such objects faces numerous challenges. Firstly,
such materials surfaces usually have high roughness.
In this case, preliminary mechanical operation of
surfaces is necessary to enable the effective ultrason-
ic nondestructive evaluation. Secondly, such objects
are most frequently coarse-grained. For this reason,
the extensive grain noise is present in ultrasonic
signals making evaluation of testing results more
difficult. Thirdly, metal castings commonly have
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complex-shaped form. In this regard, there is an
interest in development and application of the auto-
mated systems based on six DOF robotic manipula-
tors. Application of such equipment enables to per-
form fast automated evaluation of the objects with
different shape.

Nowadays the development of ultrasonic testing
systems based on six DOF robotic manipulators is
predominantly aimed at nondestructive evaluation of
composite materials. Existing prototypes and indus-
trial equipment are based on numerous solutions
which include various techniques of ultrasonic test-
ing (pulse-echo and through-transmission evalua-
tion), different approaches for acoustic waves gener-
ation (air coupled and laser ultrasonic, coupling via
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the immersion liquid) and types of ultrasonic trans-
ducers (single transducers and phased arrays) (Cue-
vas et al., 2016; Mineo et al., 2015; Mineo et al.,
2016; Mineo et al., 2017). In our earlier work we
considered the application of six DOF robotic ma-
nipulator for the ultrasonic testing of carbon fiber
composites using the pulse-echo ultrasonic testing
technique and focused transducer. The obtained
precise and accurate imagery of the artificial flaws
in the specimen demonstrates the working capacity
of the developed testing system prototype (Dolma-
tov et al., 2016).

However, the approaches developed for ultra-
sonic testing of the composite materials are not high-
ly effective in the case of metal castings evaluation
due to the features of such objects discussed above.
For instance, application of focused transducers in
testing of composite materials is conditioned by the
necessity to obtain high lateral resolution of results
and it is effective due to relatively small thickness of
such objects. However, metal castings commonly
have great thickness. With focused transducers ap-
plication, significant decrease of lateral resolution
will be obtained outside of the focal zone.

In this regard, application of Synthetic Aperture
Focusing Technique (SAFT) in automated systems
based on 6 DOF robotic manipulators during metal
castings testing is of considerable interest. Firstly
this approach enables to provide the uniform resolu-
tion which does not depend on the depth and is de-
termined only by the physical size of the probe
(Schmitz et al., 2000). Secondly, testing results can
be presented in the form of imageries which simpli-
fies the evaluation task. Thirdly, application of
SAFT allows to reduce the grain noise in compari-
son with raw ultrasonic data (Stepinski, 2007a).

Practical implementation of SAFT strongly de-
pends on the testing conditions which include the
features of applied testing equipment, type of uti-
lized acoustic contact and shape of the controlled
object. In general, there are two approaches of SAFT
algorithm implementation. Such algorithms can be
based on the calculation in the time domain or in the
frequency domain (Stepinski, 2007b). The time-
domain or delay-and-sum algorithms represent more
common approach in ultrasonic imaging and pre-
suppose division of the imaging volume into the
voxels and calculation of the delay time related to
each voxel (Doctor et al., 1986).

The ultrasonic imaging via the time-domain al-
gorithms in the case of contact ultrasonic testing
where the ultrasonic transducer is placed directly on

the testing object is straightforward. However, im-
mersion ultrasonic testing or wedges application is
more complex as the phenomenon of ultrasonic
waves refraction on the interfaces is to be taken into
consideration (Kvasnikov et al., 2013; Rougeron et
al., 2014)

The frequency-domain algorithms enable higher
computation speed in comparison with delay-and-
sum imaging algorithms (Langenberg et al., 1986).
The first ones are based on the application of the
Fast Fourier Transform. In general, imaging in the
frequency-domain can be performed by the applica-
tion of Phase Shift Migration approach or via the
Stolt transform. Utilization of Stolt transform is
more computationally efficient whereas the imaging
via Phase Shift Migration can be efficiently per-
formed in the case of velocity variations in imaging
geometry which takes place in immersion ultrasonic
testing (Skjelvareid et al., 2011). However, the ultra-
sonic imaging of the specimens with nonplanar sur-
faces through Phase Shift Migration cannot be uti-
lized directly. In this regard, Phase Shift Migration
approach requires modifications. For this reason,
Lukomski (2014) introduced the Non-Stationary
Phase Shift Migration Algorithm for the frequency-
domain imaging of complex-shaped objects. How-
ever, in this algorithm, the iterative procedure is
implemented which requires the direct and inverse
Fast Fourier Transform on every loop of algorithm
operation. This fact strongly impacts the computa-
tional speed.

However, algorithms based on SAFT have not
been introduced in relation to ultrasonic inspections
of automated systems based on six DOF robotic
manipulators so far. Nowadays the application of
such approach is limited only by medical applica-
tions. The capability of SAFT is studied for the 3D
model of knee joint determination for the needs of
robotic knee arthroplasty. Kerr et al. (2016) and Kerr
et al. (2017) demonstrated that application of robotic
testing systems and SAFT enables provision of accu-
rate models. Their precision is close to the one of the
models obtained via Computer Tomography which
is the most common technique in robotic knee ar-
throplasty nowadays. Nevertheless, in this case,
imaging occurs in a homogeneous media and does
not comprehensively meet all the requirements of
robotic ultrasonic testing.

In this paper, we introduce the imaging algo-
rithm based on SAFT principles for robotic ultrason-
ic testing systems application to metal castings test-
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ing. It incorporates all the features related to such
equipment usage.

2. MATERIALS AND METHODS

2.1 Synthetic aperture focusing technique
implementation for the robotic ultasonic testing
system

The most appropriate approach for the SAFT
algorithm implementation for the automated
testing system based on 6 DOF robotic manipu-
lators was chosen taking into consideration the
features of the testing conditions. The imaging
should take place with the respect of the curved
surface of the testing specimen and presence of
the areas with various acoustical properties in
the testing geometry (immersion liquid and test-
ing object). Further, changing of the ultrasonic
probe orientation during scanning should be
taken into account in the algorithm. In this case
application of time-domain approach is more
appropriate. It is conditioned by the fact that the
complex-shaped surface of the testing object
does not allow to use frequency-domain calcula-
tion effectively. Another important advantage is
the time-domain algorithms transferring to par-
allel computing units (CUDA, FPGA) which is
important for further development of the con-
sidered approach (Amaro et al., 2015; Martin-
Arguedas et al., 2012).

The general idea of time-domain imaging is
the splitting of the imaging area into the voxels
and calculation of the time required for ultra-
sound propagation from the probe to the voxel
and back. In the case automated robotic systems
it is necessary to perform volumetric ultrasonic
imaging. The data available from the electronic
unit after scanning includes A-scans, the target
point coordinates in the base coordinate system
of the robotic manipulator (xr, yr, zr) and the
rotation angles of ultrasonic probe around the Z-
axis (angle a), around the Y- axis (angle ) and
around the X-axis (angle y). Figure 1 represents
the imaging geometry in the single scanning
position. The center of the ultrasonic probe is
located in point A in such a way that its acoustic
axis is perpendicular to the plane around the
target point O and crosses this point. B is the
point on the interface between the water and the
testing object where the refraction takes place
and the shortest propagation time between the

ultrasonic transducer and the current voxel is
reached (according to the Fermat principle).

A(0, 0, -zy)

Fig. 1. The imaging geometry of ultrasonic imaging in the single
position of the probe.

Considering that the target point is the origin of
the coordinate system it can be supposed that the
position of the probe center (point A) can be de-
scribed via the coordinates (0;0;-zo). The determina-
tion of two-way travel time between the voxel in
imaging volume (point C(x,y,z)) and ultrasonic
transducer can be done in the following way:

e ®

G C,

where: ¢, C; - the velocity of the ultrasonic waves in
the water and in the testing specimen (longitudinal
waves) respectively.

Due to the fact that the coordinates of the current
voxel and the center of the transducer are known it is
necessary to determine the coordinates (xi,y1,z1) of
the refraction point B which is situated on the sur-
face of the specimen. For this purpose the following
function can be introduced:

a(x',y'z) =|v, -V )

where: \7r - the normalized vector, which describes
the propagation of the ray refracted on the point
B’(x’,y’,z’) on the surface of the specimen, V' - the

normalized  vector which  connects points
B’(x’,y’,z’) and C(x,y,z) (figure 2).
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A(0, 0, zy)

Fig. 2. Vectors V. and V'

The normalized vector V, can be found via the

Snell‘s law in vector form:

Z[NX(—N_X\?.)]—N\/l—[%j (Nx,)-(N x¥,)
3)

where: V, - the normalized vector describing the

propagation of the incident ray, N - the unitary
normal vector to the surface in point B’.

In this case, the aim of finding the coordinates of
the refraction point B, which corresponds to the
specific voxel, is to solve the minimization problem
of the function &x’,y’,2"):

(xl,yl,zl)zarlglmin[ﬁ(x', y'-zl):| 4

It is possible to solve this task by application of
the numerical methods, e.g. the coordinate descent
method.

For determining the imagery in the single posi-
tion, the described approach should be implemented
to all voxels in the imaging volume. In order to take
the total imagery of the volume of interest, it is nec-
essary to make a summation of partial imagery ob-
tained for various positions of the ultrasonic trans-
ducer. For this purpose, the coordinates which de-
scribe each voxel should be transformed to the base
coordinates system of the robotic manipulator:

X, X\ (X .
Yo |= nyz Y+ Yt ( )
Zb zZ ZT

where: Ry, - the rotation matrix, which can be ob-
tained via multiplication of the rotation matrixes
along each of the axis:

cosa —sina 0
=RR/R, =|sina cosa O |x
0 o 1 (6)
cospg 0 sing 1 0 0
0 1 0 |[x|0 cosy -siny
-sing 0 cospg) \0 siny cosy

Xyz

Determination of partial imagery in the base co-
ordinates of the robot for all positions of the ultra-
sonic transducer allows obtaining the total imagery
of the testing object:

N
| iotar = 21: li(%» Yo Z5) (7

It is possible to solve this task by application of
the numerical methods, e.g. the coordinate descent
method.

2.2 The robotic ultrasonic system description

The current automated ultrasonic testing system
consists of the six DOF robotic manipulator, the
immersion bath, and the control cabinet (figure 3).

Fig. 3. The current robotic system (1 — robotic manipulator, 2 —
immersion bath, 3 — control cabinet).

The robotic manipulator KUKA KR 10 1100
SIX ensures the movement of the ultrasonic probe
during the testing. Six-axis construction of the robot-
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ic manipulator allows to perform scanning via the
complex trajectory with the respect to the curved
surface of testing specimen. The control cabinet
includes the electronic unit, robot controller KR4,
uninterruptible power supply unit, control desk and
the computer. During testing the specimen is placed
in the immersion bath filled with water. The average
scanning speed is 74 mm per second. However, it
heavily depends on the shape of the specimen.

Building-up the necessary scanning trajectory
requires the CAD and STL model of the specimen as
well as the calibration procedure aimed at determi-
nation of the specimen position with respect to the
robotic manipulator. The calibration procedure im-
plies determination of the coordinates of specific
points of the specimen (corners or artificial tags).
For this purpose, the special tool is used which con-
tacts with the points on the testing specimen. Ob-
tained coordinates are juxtaposed with the STL
model of the specimen and translation and rotation
parameters can be determined.

For creation of the scanning trajectory, the Cim-
Station software is used. For this purpose, the mod-
els of the immersion bath, robotic manipulator, and
the controlled object are needed to be uploaded to
the software workspace. Location of the testing
specimen is defined with the respect of the parame-
ters obtained via the calibration procedure. In the
CimStation software the conditions related to the
ultrasonic echo-signals registration procedure are set
including selection of the surface to be scanned and
the scanning grid parameters. Furthermore, the tra-
jectory is verified for the possibility of the robotic
manipulator to reach every point of the scanning
grid and the lack of collisions. The ultrasonic data
sampling is carried out via the electronic unit.

3. EXPERIMENTAL SETUP

The suggested algorithm was implemented in
Matlab R2017b. The input data for the algorithm is
the set of A-scans, coordinates of the target points
on the testing specimens and the orientation angles
of the ultrasonic probe in each position.

The verification procedure of the suggested al-
gorithm was conducted through the computer simu-
lations as well as via the in situ experiments. The
computer simulation application is aimed at testing
the impact of the specimen’s curvature on the sug-
gested algorithm performance. The input raw ultra-
sonic data was generated by the application of CIVA
2016 software. It is a powerful and versatile tool

which allows varying the types of applied probes
and curvature of controlled objects (figure 4) (Ma-
haut et al., 2009).

Fig. 4. The testing specimen with the flaws location in
simulations.

The simulations were performed for testing the
specimen’s radius variation. In total for testing four
curvature radii of 100, 150, 200 and 250 mm were
considered for the specimens. In all the cases the
side drilled holes are placed as presented in figure 4.
As the ultrasonic probe, the 2.25 MHz ultrasonic
transducer with 6 mm diameter of piezoelement was
used. Scanning took place with the step of 1 mm
along the X-axis. In each position, the ultrasonic
transducer was oriented perpendicular to the surface
of the testing object.

Testing of the algorithm’s performance by appli-
cation of the in situ experimental data was conduct-
ed in two stages. The aim of the first stage is to
demonstrate the ability of the suggested algorithm to
make three-dimensional imaging and check the reso-
lution which can be obtained via the algorithm ap-
plication. During this stage, the algorithm perfor-
mance was tested for the steel cast plane block imag-
ing where seven flat bottom holes with the diameter
of 4 mm were drilled. The dimensions of the speci-
men as well as the positions of the flaws are present-
ed in figure 5. The ultrasonic data registration took
place according to the grid which provided the dis-
tance of 1 mm between the closest sampling points;
it covers the whole area of the testing specimen sur-
face.

The second stage is aimed at the evaluation of
the suggested algorithm performance for the objects
with nonplanar surfaces imaging. For this purpose,
the steel cast cylindrical specimen was used. This
testing object contains three side-drilled holes with
the diameter of 4 mm (figure 6). The scanning grid
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covers thirty degrees of the cylinder surface diame-
ter in the radial direction. The distance between two
neighboring sampling points was 1 mm along the X-
axis.

15

s :
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3

Fig. 5. The dimensions of the plane testing object with the
flaws location.
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Fig. 6. The dimensions of the cylindrical testing object with the
flaws location.

During both stages of verification, the ultrasonic
transducer with the central frequency of 2.25 MHz
and 6 mm in diameter was used for data sampling.

2. RESULTS AND DISCUSSION

Figure 7 presents the results of the algorithm
implementation to the simulated ultrasonic data for
the various curvature of the testing specimens. All of
the results are normalized to the maximum value and
amplified by 20 dB.

In order to evaluate the obtained results the Ar-
ray Performance Indicator criterion can be used
(Guarneri et al., 2015). It is calculated for each of
the flaws individually and can be expressed via the
following relation:

API =—S;15;B, (8)
where: S.sds - the area where the amplitude of point-
spread function exceeds the -6 dB threshold of the
local maximum, cm?, A - the wavelength of the
sound inside the controlled object, cm.

| S e . . e D e S D Dl . S

b).

d):
Fig. 7. The results of algorithm implementation to the raw
simulated ultrasonic data: (a) Radius of the specimen is 100

mm; (b) Radius of the specimen is 150 mm; (c) Radius of the
specimen is 200 mm; (d) Radius of the specimen is 250 mm.

The results of API for the flaws are presented in
table 1 and figure 8.

Table 1. API for the flaws in the specimens.

API

R=100 | R=150 | R=200 | R=250
A 1.98 1.97 1.99 1.99
B 2.05 2.03 2.07 2.10
C 2.01 2.07 2.09 2.06
D 2.08 2.06 2.04 2.11

Flaw
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Fig. 8. API for the flaws in the specimens.

The results obtained via the computer simula-
tions reveal that precise and accurate imaging of the
flaws was obtained for all considered radii of the
testing specimen by the application of the suggested
algorithm. The algorithm performance analysis
through the determination of flaws’ API demon-
strates that these values lie within the close range
from 1.97 to 2.11. This validates the ability of the
suggested algorithm to make effective ultrasonic
imaging of the testing objects with various curva-
tures of the surface.

The results obtained via the computer simula-
tions were verified through the in situ experiment.
Figure 9 presents the volumetric result obtained for
the steel block whereas figure 10 demonstrates the
C-scan of this result.

Fig. 9. The steel block volumetric imagery obtained via the
suggested algorithm implementation.

40 60

®
0
0

%] 0 280 260 240 220 200 180 160 140 120 100 a0 60 40 20 0

Fig. 10. The C-scan of the obtained volumetric result of the
algorithm implementation.

Having analysed the data presented in figures 9
and 10 it is possible to conclude that application of
the algorithm allowed to separate all the flaws in the
imagery. This corresponds to the theoretical lateral
resolution of Synthetic Aperture Focusing Tech-
nique which is limited by the half of the ultrasonic
transducer diameter. In our case, this value is 3 mm.

However, the case of the plane block does not
provide the exhaustive evaluation of the suggested
algorithm performance. Thus, the secondary study
was conducted with the cylindrical specimen. In
figure 11 the results of the cylinder specimen imag-
ing are presented.

The obtained results for the cylinrical specimen
demonstrate the ability of the suggested algorithm to
take into account the specific features of the robotic
ultrasonic system which include the presence of the
immersion liquid layer and change of the ultrasonic
probe orientation during scanning. This conditions
the ability of the algorithm to make precise and ac-
curate imaging of complex-shaped objects during
testing.

Fig. 11. The results of the suggested algorithm implementation
in the cylinder specimen imaging.

5. CONCLUSIONS

In this paper, the algorithm of the ultrasonic im-
aging algorithm for the robotic ultrasonic testing
system based on six DOF robotic manipulators is
proposed. The suggested algorithm takes into ac-
count all the features related to the application of
such systems including the curved surfaces of the
testing specimens, the presence of the media with
different acoustical properties and changes of the
transducer orientation during scanning. The suggest-
ed algorithm performance was studied in relation to
in the framework of metal castings ultrasonic imag-
ing. This study encompassed application of the
computer simulations and conducting the in situ
experiments. The computer simulation objective was
to verify the algorithm effectiveness for the varying
curvature of the testing specimen. According to the
obtained results and performed ultrasonic imagery
analysis, no correlation between the algorithm per-
formance and the curvature of the testing specimen
was revealed. The in situ experiments objective was
to verify the results obtained via the computer simu-
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lations. For this purpose, the ultrasonic imaging of
two specimens with different shapes was performed.
The accurate and precise imagery of both specimens
demonstrates the efficiency of practical implementa-
tion of the suggested algorithm.

The obtained results will serve as the basis for
further research and development which can be mul-
tipurpose. The suggested algorithm acceleration via
its transfer onto parallel computer units (CUDA,
FPGA) is to be considered. Furthermore, the algo-
rithm adaptation for the phased arrays application is
be studied as it enables to improve the quality of
testing results and reduce the inspection time when
applying this type of ultrasonic transducers.
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ALGORYTM OBRAZUJACY DLA
ULTRADZWIEKOWYCH BADAN
METALOWYCH ODLEWOW
WYKORZYSTUJACY AUTOMATYCZNY
SYSTEM TESTUJACY Z MANIPULATORAMI
0O SZESCIU STOPNIACH SWOBODY

Streszczenie

Powierzchnie o skomplikowanym ksztalcie sa jednym z wyzwan
przy ultradzwiekowym badaniu metalowych odlewow. To wy-
zwanie spowodowalo wzrost zainteresowania automatycznymi
systemami badawczymi wykorzystujacymi roboty manipulatory
o szeSciu stopniach swobody. To zainteresowanie wynika z
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mozliwosci tych robotéw w zakresie ultradzwigkowego skano-
wania z duza predkoscia zakrzywionych powierzchni. Wysoka
wiarygodno$¢ wynikow moze zosta¢ osiagnigta przez zastoso-
wanie algorytméw obrazujacych wykorzystujacych syntetyczna
technike skupiania przystony (ang. Synthetic Aperture Focusing
Technique SAFT). Takie podej$cie pozwalito na otrzymanie
wysokiej rozdzielczo$ci obrazu wewnetrznej struktury badanego
obiektu przy obnizonym poziomie szuméw, ktore pojawiaja si¢
w przypadku czgso spotykanych gruboziarnistych struktur od-
lewow. W niniejszym artykule opisano nowy algorytm dla
automatycznego systemu badan ultradzwickowych wykorzystu-
jacego roboty manipulatory o szesciu stopniach swobody. Moz-
liwosci algorytmu zostaty zweryfikowane przez wykonane
numeryczne symulacje w oprogramowaniu CIVA 2016 oraz
przez do$wiadczenia in situ. Wyniki dla wszystkich analizowa-
nych przypadkow potwierdzily, ze analizowany algorytm obra-
zUjacy pozwala uzyskac precyzyjny obraz wewnetrznej struktu-
ry probek o roznych krzywiznach powierzchni. Uzyskane wyni-
ki potwierdzily efektywno$¢ algorytmu i mozliwos¢ jego zasto-
sowania w warunkach przemyystowych.
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