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ABSTRACT
This study introduces a novel data acquisition method, the

Selective Matrix Capture (SMC), that can adapt the array ge-
ometry during data acquisition, to the demands of the inspected
structure, such as the defects encountered. The adaptive data
acquisition method is enabled by the use of Laser Induced
Phased Arrays (LIPAs). We have previously demonstrated high-
resolution ultrasonic images of the interior of components us-
ing Full Matrix Capture (FMC) and the Total Focusing Method
(TFM). However, capturing the FMC requires long synthesis
time due to signal averaging and mechanical laser scanning,
compromising the application potential of LIPAs. Given that
most components are defect free, significant time savings can be
obtained by only acquiring high-fidelity data when a defect is in-
dicated. The paper presents the Selective Matrix Capture that
acquires data more efficiently without a priori knowledge of the
location of the defects, while still achieving the superior imaging
quality provided by an FMC data set.

INTRODUCTION
The majority of challenges for NDE today stem from the in-

creased use of advanced materials and advanced processes that
push the performance limits to extremes. NDE techniques are
required that can cope with extreme environments (high temper-
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ature / radioactive), restricted access (inside engines or though
access ports), and complex geometries. To answer this chal-
lenge, the aim of this study is to develop ultrasonic phased arrays
for fast and efficient remote ultrasonic imaging, which can be
deployed on real and challenging processes, environments and
components. In order to achieve this goal this study proposes a
new approach to data acquisition for phased arrays. In this ap-
proach we adapt the array to the demands of the inspected struc-
ture, on the fly. The means to achieve this adaptive approach to
phased arrays is Laser Induced Phased Arrays (LIPAs) [1] and
the method we are introducing is the Selective Matrix Capture
(SMC).

Laser ultrasonics generate and detect ultrasound by means of
lasers and LIPAs are based on this principle. In a LIPA, the array
is synthesized in post processing by recording laser ultrasound
data from multiple generation and detection points on the sur-
face of a component. The focusing and steering of the ultrasonic
beam is done by means of an imaging algorithm. The advantage
is that laser ultrasonics is a remote and couplant free technique
addressing the current NDE challenges of inspection of complex
structures and under extreme environments. Previously LIPA in-
spection has been performed on addivitively manufactured com-
ponents [2, 3], demonstrating potential of in-process inspection.
In addition, LIPAs provide superior ultrasonic imaging perfor-
mance over conventional laser ultrasonic techniques because of
the beam forming that is done in post processing, while oper-
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ating in the non-ablative, non-destructive regime. LIPAs have
elements made of light and they are highly re-configurable with
respect to element number and position, unlike their transducer-
based counterparts. We have previously demonstrated high-
resolution ultrasonic images of the interior of components us-
ing the Full Matrix Capture (FMC) data acquisition method and
the Total Focusing Method (TFM) as imaging algorithm [1, 4].
However, capturing the FMC requires long synthesis time due
to signal averaging and mechanical laser scanning, compromis-
ing the application potential of LIPAs. Given that most compo-
nents are defect free, significant time savings can be obtained by
only acquiring high-fidelity data when a defect is indicated. The
paper presents the SMC data acquisition method that captures
data more efficiently without a priori knowledge of the location
of the defects, while still achieving the superior imaging quality
provided by an FMC data set.

BACKGROUND IN LASER ULTRASONICS
In Laser Ultrasonics (LU), ultrasonic generation is per-

formed by illuminating the surface of a component with a fo-
cused laser beam of a pulsed laser. This causes a small part of the
sample to heat and expand. In turn this creates ultrasound waves,
both bulk and surface. The case of laser ultrasonic generation
in metals is studied in this paper, where the absorption of light
takes place at the thin electromagnetic skin depth, which is of the
order of nanometers [5]. In this case and at the nondestructive,
thermoelastic regime, shear waves are more efficiently produced
than longitudinal waves [6] and this is the reason for choosing to
demonstrate SMC using this ultrasonic wave mode. The ultra-
sonic directivity pattern for laser generated shear waves in alu-
minum is shown in fig. 1(a) and has its maximum at θ = ±30o.
The laser ultrasonic detector used in this study was sensitive to
the out-of-plane ultrasonic component and fig. 1(b) shows the
sensitivity of the detector to shear waves as a function of wave
angle.

LASER INDUCED PHASED ARRAYS AND THE FULL
MATRIX CAPTURE

In LIPAs the arrays are synthesized in post processing based
on principles of laser ultrasonics. One laser for ultrasonic gen-
eration and one laser for ultrasonic detection are scanned over
the surface of the inspected structure, corresponding to send and
receive array element positions, and signals are collected at each
generation-detection position. When signals are captured for ev-
ery generation and detection element combination then the Full
Matrix is captured [7]. This is the FMC data acquisition method
and it has previously been demonstrated with LIPAs [1]. The
advantages of capturing the Full Matrix is that a wide range of
imaging algorithms can be used to post process the data.

The mechanical scanning required for data collection and

FIGURE 1. DIAGRAM OF (a) LASER GENERATED ULTRA-
SOUND DIRECTIVITY PATTERN AND (b) SENSITIVITY PAT-
TERN OF OUT-OF-PLANE COMPONENT DETECTOR FOR
SHEAR WAVES IN ALUMINUM AS A FUNCTION OF ANGLE.

synthesis of the LIPA elements gives them the ability to recon-
figure the LIPA characteristics such as element number, pitch
and distribution, without changing hardware, as is the case with
transducer based phased arrays. One major disadvantage of LI-
PAs is the time required for scanning and this is more promi-
nent when the FMC data collection method is followed. The
data acquisition time is a particularly important barrier when
considering applications such as in-process NDE. However, a
closer look at the information of each element of the Full Ma-
trix makes an interesting point: some elements of the matrix are
more information-rich than others and contribute to signal, while
others only contribute to noise. This is because some elements
of the array have minimal ultrasonic propagation towards the
defect location, consequently minimal signal will be detected,
while other array elements generate ultrasound directly towards
the defect location and their signal is information-rich (see fig.
2). This becomes evident when considering the ultrasonic direc-
tivity and sensitivity patterns, discussed in the previous section.
Figure 2(b) depicts an example of a Full Matrix with color coded
elements corresponding to the amount they contribute to signal
or noise for the case of a defect located below the array center
of a LIPA. If the location of the defect were known, then an ap-
propriate selection of which array elements of the LIPA to scan
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FIGURE 2. (a) DEPICTION OF DEFECT DETECTION CAPA-
BILITIES DEPENDING ON WHERE GENERATION AND DETEC-
TION ARE PERFORMED RELATIVE TO DEFECT LOCATION. (b)
EXAMPLE REPRESENTATION OF NUMBER OF INFORMATION
RICH A-SCAN SIGNALS (GREEN) AND REDUNDANT SIGNALS
THAT ONLY CONTAIN NOISE (GRAY), IN A FULL MATRIX DATA
SET.

would be possible with a subsequent reduction in data acquisi-
tion time and data volume. However in most cases in NDE, the
location of the defects is unknown.

THE SELECTIVE MATRIX CAPTURE
The SMC is a data acquisition method that aims to collect

information-rich signals of the Full Matrix, avoiding collection
of signals that only contribute to noise [8]. It consists of two
stages (fig. 3): (a) the defect detection stage and (b) the defect
characterization stage. The first stage is an initial rapid scan with
very few elements and large pitch. This stage is an iterative pro-
cess, continuously acquiring data, with each iteration using the
FMC data acquisition with elements with equidistant pitch, un-
til the location of defects or the lack thereof, can be decisively
stated. This provides an image with poor quality due to the low
volume of data captured. However, this image is sufficient to give
an indication as to where the defects are located. If there are no
defects present in the sample, the process ends here, after a rapid

FIGURE 3. OUTLINE OF THE ADAPTIVE DATA ACQUISITION
METHOD, SELECTIVE MATRIX CAPTURE, AS A FLOWCHART.

FIGURE 4. ARRAY LAYOUT OPTIMIZED FOR DEFECT CHAR-
ACTERIZATION, WITH GENERATION AND DETECTION APER-
TURES SHOWN AT THEIR RESPECTIVE ANGLES OF MAXI-
MUM DIRECTIVITY (θG) AND SENSITIVITY (θD)

scan. The second stage is performed if a defect or defects are
located. In this case the locations of subsequent elements are cal-
culated such that maximum sensitivity is achieved based on the
direcitivity and sensitivity patterns as per (fig. 1), thus only cap-
turing data with meaningful information. The diagram shown on
(fig. 4), illustrates the typical layout of the optimized array, with
the independent generation and detection arrays centered at their
respective angles of maximum direcitivity and sensitivity. After
the data collection, the TFM imaging algorithm is performed in
order to produce images using the acquired data sets.
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(a) (b) (c)

FIGURE 5. (a) SIDE-VIEW PHOTO OF THE SAMPLE WITH WHITE DASHED LINES INDICATING THE CROSS SECTIONAL AREA IN-
SPECTED IN THIS STUDY; (b) DIAGRAM OF SAMPLE (SIDE VIEW); (c) PHOTO OF THE ROUGH SURFACE SCANNED DURING INSPEC-
TION (TOP VIEW).

IMAGING ALGORITHMS
The TFM was the imaging algorithm used in this study. It

is a delay-and-sum algorithm that time-shifts and sums signals
appropriately for each imaging pixel, synthetically focusing ev-
erywhere on the image [7]. An additional post-processing stage
was introduced to the imaging algorithm, to improve image qual-
ity: a Vector Coherence Factor (VCF) [9]. The VCF is a variation
of Phase Coherence Imaging (PCI) [9] and measures the coher-
ence of phase through the aperture at any given pixel. The result
is significant reduction of the effects of grating lobes and random
noise because their contribution to any pixel will be incoherent,
leading to low phase-coherence [10].

Additionally digital filtering was also carried out on the ac-
quired A-scan signals, prior to applying the imaging algorithm.
The same filter parameters were used for all images produced
in this study for better comparability. These consisted of a Gaus-
sian filter-shape at a center frequency of 6 MHz with 100% band-
width.

SAMPLE AND EXPERIMENTAL SETUP
An aluminum sample was used in this study with dimensions

49× 90 × 20 mm. The sample had one side drilled hole (SDH)
of 1 mm diameter, located 15 mm below the scanned surface
(see fig. 5). The LIPA was synthesized with the array center
located directly above the SDH. The surface of sample was a
rough machined surface (see fig. 5(b)).

The experimental setup is depicted in fig. 6. The generation

laser was a Nd:YAG pulsed laser with pulse width of 8 ns and
1064 nm wavelength. Its repetition rate was 1 KHz and the av-
erage power was 600 mW, as measured in front of the sample,
corresponding to 0.6 mJ per pulse. The laser beam was focused
by means of a cylindrical lens to a line of approx. 1.5 mm length
and 0.25 mm width. The ultrasonic generation laser beam was
directed and scanned on the sample using a galvanometer mir-
ror with incidence angle range approx. 7◦-19◦ from the surface
normal.

A rough surface interferometer (Quartet, Sound & Bright)
was used to detect the ultrasonic signal, measuring out-of-plane
displacement. The interferometer had a power of 780 mW as
measured in front of the sample and uses a CW 532 nm Nd:YAG
laser, focused to a <0.15 mm diameter spot, aligned with the
middle of the ultrasonic generation line source, at incidence an-
gle normal to the surface. The ultrasonic detection laser beam
was scanned on the surface of the sample using a linear scanning
stage.

COMPARISON: FMC AND SMC
The sample was scanned twice, once following the FMC

data acquisition method and once following the SMC data ac-
quisition method.

For FMC, the synthesized LIPA had 193 elements with
0.155 mm pitch and the signals were averaged 32 times. The
FMC data acquisition time was 41 min and the number of sig-
nals captured were (1932=) 37,249 (see Table 1).
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TABLE 1. DATA ACQUISITION COMPARISON: FMC AND SMC

Elements Pitch (mm) Signals Acq. Time (min) Data Size (MB)

FMC 193 0.155 37,249 41 100.55

SMC Stage 1 10/15/30 3/2/1 1,225 2

SMC Stage 2 46 0.155 2,116 2.5

SMC Total Variable Variable 3341 4.5 5.88

FIGURE 6. EXPERIMENTAL SETUP USED IN THE STUDY,
WITH 4 COMPONENTS HIGHLIGHTED: ULTRASONIC GENER-
ATION LASER, DETECTION LASER, SCANNING STAGE AND
SCANNING MIRROR.

For SMC, all signals were also averaged 32 times. The 1st

stage of SMC comprised of 3 iterations, successively synthesiz-
ing a LIPA with equidistant elements, using: 1st iter.) 10 ele-
ments and 3 mm pitch, 2nd iter.) 15 elements and 2 mm pitch,
3rd iter.) 30 elements and 1 mm pitch. The resultant images
were of low quality, however three iterations were sufficient for
locating the defect. Overall, this stage took approx. 2 min to
complete. For the 2nd stage, the inter-element spacing was made
equal to that of the FMC, specifically 0.155 mm. The new array
calculated for the 2nd stage is optimized for the defect’s location,
which is known from the iterative process, already carried out.
This array optimization process places the elements such that the
ultrasound waves are incident on the defect at the angle of highest
ultrasonic directivity and sensitivity (i.e.: for aluminum around
±30◦ and ±35◦ respectively) as previously shown on fig. 1. This
meant that the ultrasonic generation elements’ position were in-

(a)

(b)

FIGURE 7. TFM IMAGES OF SHEAR WAVES USING DATA
SETS ACQUIRED BY (a) FULL MATRIX CAPTURE AND (b) SE-
LECTIVE MATRIX CAPTURE. DIGITAL FILTERING AT 6 MHZ
CENTER FREQUENCY WAS APPLIED.

dependently located from the ultrasonic detection elements’ po-
sition.

The produced images from FMC and 2nd stage of SMC can
be seen in fig. 7. Figure 8 shows close-up images, a few mil-
limeters around the defect for each data acquisition method. An
overall SNR improvement was observed of 2 dB when compar-
ing the SMC image to that of the FMC.

An offset on the defect location can be seen between the two
images in figures 7 and 8. This change in location occurs due
to the fact that the center of the synthesized apertures of the two
LIPAs don’t coincide. When processing a Full Matrix data set,
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(a)

(b)

FIGURE 8. CLOSE UP TFM IMAGES OF FIG. 7 FROM (A) FMC
AND (B) SMC DATA SETS.

the defects can appear at any location on the image. In contrast,
the optimized array for defect characterization is centered around
the defect, due to the symmetrical generation and detection pat-
terns. As a result, the TFM image will show the defect position
directly bellow the centre of the optimized array. In this study, a
horizontal offset of less than 1 mm is observed, potentially due
to slight errors while calculating the defect location.

CONCLUSIONS
In this work the adaptive data acquisition method Selec-

tive Matrix Capture was demonstrated. The method optimizes

the phased array characteristics on-the-fly, during data acqui-
sition, with no a priori knowledge of the test object’s inner
features. This was achieved by using LIPAs, a remote, non-
contact, couplant-free inspection technique that has the capabil-
ities to change array parameters, including the number of array
elements, pitch, frequency and element distribution. In contrast
this is not possible using conventional, transducer-based phased
arrays, which are constrained by their fixed characteristics. By
changing the characteristics of LIPAs on-the-fly, the phased ar-
ray is optimized for the inspection system and the specifics of
the test sample including its inner features and defects present.
This technique acquires data more efficiently than other meth-
ods such as the Full Matrix Capture, while collecting the same
amount of information for regions that indicate the presence of
defect(s) and ignoring regions with no features. In this study, the
SMC is performed on an aluminum sample with a defect located
15 mm below the scan surface. Initially, the first stage was able
to locate the defect within 2 minutes, after three iterations, while
the second stage for characterization took another 2.5 minutes.
Overall this shows an improvement of 9 times in data acquisition
time compared to the FMC scan, which took 41 minutes. It was
observed that imaging quality was not compromised for SMC, in
fact an improvement of 2 dB in SNR was observed, while data
acquisition time and data size are significantly improved.
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