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Wire + Arc Additive Manufacture (WAAM) is an economical manufacturing technique to build compo-
nents. To maintain the commercial and technical benefits, inspection is desired at each layer of the build.
New conformable phased array roller-probes offer the potential to inspect the as-built sample in-process
or on completion.
A challenge with such inspections is the refraction of the ultrasonic waves at multiple interfaces. The

Synthetic Aperture Focusing Technique (SAFT) and Total Focusing Method (TFM), combined with Full
Matrix Capture (FMC) acquisition enabled imaging through the as-built WAAM surface. However,
single-element firings, associated with FMC are a limiting factor due to the lower energy at transmission,
while the high number of firings and subsequent larger data size negatively affect inspection speed.
This work introduces the concept of Virtual Source Aperture (VSA) for ultrasonic roller-probe inspec-

tion, through modelling of VSA on custom-designed calibration WAAM block. The concept is then demon-
strated on a mock as-built WAAM sample inspection with reference defects. The results demonstrate that
a markedly lower number of transmissions are required to match the performance of the FMC counter-
part while increasing the energy levels. Moreover, an almost 50% reduction in the data size enabled a
doubling of the inspection speed.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wire + Arc Additive Manufacturing (WAAM) is a directed
energy deposition (ded) process [1], gaining popularity in the pro-
duction of large complex metal components as seen in Fig. 1.
Industrial robotic manipulators control arc-based deposition
torches to lay the molten metal onto a substrate to achieve a
pre-defined shape and height of a component. WAAM technology
manifests its strengths of cost-effectiveness compared to subtrac-
tive machining from solid by achieving a significantly reduced
waste of excess material and increasing time efficiency while man-
ufacturing complex structures eliminating the need for assembly
[2].

While the process is capable of manufacturing parts without
any structural defects [4], flaws such as inclusion, porosity, and
lack of fusion defects may be created because of poor process
parameters or contaminated wire feedstock, which can impair
the structural integrity of the component [5]. Delamination defects
can be caused by insufficient remelting of the solids between lay-
ers. Cracks can also be created within the WAAM component,
either by unfavourable solidification conditions or at grain bound-
aries due to morphology differences [6].

Therefore, such defects should be detected through post-
deposition Non-Destructive Evaluation (NDE) inspections to
ensure the quality and fitness of the components for their intended
application.

NDE is frequently deployed for quality assessment and material
characterization of manufactured components, without affecting
their usability. The most common techniques employed for subsur-
face defect detection in additively manufactured metallic compo-
nents include ultrasound [7], X-Ray computed tomography [8],
eddy current [9], and thermography [10].

The sensitivity of ultrasonic testing to a range of defects of dif-
ferent shapes and sizes and its high-resolution imaging capabilities
have made it the preferred technique for NDE of welding [11] and
more recently additive manufacturing, especially WAAM [12–14].
The ultrasound wave is traditionally transmitted into the compo-
nent using a piezoelectric single element transducer [15] in direct
contact with the specimen and more recently through an ultra-
sound array [16], which features multiple piezoelectric elements
within a common housing. These Phased Array Ultrasound Testing
(PAUT) setups enabled volumetric imaging where the results can
be presented in two/three-dimensional images/models, while also
reducing the inspection time and increasing detection sensitivity
Fig. 1. A complex titanium WAAM component built using oscillation deposition
strategy [3] on a substrate plate.
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and accuracy [17]. Furthermore, differential time-delays between
the excitation of individual elements of PAUT probes are used to
steer and focus the beams into the desired locations where direct
contact is not possible [18].

There has been a growing interest among different industrial
sectors for incorporating automated NDE within their manufactur-
ing [19], and some promising novel solutions have emerged
through research and development for automated in-process PAUT
inspection of welds [20–23] to meet such demands. These
approaches are equally applicable for in-process inspection of
WAAM to integrate the NDE within the manufacturing process,
and hence, to gain evident benefits through cost-saving and
increased throughput.

For robotic deployment of an ultrasound sensor over a hot as-
built WAAM component, a novel dry-coupled high-temperature
ultrasound phased array roller-probe, depicted in Fig. 2, has been
developed [24]. The concept of the roller probe has also been uti-
lized for multi-pass welding [19,25]. The probe was composed of
a water-filled heat-resistant rotary tyre (1.1 MRayl) withstanding
temperatures up to 350�C. However, to improve the design to
achieve increased coupling pressure of the probe on a non-planar
surface of the as-built WAAM component, the liquid filler material
was replaced by a heat-resistant solid core (delay line) made of
Polyetherimide Polymer (3.1 MRayl). This modification ensured
that I) the probe is fully compliant with the components surface
variations at force, II) maximum possible ultrasonic energy is
transmitted into the component, and III) signal losses caused by
lack of contact with curved WAAM laterals are avoided.

The development of this roller-probe has created an additional
ultrasonic challenge. Since the acoustic wave generated by the
array on the WAAM roller-probe should traverse two structural
mediums with different acoustic properties (i.e. the solid delay line
and the deformable rubber tyre), the ultrasonic wave refracts at
two interfaces both the delay-line/tyre and the tyre/WAAM inter-
faces to enter the component.

To overcome these challenges during the inspection, the Full
Matrix Capture (FMC) data acquisition was deployed. Where, for
the N number of elements, raw data is stored in form of a full
Fig. 2. WAAM Roller-Probe and its constituent components.
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time-domain matrix of N2 A-scans, with each representing an
amplitude time sequence [26].

Subsequently, the refraction challenge was solved by ultra-
sound Delay-and-Sum (DAS) post-processing algorithms called
Total Focusing Method (TFM) & Synthetic Aperture Focusing Tech-
nique (SAFT) [27,28].

The SAFT algorithm reconstructs the curved profile of a WAAM
as-built surface using ultrasound imaging and measures the
changes to the rubber interface thickness caused by the force
applied to the component. This stage was adopted from a previous
investigation of SAFT immersion imaging applied for elementary
shape reconstruction [29]. The successfully reconstructed surface
is then utilized to compute the adaptive TFM image of the WAAM
interior. For this purpose, the algorithm performs a high accuracy
raytracing from the transducer’s exciting elements toward the
pixel through the three mediums and back to the receiving ele-
ments. The algorithm performance was assessed where it formed
a fully focused image of the WAAM interior and demonstrated suc-
cessful detection of lack of fusion defects with size 5 � 0.5 � 0.5
(width (X-axis of TFM frame), height (Y-axis of TFM frame), length
(along the scan and dimensions obtained from X-ray computed
tomography images) - axis) mm [26,30].

Despite the aforementioned benefits of TFM imaging, the
required FMC dataset that should be acquired for this imaging
method can suffer from the following downsides:

� The FMC data size is typically composed of A-scans for every
possible combination of transmitting and receiving elements,
resulting in a large single 3-D array. For example, the FMC data
acquired using a 64-element array has 4096 a-scans.

� Furthermore, the acquisition rate is also negatively affected,
which may not be suitable considering the inspection of a large
component at speed, where hundreds of data frames must be
stored along with the scan. This limitation may force lower
scanning speeds and may result in bottlenecks being introduced
from NDE into the overall build process.

� Additionally, the typical element pitch in an array transducer
may be only a fraction of a millimeter, therefore the signal
strength and the energy are often low in the inherent single ele-
ment excitation. This may be a limiting factor when inspecting
through a number of refractive and attenuative layers such as
those found within the roller-probe.

The desire to overcome these challenges drives the investiga-
tion of advanced acquisition methods. In this body of work, the
authors investigate the benefit of one such technique, called the
Virtual Source Aperture (VSA) technique with a combination of
the SAFT-TFM package. The goal is to I) enhance the signal strength
through increasing the transmitted wave energy that enters the
internal volume of the additive components, II) reduce the total
data size, and III) increase the maximum acquisition speed, all
while maintaining a similar Signal to Noise Ratio (SNR) as com-
pared to conventional FMC data acquisition and subsequent TFM
imaging.

Such utilization of phased array technology was first introduced
in medicine [31], however, the term VSA for NDE was then
invented by [32], and extended for ultrasound imaging through
refractive boundary [33]. The technique has since been also
adopted and optimized for immersion inspection of complex com-
ponents [34–36]. A significant reduction in the number of trans-
missions to match the SNR of FMC-based imaging was achieved
when deploying a 32-element sub-aperture.

Furthermore, an accurate surface mapping, with an error lower
than 0.1 mm to the true surface, was demonstrated [34,35]. Accu-
rate surface reconstruction has great significance for a precise focal
3

law calculation and optimal coverage of the signal within the spec-
imen [34,35,37].

The key strength of the VSA technique is that the data is
acquired by firing larger element groups or, sub-apertures, increas-
ing the insonification energy within the test piece. This can play a
significant role when considering the wave propagation through
the attenuative tyre and the delay line of the roller-probe.

In the VSA technique, the beam profile is formed from a virtual
point behind the array. Typically, the point is placed above the cen-
tre of the sub-aperture with a height equal to the distance from the
first element to the centre of the sub-aperture [31]. The sub-
aperture is then excited by applying individual delays to its ele-
ment within forming the desired beam profile. The transmitted
wavefront from each sub-aperture reflects from any acoustic impe-
dance discontinuities and is received by the entire array aperture,
resulting in a matrix of A-scans similar to convectional FMC, but
significantly smaller in size. Subsequently, the TFM image is com-
puted using the VSA data through the DAS approach in the same
manner as applied to FMC data with the difference that the trans-
mit locations corresponding to the centre of transmitting sub-
apertures are used for the raytracing computations.

In this work, the SAFT-TFM imaging was adapted for processing
of the alternative VSA acquisition technique and the applicability
of the new approach was investigated via simulation of dry-
coupled roller-probe inspection of WAAM with subsequent exper-
imental verification on a custom-designed reference WAAM block
with Side Drilled Hole defects (SDH). These cylindrical SDH reflec-
tors are best suited for simulation of inclusions such as keyholes of
lack of fusion defects [23], and the use of SDH also enables the
establishment of calibration procedures or evaluation of novel
inspection techniques.

Moreover, the performance of the technique was evaluated on
an inspection through an as-built WAAM surface, also with SDH
reflectors, where at first the ability to reconstruct a WAAM inter-
face is analyzed by comparison to a reference optical scan of the
specimen and the reconstruction using a classical FMC acquisition.
This is followed by a comparative analysis of VSA-TFM and FMC-
TFM techniques on WAAM interior imaging capabilities and
performances.

Finally, the advantages of the technique are summarized and
demonstrated on a mock roller-probe WAAM inspection
application.
2. Virtual source aperture technique (VSA-TFM)

2.1. VSA data acquisition

In the VSA technique, the phased array transducer elements are
excited in groups with transmission delay laws creating a Virtual
Source (VS) above the actual physical aperture. In this work, the
virtual point has defined the radius of the arc for the wavefront,
as seen in Fig. 3.

Since the VS was a simulated position of the center of the arc
from which the beam profile was created, the actual transmission
happened by delaying the individual elements in the firing sub-
aperture. This delay can be calculated by subtracting the vertical
path (h) from the path to each element within the sub-aperture.
Therefore, these delays are given by:

dvsp ¼ d
v1

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xrx � xvð Þ2 þ yv2

q
� h

v1
ð1Þ

Where the dvsp is the delay value calculated for each firing ele-
ment of the sub-aperture, h is the arc radius from which the delays
were calculated, v1 is the velocity of the first medium where the



Fig. 3. Diagram illustrating how the virtual source transmission is created by
applying delays to the elements of a sub-aperture of 6.
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wave propagates, and xrx xv and yv are the x coordinates of the fir-
ing element and virtual source, and y coordinate of the virtual
source, respectively. Once the delays are calculated for the first
sub-aperture, they can also be used for the subsequent sub-
apertures. This is because the same beam profile is retained as
the sub-aperture is shifted across the full aperture of the array
by 1 element increments.

2.2. VSA – Total focusing technique

Following the data acquisition, the imaging was accomplished
using a TFM algorithm optimized for focusing through three media.
To this end, the time of flight (ToF) ðT Tvð ÞÞ from the virtual source
(xv , yv) towards the pixel (xp; yp) with consideration of the refrac-
tion at two interfaces (xi1; yi1) and (xi2; yi2), as also illustrated in
Fig. 4, were calculated through:

TðTvÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � xvð Þ2 þ yi � yvð Þ2

q
v1

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi2 � xið Þ2 þ yi2 � yið Þ2

q
v2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xp � xi2
� �2 þ yp � yi2

� �2q
v3

ð2Þ
Fig. 4. Diagram illustrating a raytracing for ToF calculations between a virtual source tr
carried out through three media noting the refractions on planar (delay-line/tyre) and n

4

And the ToF ðTðRÞÞ for the return journey from the pixel to a sin-
gle receiving element was given by:

TðRÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi1 � xrð Þ2 þ yi1 � yrð Þ2

q
v1

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi2 � xi1ð Þ2 þ yi2 � yi1ð Þ2

q
v2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xp � xi2
� �2 þ yp � yi2

� �2q
v3

ð3Þ

Given the transmit and receive ToFs calculated through Equa-
tions (2) and (3), the signal intensity at a pixel A(PVSA) resulting
from all transmit-receive combinations can be expressed as:

A PVSAð Þ ¼
XNV

i¼1

XNe

j¼1

Ri;j TTV ið Þ þ TR jð Þ � h
v1

� �
ð4Þ

Where A(PVSA) is the pixel amplitude summed from signals Ri;j,
for every transmit-receive combination. The signals were selected
according to a timestamp calculated as a sum of the two journeys
between I) VS sub-aperture to pixel (TTv ið Þ) and II) pixel to receive
element ðTR jð ÞÞ. Since the wave was generated by the physical
transducer sub-aperture and not the hypothetical VS position
above the aperture, it was important to subtract the ToF for the
height (h) from the calculated ToF within the first medium.

The refraction occurring at the interfaces, as illustrated in Fig. 4,
was obtained using Snell’s law where the refraction angle hr was
derived from the angle of incidence hi and velocities v1;2 as follows:

sin hr ¼ sin hi
v1

� v2 ð3Þ

And further details of the ray tracing algorithm can be found in
[28].

Additionally, the quadrature technique was utilized [38,39] to
compute the image envelope; hence, improving the final image
quality. Consequently, two real and imaginary images were pro-
duced from the raw VSA A-scan dataset, and then, were integrated
to build the enveloped image. The first image (i.e. the real part) was
ðIðk;lÞÞ, with a point index ðk; lÞ, and ðI0ðk;lÞÞ is the second image (i.e.
the imaginary part) obtained through a Hilbert transform of the
raw VSA data set. Therefore, the final image with the envelope fea-
ture Ienvelope could be computed through:
ansmitting sub-aperture, a target pixel, and a receiving element. The ray tracing is
on-planar (tyre/WAAM) interfaces.
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Ienvelope ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðIðk;lÞÞ2 þ ðI0ðk;lÞÞ2

q
ð5Þ

This approach applied to TFM imaging opened the possibility to
compute the frames using a coarser pixel grid size. The results are
images that are obtained at a faster pace, but without the loss of
signal intensity as compared to simpler TFM variations [39].

Finally, all the images in this work were presented on the dB
scale, thus the image values Iamp norm were normalized values
obtained from the logarithmic function (6) where the image ampli-
tude Iamp was divided by the maximum amplitude found in the
image Iamp max.
Iamp norm ¼ 20� log10

�
Iamp

Iamp max

�
ð6Þ
2.3. Ultrasound surface profile reconstruction (VSA-SAFT)

The roller-probe was dry-coupled to the as-built, commonly
irregular, the surface of the WAAM upper surface at some addi-
tional applied force for better coupling quality. This introduced
some variability in the rubber thickness and its adaptation to the
curvature as the force changes. Therefore, these changes must be
measured to ensure that the surface profile is accounted for and
that more accurate focusing is achieved for the interior image of
WAAM.

The soft rubber tyre takes the shape of the WAAM surface pro-
file under applied pressure. On that account, the region within the
rubber must be imaged to reconstruct the profile of the tyre/
WAAM interface and the WAAM surface contour. To do so, a
dual-medium (i.e., delay line and Tyre) algorithm that was origi-
nally developed for FMC-SAFT imaging [27] was adapted to process
the VSA data. A dual-medium DAS SAFT algorithm with angular
aperture limit can be expressed by:
ArubberðPÞ ¼
XNV

i¼1

Xjmax

jmin

Ri;j TRV ðiÞ þ TRðjÞ � h
v1

� �
ð7Þ

where the receive sub-aperture was limited by predefined rang-
ing from an angle jmin ¼ �a to angle jmax ¼ a to obtain an amplitude
response to the pixel ArubberðPÞ from a total number of N virtual
source excitations (V). This restriction of the contributing receive
Fig. 5. Diagram illustrating the phased array elements contributing to the pixel of
the SAFT image targeting the tyre/WAAM interface and limited by the angle range
of -a to..a

5

elements was illustrated in Fig. 5. The ToFs (TTv=RÞ were calculated
in the coordinate system (x, y) using a velocity of the first v1 and
second medium v2 and was given by:

TðTvÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi1 � xvð Þ2 þ yi1 � yvð Þ2

q
v1

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xp � xp
� �2 þ yp � yi1

� �2q
v2

ð8Þ

TðRÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi1 � xtð Þ2 þ yi1 � ytð Þ2

q
v1

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xp � xi1
� �2 þ yp � yi1

� �2q
v2

ð9Þ

Where the xi1, xv , xp xt and yi1 yv ; yp; yt are the x and y coordi-
nates of the virtual source, interception location at the 1st inter-
face, the pixel’s location and the receiving element, respectively.

2.4. Ultrasonic-driven WAAM surface profile extraction

Based on the VSA-SAFT surface image, the global thresholding-
based algorithm was used to extract Tyre/WAAM interface points
[27]. The algorithm was designed to sweep through the image
column-by-column while selecting points with the highest signal
amplitudes respecting the predefined acceptance/rejection crite-
rion, which in work was set as the minimum amplitude threshold.
In the rare cases where two instances of maximum signal ampli-
tudes were observed within a single image column, the algorithm
selects pixels located closer to the array as also in practice, the
interface was expected to be closer to the array. The algorithm
was also designed to skip the columns not containing any pixels
that match the acceptance criteria. The curve obtained from this
selection process, representing the WAAM contour, was smoothed
using polynomial regression to avoid spikes and stored as a 4th
polynomial order curve.

2.5. Full matric capture-based imaging

In this work, the FMC-TFMwas formed by the summation of the
signals at each pixel A(PFMC) from every combination of transmit-
ting and receiving elements. Therefore, the algorithm was given
by:

A PFMCð Þ ¼
XN
i¼1

XN
j¼1

Ri;j TT ið Þ þ TR jð Þ
� � ð10Þ

The ultrasonic wave was emitted by a single element and
received by all the array elements, while propagating through
three media towards the pixel. Therefore, Equation 3 was used to
calculate the ToF for both TTandTR.

The same methodology presented in [27] was also applied for
FMC-based surface profile extraction, to solve refraction at inter-
faces and to form a final image.

3. Experimental method

3.1. Reference test specimen

For the initial stage, a custom-designed WAAM calibration sam-
ple (Block A), shown in Fig. 6, was chosen for the model-based and
experimental work presented in this paper.

Ti-6Al-4 V (Ti-64) Block A was built using a plasma arc deposi-
tion process with a parallel deposition strategy [40] where 3
straight beads were deposited next to each other in the same direc-
tion. The deposition process parameters are summarized in Table 1.
The molten pool formed beneath the deposition torch was pro-
tected from oxidation using a local shielding device continuously
supplying argon gas onto the hot titanium at a rate of 110 l/minute.
Even and odd layers of the components were deposited in opposite



Fig. 6. Calibration titanium WAAM block (Block A).

Table 1
Deposition Parameters of Reference Test Specimen.

Region Current
[Amps]

Travel speed (mm/
s)

Wire feed speed (m/
min)

Outer 2
beads

180.0 3.6 2.3

Core bead 180.0 3.6 2.0

Fig. 7. Simulation setup in the CIVA interface.

Table 2
Attenuation data.

Material Attenuation (dB/mm) Acoustic velocity (m/s)

Delay line 0.5 2480
Rubber 1.9 1006
Calibration WAAM 0.09 6300
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directions to prevent the material from being overbuilt forming
bumps at the start edge.

Once the component was completely deposited, a step-shaped
section, depicted in Fig. 6, was machined out of the WAAM. The
inspection was carried out by phased array ultrasound testing to
assure no substantial defects were present in Block A.

Subsequently, reference reflectors in the shape of flat bottom
holes, intended for other studies, and a wide depth range of Side
Drilled Holes (SDH) of 1.0 mm in diameter were introduced using
an electro-discharge-machining process.

The SDH defects, marked in the red rectangle (Fig. 6), were used
to evaluate the performance of the VSA throughout the simulation
and experimental work. These 4 selected SDHs vary in depth, rang-
ing between 6.0 and 15.0 mm, with a 6.0 mm spacing between
them.

3.2. Simulation of the virtual source aperture versus full matrix
capture

Initially, a simulation was conducted to compare the quality of
images constructed from the VSA data and the FMC-based ones.
The simulation was conducted in the CIVA (EXTENDE, 2020) soft-
ware application which has proven effective for modelling and val-
idating ultrasonic inspection results in various scenarios [41,42].
The inspection parameters such as delay line, rubber thickness
and PAUT were chosen to be identical to the planned experimental
roller-probe inspection scenario. The roller-probe was modelled as
a phased array transducer placed on a 26 mm thick delay line and a
6 mm thick rubber interface as seen in Fig. 7. The defects selected
for the simulation corresponded to the SDH defects presented in
Block A in section 3.1 and marked in Fig. 6. To minimize discrepan-
cies between the real and simulated material properties, the veloc-
ity and the attenuation properties of different components were
considered in the model. These values were obtained through a
pulse-echo measurement of the individual components of the
roller-probe, including the delay line and the rubber, and the tita-
nium WAAM test specimen at the frequency of 5 MHz in a direc-
6

tion matching the inspection scenario. Table 2 summarizes the
measured values used in the simulation. The ultrasonic wave inter-
actions with all interfaces and reflectors were enabled in the model
for the most accurate simulation of the real-world inspection sce-
nario despite the computational expenses caused by this.

A MATLAB script was generated to calculate delays for individ-
ual elements within the VSA sub-aperture, according to Equation 1
explained in Section 2.1., and then the delays were imported into
the CIVA as the VSA beamforming is not integrated by default
within CIVA. The velocities were assigned to different domains
according to the measured values presented in Table 2. Elements
were excited at a frequency of 5 MHz with a Hanning signal and
50% bandwidth at �6 dB. A sampling frequency of 50 MHz was
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used for the acquisition. Once the simulation was completed, the
raw data matrix was exported and processed in MATLAB
(R2021a) using the algorithms developed and explained in Sections
2.1 and 2.3.
Fig. 8. Experimental setup showing a KUKA robot, array controller and the WAAM
roller-probe.
3.3. Experimental inspection hardware setup

The ultrasonic roller-probe, used during the experiments, was
based on a 5 MHz 64-element linear array with specifications pre-
sented in Table 3. The array was enclosed in a rotary tyre and
acoustically coupled to a solid delay line, which line was used as
a central core of the roller-probe transmitting the ultrasound wave
from the array transducer into the coupling tyre. The acoustic
velocities for the delay line and rubber are seen in Table 2. To
achieve a smooth frictionless rolling of the roller-probe, a liquid
coupling gel was used to fill the roller-probe.

The ultrasound roller-probe was mounted on a KUKA KR-90
robot allowing for precise delivery and positioning of the sensor
on the WAAM component for data collection. A Force/Torque sen-
sor (FTN-GAMMA-IP65 SI-130–10, Schunk, max. z-axis force
130 N) was employed to connect the roller-probe to the robot as
seen on Fig. 8. The sensor was interfaced with the rest of the
robotic control package [19] for continuous force/torque measure-
ment and real-time adjustments to the robot pose for keeping a
constant applied force on the component. Provided that, a steady
force of 100 N was applied to the WAAM specimen during the
inspection. The data were acquired using an LTPA array controller
(PEAK NDT, Derby UK) mounted on the robotic arm itself.
3.4. Experimental data acquisition and processing

The 16-bit FMC and VSA data were acquired with a sampling
frequency of 50 MHz. The excitation voltage was set to 200 V
and the duration of the excitation pulse was 100 ns. All data was
recorded with a receiver hardware gain of 50 dB.

The VSA sub-aperture used throughout the experiment was
kept constant at 32 elements with an increment of 1 element form-
ing a total of 33 firings per set of VSA data. The size of the sub-
aperture used in this work was found to be the best performing
configuration as indicated by [34,35]. With the 33 sub-apertures
transmitting and all elements receiving, a total of 64 � 33 A-
scans were stored, each containing 3000 samples. The number of
samples was enough for each A-scan to reach below the expected
imaging window. The FMC data used for comparison was acquired
using a full aperture of 64 elements, thus, forming a matrix of
64 � 64 A-scans, each 3000 samples long.

The SAFT surface identification was formed on an image with 10
pixels per image mm, therefore, a pixel grid size of 320 � 30 pixels.
The TFM images were formed using 6 pixels per/mm where the
adaptive TFM image was formed as a grid with the size of
132 � 156 pixels and images formed for the calibration (machined)
sample were set to a grid of 192 � 72 pixels.
Table 3
PAUT parameters.

Array Parameters Value

Element Count 64
Element Pitch 0.5 mm
Element Elevation 10 mm
Element Spacing 0.1 mm
Centre Frequency 5 MHz
Element Material 1 – 3 Piezocomposite
Manufacturer Imasonic (France)
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4. Results and discussion

4.1. Evaluation of VSA on a calibration titanium WAAM sample
through a machined surface using a modelling approach and
experiment

First, the application of the VSA was investigated via SDH
defects inspection modelling through the machined surface of
the Block A. Fig. 9 (a, b) show the results of the inspection simula-
tion based on the FMC and VSA datasets, respectively. Each image
was plotted on a �20 dB scale with respect to the image maximum
value.

Clear indications for four 1.0 mm SDH reflectors could be
observed in both model-based images of Fig. 9 (a, b). The VSA-
TFM image was plotted after normalizing it with respect to the
maximum of the FMC-TFM image. The results showed an increased
maximum signal amplitude by up to 2.3 dB observed for the VSA
image where 33 excitations of the 32 element sub-aperture were
taken place.

The same approach to normalizing and scaling the images was
applied to the experimental inspection images seen in Fig. 9 (c, d).
Similar to the simulation case, the experimental VSA-TFM image
showed an increase of up to 1.8 dB in the maximum amplitude
as compared to the FMC-TFM. However, this increase was accom-
panied by a higher noise level in the near-surface region. The near-
surface noise was not present in the simulation results as the noise
could only be introduced at the imaging stage as speckle noise in
CIVA and not in the form of scattering A-scan noise on the FMC
& VSA raw data. Provided that the imaging process was carried
out in MATLAB 2020a and did not have the possibility of introduc-
ing the noise to FMC and VSA raw data, the simulation images were
formed noise-free.

Furthermore, comparing the SDH defect amplitudes obtained
from VSA and FMC data, Fig. 10 (a, b) display 2 plots where the
maximum image intensities in dB along the vertical axis in the
simulation and experiment are extracted, respectively. There was
a good agreement between the maximum amplitudes of the two
plots corresponding to simulations and experiments. The differ-
ence between retrieved peak amplitudes, from all SDH, by FMC-
TFM and VSA-TFM, are summarized in Table 4. The values in the
Table confirmed the energy strength retrieved from the reflectors



Fig. 9. TFM imaging results based on the simulated (a) FMC and (b) VSA data sets as
well as experimental (c) FMC, and (d) VSA data. Fig. 10. Plots showing maximum vertical intensities of the defects in VSA-TFM and

FMC-TFM images obtained through (a) simulation and (b) experiment.
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was higher by up to 2.5 dB in the simulation and 2.7 dB in the
experiment when using the VSA aperture. The lowest amplitude
increase was achieved for the near-surface SDH of only 0.8 dB for
simulation and 1.8 dB in the experiment while the same increase
was observed for the 12 mm deep defect. In general, the maximum
amplitude levels and the amplitude differences observed between
the VSA and FMC plots in the simulation were consistent for all
four defects and correlate well to the VSA and FMC experimental
amplitude discrepancies.

Moreover, a similar SNR of approximately 20 dB was achieved
by both FMC and VSA-based imaging approaches, which compli-
mented the goals of this work. As can be seen from Fig. 10, the
noise baseline for the simulations was lower which is the result
of noise-free raw data used in the imaging.
4.2. Evaluation of VSA on WAAM inspection through as-built surface

4.2.1. As-built WAAM sample
After successful verification of the proposed VSA technique on

inspection through the machined surface, the experiments were
also carried out through an as-built surface of a manufactured Ti-
64 WAAM wall (Block B).
8

Block B, depicted in Fig. 11, was built using a plasma arc WAAM
process, where each layer approximately 35 mm wide was depos-
ited by a single oscillating bead [43]. Five layers were deposited to
the height of approximately 15 mm for this component.

The evaluation of the VSA technique was conducted by inspec-
tion of Block B containing three SDH defects with 1.0 mm in diam-
eter. The holes were drilled approximately 20 mm deep into the
sample while each SDH was placed directly 5 mm below the peak
of the surface contour.
4.2.2. Investigation of virtual source aperture data for surface
reconstruction

In this section, the application of VSA data for ultrasound sur-
face reconstruction was evaluated. The results were compared
with the FMC-SAFT surface reconstruction approach and a true sur-
face of the WAAM obtained via a non-contact metrology laser scan,
performed using a laser profiler with a vertical accuracy of 12 lm
[44].

The SAFT angle limitation that was applied to FMC-SAFT, as
described in the background section 2.2.1, was set to -a = ±7.5�
as reported in [27]. These limits were changed for the receiving
elements of the VSA-SAFT to ± 5�, where tighter limits were found



Table 4
Signal strength of individual SDH in the Block A.

DefectDepth
(mm)

FMC-
Modelling
(dB)

VSA
Modelling
(dB)

FMC
Experiment
(dB)

VSA
Experiment
(dB)

6.0 � 0.7 0.1 0 + 1.8
9.0 0 + 2.3 � 0.9 + 1.3

12.0 �3.5 + 0.9 � 3.5 � 1.7
15.0 �9.1 �6.4 � 7.3 � 4.8

Fig. 11. Titanium WAAM sample with 1 mm SDH used for experimental work
through the as-built surface.
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to perform more accurately. The surface finding amplitude thresh-
old was found to adequately filter noise when set to �10 dB from
the maximum, for FMC-SAFT and�15 dB for VSA-SAFT. The surface
images were plotted in a 0 to �30 dB scale where the features are
best represented with the noise largely omitted in the image.

Pixels with the highest amplitude were identified in each col-
umn of the image as a point representing the surface profile as
can be seen in Fig. 12. A curve was fitted through the pixels with
maximum amplitudes in each FMC-SAFT and VSA-SAFT image rep-
resenting the non-planar WAAM upper surface. There are also two
distinct indications from the tyre/air interface at the two corners of
the tyre/WAAM interface where the contact with the WAAM sur-
face ends. These indications are stronger in amplitude due to the
larger impedance mismatch of rubber and air; hence easily identi-
fiable. In light of this, the part of the curve contained between
Fig. 12. Surface reconstruction images
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these two corner indications can be readily extracted and used
for WAAM interior TFM imaging in the later sections.

Comparing the two profiles reconstructed by FMC-SAFT and
VSA-SAFT to a laser reference scan, a strong agreement between
the 3 curves was observed in Fig. 13 (a).

However, to accurately measure the deviation (error) Daverage of
the FMC-SAFT and VSA-SAFT estimated surfaces with reference to
the true surface, the estimation error for each of the two tech-
niques can be calculated through:

Daverage ¼ 1
p

Xp¼n

p¼1

jSpOpt � SpUT j ð10Þ

Where the SpOpt and SpUT are the y-axis surface points obtained by
the laser and the ultrasound technique, respectively, and n
(n = 300) is the total number of points p. The comparison was only
made on the segment of the surface where both curves coexisted.

Fig. 13 (b) shows an error distribution along the X-axis when
comparing the curve to the true surface. By averaging the error
between a VSA-SAFT to the true surface using Equation 10, the
Daverage was calculated to be 0.0481 mm while the FMC-SAFT
showed a slightly lower Daverage of 0.042 mm.

However, in both cases, the average error was less than a quar-
ter of the wavelength (k = 0.2 mm) in the second (rubber) medium
at the selected frequency. This was a crucial finding as an error
value larger than a quarter of the wavelength could have a detri-
mental effect on the final TFM image summation causing a phase
difference larger than p/2 [34].
4.2.3. Evaluation of the VSA-TFM imaging on the as-built WAAM
component with 1 mm SDH defects.

After the successful surface profile detection, they were fac-
tored in the TFM algorithm to form the fully focused interior
: (a) FMC-SAFT and (b) VSA-SAFT.



Fig. 13. Assessing the surface reconstruction accuracy of VSA-SAFT and FMC-SAFT as compared to the optical scan results.
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WAAM images through both VSA-TFM and FMC-TFM as illustrated
in Fig. 14 (a, b), respectively. The FMC-TFM and VSA-TFMwere nor-
malized to the maximum of the VSA-TFM signal corresponding to a
centre SDH reflector. Both images were presented on a dB scale
ranging between the maximum amplitude of the centre reflector
and �20 dB of this amplitude. This enabled focusing the analysis
on the signal retrieved from the SDH reflectors rather than a sub-
surface noise level present in the images. Since the maximum sig-
nal intensity from the subsurface noise was found stronger than
the amplitude of the centre SDH, in both images, a large portion
of the surface signal was seen saturated due to its presence above
the dB scale threshold.

The reference FMC-TFM, showed clear indications from the
three SDHs, with a peak amplitude at �4.7 dB, however, the SDH
on the right-hand side of the image had a weaker signal amplitude,
at �9.1 dB, as compared to the rest of them. The VSA-TFM image
was presented in Fig. 14 (a). All three defects were detectable in
the image with comparably equal strength, ranging between �
4.8 dB and �7.5 dB, from all three reflectors. However, the subsur-
face noise was stronger as well, which was the result of increased
UT beam energy in the VSA and thus the stronger reflections at the
tyre/WAAM interface.

Following the visual analysis of the images, Fig. 15 was plotted
to show the signal intensity map of the SDH defects along the hor-
izontal axis created from a region 4 mm beneath the surface reflec-
tions to the depth of a baseplate interface (15 mm below the
surface). To analyze and compare the signal strength retrieved
from this region, the FMC-TFM plot was renormalized to a maxi-
mum of the defect region in VSA-TFM. This facilitated the compar-
ison of the signal strength retrieved from all the SDH defects to the
detected peak.

A balanced SNR of approximately 18 dB was achieved for the
defects located at the center and left in the FMC-TFM image while
the defect on the right-hand side showed an SNR of around 15 dB.
A similar level of SNR at approximately 20 dB for the centre defect
and 18 dB for the left-hand side defect was observed in the VSA-
TFM image, however, in contrast to the previous case, the defect
on the right also displayed the SNR level of 18 dB. Table 5 shows
the signal levels of SDHs in both VSA and FMC based TFM images
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where higher peak signals were achieved in the VSA-TFM by
2.55 dB, 4.69 dB and 6.42 dB for left, center and right SDHs, respec-
tively. It is worth noting, that the naturally occurring material
noise levels have increased as well without negatively affecting
the SNR.

Additionally, the images in Fig. 14 displayed a back wall echo of
Block B and a near-wall reflection that creates a characteristic dead
zone limiting the detectability of defects near the surface. A stron-
ger surface signal zone was visible in the VSA-TFM image reaching
approximately 3.5 mm, while for the FMC-TFM image this area
produces less interference for the defect signals as it shrinks to
around 2 mm in depth and mostly concentrates in the corners.

4.3. Benefits of the VSA-TFM imaging for inspection automation

Once ultrasound arrays were considered for automated inspec-
tions, one should be aware of the data frame rates as these can dic-
tate the inspection speed. The maximum theoretical frame rate is
constrained by the acquisition time, which is given by the number
of excitations (sub-apertures), the time it takes for the ultrasonic
wave to propagate through the 3 media (2 media inside the
roller-probe + inspectedWAAM) or a time of the wave decay below
to a sufficiently low level. Since the material properties, and hence,
the wave propagation time of flights is constant, the number of
excitations and receptions can be reduced to increase the frame
rate. Therefore, employing the VSA acquisition offers a significant
advantage over the conventional FMC data acquisition owing to
the reduced number of excitations required in the VSA. During
the experimental work, the acquisition speed of the VSA was
observed to be almost twice the speed of the FMC data acquisition.
Furthermore, the VSA frame data size of 13.3 MB had seen a reduc-
tion of almost 37% in the TFM frame size of 21.3 MB. The data in
this work were stored in.mat file format.

In this paper, the data was acquired using a program developed
within the LabVIEW environment. During the experiment, the
frame rates of 3.1 Hz and 1.6 Hz were achieved by the VSA and
the FMC, respectively. Therefore, in an example WAAM wall
inspection scenario where the sample is 2 m long and post-
deposition robotic inspection is carried out using a stable scanning



Fig. 14. (a) VSA-TFM and (b) FMC-TFM images capturing the interior of the Block B
with 3 SDHs.

Fig. 15. Plot showing the maximum horizontal intensity of the SDH defects
indications in VSA-TFM (blue) and FMC-TFM (orange) images.

Table 5
Signal strength of the SDHs in Block B.

Defect position FMC Experiment (dB) VSA Experiment (dB)

left �5.06 �2.51
centre �4.69 0
right � 9.12 �2.7
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speed of 10 mm/s, the VSA technique would enable the system to
collect almost twice as the number of frames as collected by the
FMC during the inspection, summarized in Table 6. This also
implied that an increased frame density could be achieved through
VSA while using the same scan speed, which is critical in terms of
enhancing the detection probability.

To realize the largest inspection increment size (resolution)
required during an automated scan and yet sufficiently fine to
not skip/lose any subsurface defects, a simulation, presented in
Fig. 16, was conducted to show the width of the ultrasound beam
transmitted into the WAAM. The beam width was measured using
the 6 dB drop method [45] from the maximum beam amplitude to
be 8.4 mm for the roller-probe configuration during the inspection
of titanium WAAM (simulation parameters explained in section
4.2). This focal width indicated the longest allowable distance
between two consecutive frames that would have still provided
full coverage of the WAAM interior with an ultrasound beam dur-
ing the robotic scan. To maintain a frame density of approximately
4 mm, considering a sufficient overlap, Table 7 showed a possibil-
ity to double the inspection speed as compared to FMC data acqui-
sition, where the inspection speed would be also significantly
reduced to almost a half as well. This improvement reaching close
to 50% in scanning speed could result in a significantly reduced
time of inspection and therefore, simplified NDT integration into
the built process.

The imaging stage was integrated and implemented in MATLAB
2020a. The processing time was evaluated on setup with two
Intel Xeon 6482R processors with a clock speed of 3 GHz and
192 GB of Random-Access Memory. The elapsed time for the SAFT
algorithm to estimate the surface contour was 1.8 s since the focal
laws were pre-loaded into the system. The full adaptive TFM algo-
rithm for both VSA-TFM and FMC-TFM was measured to be 131 s.
Since the complex ray-path searching calculations were computed
using MATLAB and were not optimized for speed using advanced
programing on for example GPU, the speed of the image computa-
tion was not of concern for this work.
5. Conclusions & Future work

5.1. Conclusions

This paper presents an adaptation and deployment of a raw
data acquisition called virtual source aperture technique, evalu-
ated with a post-processing algorithm package based on SAFT sur-
face reconstruction and three-layer adaptive TFM imaging for a dry
coupled roller-probe inspection of as-built WAAM components.

The applicability of the VSA was first evaluated by simulation
and experimental validation of a typical inspection performed on
a custom-designed Ti-64 calibration WAAM block. The comparison
Table 6
Comparison of inspection parameters achieved by VSA and FMC.

Method Frames/
WAAM at 10 mm/s

Frames/
mm

VSA 620 6.2
FMC 320 3.2



Fig. 16. Simulation of the beam profile in inspection travel direction, providing
information about a beam coverage.

Table 7
Comparison of inspection parameters achieved by VSA and FMC.

Method Max. scanning speed (mm/s) Time of Inspection (seconds)

VSA 12.4 161.3
FMC 6.4 312.5
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of simulation and experiment confirmed the increase in energy
levels enabled by VSA to be at least 0.8 dB and 1.5 dB respectively
within the WAAM component with comparable SNR levels.

Furthermore, the experimental mock inspection of an as-built
WAAM sample through its non-planar surface was conducted to
demonstrate the potential to reconstruct the surface using VSA
and subsequently, compute a precise interior image of the wall.
The experimental work was conducted on aWAAMwall with three
1.0 mm SDH reflectors.

During the inspection, an accurate VSA-SAFT surface estimation
was obtained, in a close match to FMC-SAFT-based reconstruction.
Comparing the derived surface profile with that measured by a
laser scanner demonstrated an accuracy better than the required
threshold of k/4.

Using an obtained surface profile, the interior image was com-
puted, showing successfully detected SDH defects with an
increased signal strength of up to 6.42 dB as compared to the
FMC-based TFM image. While comparable overall SNR levels were
achieved, the VSA-TFM image achieved significantly higher SNR for
the defect on the right of the center as compared to its FMC
counterpart.

Lastly, it can be concluded that the VSA in combination with the
SAFT-TFM imaging package offers the potential to reduce the data
size by 37.5 %, due to a markedly lower number of transmissions,
while also increasing the potential inspection speed by 48% when
compared to the previously reported FMC-TFM approach. While
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the imaging performance is similar, the advantage of the speed
and data size reduction can simplify the integration of the inspec-
tion during the build process.
5.2. Future work

Future work includes integration of the approach to a WAAM
manufacturing environment and evaluating the performance of
the VSA on in-process inspection of WAAM components, built
using various deposition strategies and materials and at speed.
Additionally, research work involves the evaluation of the tech-
nique for inspection of naturally occurring defects such as delam-
ination, crack, keyholes, or lack of fusion or porosity. This would be
conducted in various WAAM scenarios and it may include curtail-
ing the roller-probe’s geometrical configuration (including PAUT)
according to the research needs. Further, the authors aim to inves-
tigate the application of the technique on samples at elevated tem-
peratures and develop compensation algorithms accordingly.
Lastly, the authors aim to optimize the algorithms for fast image
processing to fully enable the advantages provided by the VSA
technique.
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