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Abstract – Laser-induced ultrasonic measurement is a non-contact non-destructive technology that can be
employed for the testing and assessment of surface defects. In order to improve the correct identification of
defects, the full matrix capture (FMC) and total focusing method (TFM) are applied on the imaging process.
FMC data includes A-scans resulting from the combination of all measurement axes defined by the sequential
generation and detection of utilized laser beams in the system. In this paper, an aluminium block with four holes
whose diameters range from 1 mm to 2.5 mm is assessed through B-scans, the synthetic aperture focusing
technique (SAFT) and FMC/TFM. The results demonstrate that the FMC/TFM technology can significantly
improve the imaging quality and signal-to-noise ratio (SNR). In addition, this method has higher lateral
resolution and larger imaging range compared with traditional B-scans.
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1 Introduction

Surface defects are the most common damage forms in
materials, such as fatigue cracks on rail surfaces and
micro-cracks on the surfaces of metal containers. These
defects are shallow and small in size at the beginning (gener-
ally less than 1 mm) and are not easy to detect, but will
gradually deepen and become larger with usage, potentially
causing serious accidents. Therefore, the detection of such
surface defects is of great significance in aviation, aerospace
and machinery industries amongst other fields [1, 2].
Rayleigh waves propagate along the surface with low atten-
uation and their energy is manly concentrated within the
depth of one wavelength, thus giving the possibility of scan-
ning a large area at a time [3, 4]. This technique is suitable
for the detection of surface defects and is more accurate than
penetrant testing using liquids or dyes and safer compared
to radiographic testing. As a result, Rayleigh waves offer
the potential for the detection of surface and subsurface
defects. When Rayleigh waves interact with defects, part
of the propagated waves will be transmitted and reflected,
that is subsequently used for the defects visualization and
depth analysis [5].

Traditional surface defect detection techniques mainly
use monolithic wedge transducers to induce and receive

Rayleigh waves. The transducers have a large beam profile
that limits the accuracy for small defect detection and
significantly limits the off-axis detection capabilities of
defects due to the low signal-to-noise ratio (SNR). In view
of these limitations, array transducers have been used with
a wedge whose angle is equal to the third critical angle to
improve the sensitivity and range of detection, but this
method limits the imaging area directly below the wedge
and requires a series of time delays to realize the deflection
of the acoustic beam [6]. In recent years, the full matrix
capture (FMC) using total focusing method (TFM) has
been applied to accurately characterize surface defects as
shown in Figure 1, in addition to imaging outside the wedge
area without complex control [7, 8]. However, all the
methods require simple geometry wedge-coupled samples
and have significant limitation in detecting complex struc-
tures. Additionally, the attenuation within the wedge and
the leaky loss of Rayleigh waves impose further detection
limitations especially for high frequency signals [9].

In order to overcome the problems mentioned above,
laser-induced ultrasound can be used for surface defect
detection. For applications in non-destructive evaluation,
ultrasonic waves are generated by laser irradiation based
on the thermo-elastic effect, while laser interferometry is
used for detection. Compared to traditional piezoelectric
and electrical vibration measurement methods, there is no
requirement to use wedges, which in turn facilitates large*Corresponding author: zoulimin@hit.edu.cn
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area scanning and avoids the limitations imposed due to
high frequency signals. Moreover, laser-induced ultrasound
can detect vibration signals in many harsh environments,
such as high temperature, pressure and radiation as well
as strong corrosion [10, 11]. Nonetheless, the detection effi-
ciency and robustness are still the main obstacles for wide
application of laser-induced ultrasonic technology. In view
of this, strategies of laser-induced ultrasonic phased array
technology have been proposed. Some use multiple optical
fibers with variable length to generate phased-array laser
beams [12], others synthesizes laser ultrasonic array to image
the internal defects [13, 14]. However, most of the research of
laser-induced ultrasonic phased array technology has been
limited to longitudinal waves, to the authors’ knowledge,
this technique has not been used for surface defect detection.

In this paper, we present laser-induced ultrasonic phased
array measurements based on FMC/TFM technology for
the assessment of surface defects by the usage of Rayleigh
waves. The utilization of a laser-induced ultrasonic phased
array technology avoided the effect of coupling on detection,
amajor deficiency of traditional array detection. In addition,
the synthetic aperture focusing technique (SAFT) combined
with B-scans has also been used to surface flaw imaging.
First, the principles of FMC/TFM using a laser-induced
ultrasonic array to image surface defects are described.
Then, we introduce the experimental design and the results
from an aluminium block with drilled holes whose diameters
range from 1 mm to 2.5 mm. Finally, the discussion and
conclusions are presented. The usage of laser-induced ultra-
sonic array and FMC/TFM imaging technology offers a
good solution for surface defect detection, and may reach a
wide application in non-destructive area.

2 The principles of FMC/TFM

Similar to SAFT, FMC/TFM utilizes synthetic aper-
tures to improve the detection resolution and the system
SNR. The key difference is on the data acquisition approach.
To be specific, FMC data includes A-scans from all the
transmitted and received components obtained by the
sequential excitation and response of the array elements.
However, SAFT data is acquired by the generation and
detection of each element which is equivalent to B-scans.
Thus, the FMC/TFM method may be regarded as an
improvement of the SAFT approach.

Assuming that the number of array elements is N, the
FMC can be described as follows. Full matrix data acquisi-
tion includes ultrasonic emissions of N elements, where each
is sequentially excited as shown in Figure 2a. When the ith
element generates an ultrasonic signal, all the elements
receive the A-scan signals of echo data Sij (i = 1, 2, . . .,
N; j = 1, 2, . . ., N) simultaneously, so the full matrix data
{Sij} of N � N can be obtained as shown in Figure 2b.
The advantages of FMC is that most conventional phased
array ultrasonic detections can be achieved by applying
specific post-processing algorithms to matrix data.

In order to adapt FMC for laser-induced ultrasonic
array, the laser is moved to induce Rayleigh waves in all

directions at the array positions in sequence. When a
surface defect is encountered along the propagation path,
Rayleigh waves will scatter and the detection interferome-
ter is used to scan across array positions along x-axis to col-
lect scattering signals. Following, the full matrix of N � N
can be acquired, where N is the number of array positions,
as described in Figure 3, and the data of Sjj (j = 1, 2, . . ., N)
can be used for SAFT imaging.

Unlike phased arrays, the delay or focus scheme is not
required in FMC, instead the image reconstruction algo-
rithm is used for total focusing. The TFM is considered as
the reference standard in phased array imaging [15]. For
full-matrix imaging, the region of interest is identified and
then discretized into grid points Pi(xp, yp) at an appropriate
resolution, for instance half of the acoustic wavelength. The
amplitude of sound pressure at any point in the region of
interest is considered as the contribution of acoustic waves
transmitted by different array elements. To be specific, the
acoustic amplitude A(xp,yp) at point Pi(xp, yp) can be
expressed by:

A xp; yp
� � ¼ XN

i¼1

XN
j¼1

Sij tij xp; yp
� �� �

; ð1Þ

Figure 1. Schematic view of surface defects imaging based on
FMC/TFM using array transducers with a wedge.

Figure 2. (a) The principle of FMC. Every element is excited
sequentially, while all elements receiving A-scan signals of the
echo data. (b) The full matrix data {Sij} of N � N.
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where tij is the propagation time of Rayleigh waves from
element i through point Pi(xp, yp) to element j and
tij(xp,yp) is given by:

tij xp; yp
� � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � xp
� �2 þ y � yp

� �2q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xj � xp
� �2 þ y � yp

� �2q
cR

: ð2Þ

It may be seen from Figure 3 that Gi(xi, y) is the ith emis-
sion position, and Dj(xj, y) is the jth detection position;
Equation (1) represents the acoustic pressure at point
Pi(xp, yp). Therefore, the amplitude at each point in the
region of interest can be obtained to image any surface
defects present.

3 Experiment and discussion
3.1 Rayleigh wave experiment

The aluminum block used for laser-induced ultrasonic
measurements is a thin plate. Rayleigh or Lamb waves
can be generated in the plate, while the velocity of these
waves being similar. In order to verify what kind of waves
are measured, a wedge aluminum block with different thick-
ness was constructed. The schematic diagram of the testing
block is shown in Figure 4.

The utilized laser was an infrared Nd:YAG (INNOLAS
SpitLight 500) generating 8 ns duration pulses at 1064 nm
with a repetition rate of 20 Hz and an energy of approxi-
mately 100 mJ. The spot size of laser is 6 mm and an adjus-
table aperture was used for adjusting the diameter of the
laser beam in order to change the laser energy. After being
focused by a convex lens, the laser was directed towards
the surface of sample and induced ultrasonic signals along
the y direction, which were detected by a two-wave mixing
interferometer (Bossa Nova TEMPO-2D) operating at
532 nm. The detecting beam was focused to a 75 lm

diameter spot. The interferometer used an array receiver
to improve detection sensitivity, while the out-of-plane and
in-plane displacements were obtained simultaneously [16].
It may be noted that high sensitivity can be achieved even
on a slightly rough surface because of the photorefractive
effect [17]. A digital oscilloscope (Tektronix DPO 4054)
was utilized to capture the output signal of interferometer,
which was then averaged 64 times to increase the SNR.
To determine what type of wave is measured, the wedge
aluminum block was moved along the x direction to change
the testing thickness. The Lamb wave (highly dispersive
A0 mode) [18] could be detected when the thickness was
1 mm, as shown in Figure 5a.

The Lamb wave will approach the Rayleigh wave as the
thickness of sample increases. As may be seen in Figure 5b,
when the thickness (1.5 mm) is bigger than the wavelength
of the Rayleigh wave (1.465 mm), Lamb wave begins to
convert to Rayleigh wave [19]. The Rayleigh wave becomes
dominant and the Lamb waves can be ignored when the
thickness reaches 5 mm.

3.2 Experimental setup

An aluminium block with dimensions 50 � 90 � 10 mm
was used for the detection and reconstruction of surface
defects as shown in Figure 6a. There were 4 holes (H1,
H2, H3, H4) at a surface depth of 3 mm whose diameters
were 1 mm, 1.5 mm, 2 mm and 2.5 mm respectively. The
experiment arrangement was the same as Figure 3. The
Nd:YAG laser was stationary during the experiment, while
the sample and the interferometer were moved sequentially.

Regarding this particular experimental arrangement,
the number of array elements was N = 20 with a space of
1 mm ranging from 10 mm to 30 mm along the x axis, as
illustrated in Figure 6b. In addition, the center coordinates
of the four holes were (8, 9.5) (16, 9.5) (24, 9.5) and (32, 9.5)
respectively. In addition, separation between adjacent
features must not less than a wavelength, or strong overlap-
ping may appear in the TFM reconstruction [20].

Figure 3. Schematic diagram of laser-induced ultrasonic for
FMC data acquisition. The ultrasonic signals are generated by a
pulsed laser and the interferometer scans across all positions
parallel to the x-axis. Then, the pulse laser is moved to the next
position while the interferometer is used to scan repeatedly.

Figure 4. Schematic diagram of the wedge aluminum block.
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3.3 Results

The center frequency of the Rayleigh waves generated
by the laser was 2 MHz and the bandwidth of the selected
filter was 1–4 MHz. The separation of the four holes is far
greater than one wavelength, so defects can be well identi-
fied. Figure 7a shows a typical filtered A-scan waveform
generated and detected at x = 16 mm. The velocities of
Rayleigh and longitudinal waves in aluminium are
2930 m/s and 6100 m/s respectively. It may be seen in this
figure that the longitudinal wave is reflected from the bot-
tom of the aluminium block and the Rayleigh waves are
identified as the scattered signal after encountering four
holes. The SNR of the reflected waves is significantly low.
At the same time, the small size of these defects (i.e. holes),
diffraction and scattering effects will occur. Part of the
wave will mode-convert into bulk waves (longitudinal or
shear waves) [21]. Figure 7b gives the B-scan result using
a part of the out-of-plane signals Sjj (j = 1, 2 . . . N). As
expected, it is difficult to distinguish the surface defects
from the B-scan image with poor lateral resolution which
is mainly determined by the scanning step.

Figures 8a and 8b show the results of SAFT and FMC/
TFM reconstruction. These two methods achieve improve-
ments over B-scan technology including higher lateral
resolution and larger imaging range. Moreover, SAFT and
B-scans use the same data the former can significantly
enhance the contrast of the defects boundary and reduce
the interference of the longitudinal wave (bottom reflec-
tion). SAFT and FMC/TFM images can clearly show the
location of four holes, though H1 and H4 are out of the
scanning range. However, the SAFT image has relatively
high background noise compared to FMC/TFM especially
in the range from 0 mm to 5 mm. The reason is the number
of signals (N2) utilized in the FMC/TFM process as
opposed to SAFT (N). As a result, FMC/TFM improves
imaging quality at the cost of measurement time.

In order to avoid the effects of the bottom-reflected
longitudinal wave and the ultrasonic wave source on the
results, the unwanted signals can be identified and removed
based on the propagation time and pulse width [13]. The
resulting SAFT and FMC/TFM images are presented in
Figures 9a and 9b. The black dotted line marks the actual
position of the holes. It may be seen from Figures 9a and 9b,

Figure 5. (a) The A0 Lamb wave mode detected at 1 mm thickness. (b) Measurement results at different thicknesses.

Figure 6. (a) The dimensional drawing of the aluminium block with four holes whose diameters range from 1 mm to 2.5 mm.
(b) Schematic diagram with the range of interest and array positions.
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that both imaging results of the two methods agree well at
the actual defects boundaries. However, the SAFT imaging
quality is relatively poor, and the defects are over-shadowed
by noise. The maximum of the projection of the SAFT and
FMC/TFM along the x direction are shown in Figures 9c
and 9d, which shows FMC/TFM technology can better
suppress the background noise.

In this study, SNR is used as a metric to compare the
performance of imaging algorithms, which is defined as:

ASNR ¼ 20 log10
abs Ap

� �
AR

� �
; ð3Þ

where Ap is the peak amplitude of the defect image and
AR is the root mean square value of the result. The
SNR values of different methods are listed in Table 1.

As may be seen in Table 1, B-scan technology can only
image H2 and H3 in the scanning range and it is difficult to
locate defects with low SNR, while SAFT and FMC/TFM
technology allow for larger area testing with high SNR. Fur-
thermore, FMC/TFM technology can greatly enhance the
SNR than the other techniques.

4 Discussion

Surface defects like small holes were fabricated and used
to verify the FMC/TFM technology. It has been shown
that this detecting mechanism can improve the imaging

quality compared to SAFT and B-scan technologies.
Although this method can significantly improve the SNR
and successfully identify the surface defect boundary,
FMC/TFM technology needs N � N points data acquisi-
tion instead of N points for SAFT and B-scan technologies,
which consequently increases the scanning time. To over-
come this, a pulsed laser with higher repetition rates as well
as a high-speed scanning mechanism is required. In addi-
tion, the appropriate array spacing should also be taken
into consideration, which determines the directivity of the
array.

The directivity pattern is the same as the optical fiber
phased array, which is given as [22, 23]:

O h; hNð Þ ¼ O1 hð ÞON h; hNð Þ; ð4Þ
where O1(h) is the directivity of a single element,
ON(h, hN) is the directivity of array elements, which is
given by:

ON h; hNð Þ ¼ sin Npð Þ
N sin pð Þ ð5Þ

and

p ¼ pa sin hð Þ � sin hNð Þð Þ
k

ð6Þ

where N is the number of array elements, a is array spac-
ing, hN is the steering angle, h is the angle between obser-
vation direction and x axis, k is wavelength of Rayleigh
wave. In this study, hN = p/2, k = 1.465 mm and
a = 1 mm (< k). Rayleigh waves generated by point

Figure 7. (a) A typical filtered A-scan signal acquired at
x = 16 mm. (b) B-scan results part of the out-of-plane signals
Sjj (j = 1, 2, . . ., N).

Figure 8. (a) The image of SAFT using the same data as
B-scan. (b) The image of FMC/TFM reconstruction.
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sources are omnidirectional, so the directivity of a single
element O1(h) = 1. The directivity pattern of this study
is shown in Figure 10 (blue line), the results shows that
the method of array can acquire improved directivity of
the Rayleigh waves. With the purpose of obtaining a
well-directed beam profile, the main lobe width should
be minimized while suppressing the grating lobes. The
lobe width can be considered as the distance between zero
crossings ON(h, hN) = 0 [24], so equations (5) and (6) can
be written as:

Na ¼ nk
sin hð Þ � 1

; n ¼ �1;�2 � � �ð Þ: ð7Þ

As can be concluded from equation (7) that the lobe width
decreases as the Na increases, so the maximum spacing a
can not only improve the scanning speed but also
strengthen the directivity of the sound beam. However,
when a = 1.465 mm (= k) and h ranging from 0 to p, the
grating lobes will appear and effect the imaging quality as
shown in Figure 10, the red line and black line represent
a = 1.465 mm (= k), a = 2 mm (> k), respectively. In order
to optimize the directivity of the array elements, the array
spacing with a = k may be the best choice.

5 Conclusions

Surface defects have various shapes and patterns, such
as holes and cracks. Further work will focus on the experi-
mentation of different defects regarding sizes and shapes. In
addition, this technology will be experimented on the detec-
tion of surface defects for objects in harsh environments
especially under high temperature and pressure, such as
non-destructive testing of high-temperature pipelines.

In conclusion, this study presented a method to locate
and image surface defects using full matrix capture and
total focusing method based on laser-induced ultrasonic
non-destructive testing. As opposed to traditional array
ultrasonic surface defect detection, laser-induced ultrasound
is a non-contact technology does not require wedge-
coupling that avoids attenuation of high frequency acoustic

Figure 10. The directivity pattern of laser-induced ultrasonic
array. The blue line, red line, black line represent a = 1 mm
(< k), a = 1.465 mm (= k), a = 2 mm (> k), respectively.

Figure 9. (a) The SAFT image after removing unwanted signals. (b) The FMC/TFM image after removing unwanted signals. (c)
The maximum of the projection of SAFT along x direction. (d) The maximum of the projection of the FMC/TFM along x direction.

Table 1. The SNR values of different methods.

Technology SNR (dB)

H1 H2 H3 H4

B-scan – 11.8 13.7 –

SAFT 19.6 19.5 19.6 16.6
FMC/TFM 28.9 30.8 28.4 23.8
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signals and can detect complex structures in many harsh
environments. Additionally, the FMC/TFM technology is
applied in characterizing surface cracks without complex
delay controls. Similar to SAFT, this technology utilizes
synthetic apertures to improve the resolution and SNR of
detection. As an example, an aluminium block with 4 holes
at a depth of 3 mm with diameters ranging from 1mm to
2.5 mm is used for testing. Compared to B-scan and SAFT,
FMC/TFM has lower background noise and higher imaging
contrast. In order to reduce the scanning time and optimize
the directivity of array elements, the array spacing has been
taken into consideration. When an array spacing of a = k
the main lobe width should be minimized without doing
so for the grating lobes. This method offers significant
improvement and thus potential over existing methods for
non-contact testing.
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