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ABSTRACT We demonstrate a multi-mode ultrasonic non-destructive evaluation (NDE) system based on a
hybrid transducer including an optoacoustic (OA) prism. In this system, the OA prism with a flexible curved
transmitter is capable of not only generating acoustic signals with high OA conversion efficiency but also
covering a wide angular range to initiate various acoustic wave modes into a specimen whose interface is
in contact with the OA prism. The latter angular manipulation provides great flexibility for NDE, which
is uniquely enabled by developing and employing the curved OA transmitter coated on the prism. Using
finite-element-based simulation, we validate acoustic signal generation and propagation inside an aluminum
specimen. Then, excitation, propagation, and acquisition of shear and Rayleigh wave modes are confirmed
experimentally. As feasibility demonstration, our hybrid transducer system, consisting of the OA prism and a
piezoelectric receiver, is utilized for NDE of an aluminum specimen which includes air void discontinuity of
5-mm diameter. This is realized by multi-mode acoustic excitation from the OA prism with incident angles
of 33◦, 42◦, 47◦, and 60◦. This exhibits detection accuracy error less than 2% as confirmed by comparing
calculated and measured time-of-flight values. Such OA prism-based realization of all range of angular wave
modes allows our system to be potentially useful for NDE over broadmetallic materials as long as their sound
speed is faster than that of the OA prism, without causing additional reverberation noise commonly observed
in conventional piezoelectric counterparts.

INDEX TERMS Optoacoustic prism, non-destructive evaluation, acoustic signal analysis, ultrasound
transducer, shear wave, Rayleigh wave, flexible optoacoustic transmitter.

I. INTRODUCTION
Non-destructive evaluation (NDE) by utilizing a laser-
generated ultrasound (LGU) technology has enticed an
increasing attention over both academic and industrial fields.
The technology has proven to be a three-dimensional (3D)
NDE tool in various testing fields such as damage realization
of carbon-fiber reinforced-plastic (CFRP) composites [1],
weld discontinuities [2], pipelines monitoring [3], and evalu-
ation of Li-metal batteries [4]. Ultrasound generation using
continuous-wave (CW) laser beams, which are modulated,
e.g., by mechanical choppers, has been extensively utilized
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for NDE [5]–[16]. In contrast to the CW-laser-based opera-
tion, pulsed laser sources with a few to tens of nanoseconds in
temporal width have also been employed with an advantage
of high-frequency bandwidth [17]. In order to realize a fully
non-contact NDE system by using this LGU technology,
several non-contact interferometers have been developed as
detectors [18]–[20]. However, their inability for selective
generation of a desired wave-mode necessitates the adoption
of complex computational methods [21], [22]. Furthermore,
due to low sensitivity, high laser intensity to sustain a signal-
to-noise ratio (SNR) may cause thermal detriment to the
target specimen [23], [24]. Instead of using the fully non-
contact systems, an optoacoustic (OA) transmitter typically
with a thin film form can be brought and attached onto
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a specimen surface for its use as a source of ultrasound
wave. Fiber-optic OA sources have been introduced for
biomedical and NDE applications [25], [26]. However,
these have suffered from limitations in OA conversion
efficiency of transmitter film and only a single wave-mode
generation due to a fixed fiber-tip arrangement. An all-
optical system for rebar corrosion detection is developed by
using gold nanoparticles layer as OA transmitter and fiber
Bragg-gratings as sensors [27]. While the system effectively
evaluated the steel rebar corrosion, this has constraints such
as low laser damage threshold and conversion efficiency of
metallic particles, complex design, and feasibility for only
cross-sectional scanning. An OA system has been further
developed for NDE applications, proposing a transducer
impulse response probing method [28]. However, it can
only be applied for thin cross-sectional scanning. It is also
susceptible to thermal delamination of specimen due to direct
laser beam irradiation. Although the above proposed systems
have adopted OA-based configurations for NDE applications,
they have a common drawback of fixed acoustic wave-
mode generation: for example, one of longitudinal, shear
and Rayleigh modes. Owing to the recent advancement in
transmitter fabrication technology, nanocomposite-based OA
transmitters with extraordinary OA conversion efficiency
have been developed [29]–[36].

There are many types/modes of acoustic waves, e.g.,
longitudinal waves, shear waves, Rayleigh waves, and Lamb
waves. All these modes are very useful in NDE and have
particular applications. The acoustic waves when interact
with solid can travel as longitudinal waves or give rise to other
wave modes, e.g., shear, Rayleigh, and Lamb wave modes
depending upon the incident angle and specimen thickness.
However, for NDE applications, operation with a single
acoustic wave-mode is preferred to eliminate diagnostic
complication caused by multi-mode nature of acoustic
waves. Therefore, this requires a capability of controlling
an acoustic incidence angle in order to selectively launch
a particular wave-mode, avoiding simultaneous existence of
multiple modes. This angular manipulation can be realized
by the inclusion of a wedge-shaped guide structure between
acoustic transmitter and specimen. Snell’s law allows the
identification of the respective wave-mode:

sin θi
sin θr

=
vw
vm

(1)

where θi and θr are the incident angle in wedge and the
refracted angle in test material, respectively. vw is the speed
of longitudinal wave in wedge, and vm is the speed of
respective wave-mode generated inside the test material.
The speed of any wave-mode is unique for each material
as a signature, depending on Young’s modulus, Poisson’s
ratio, density, and temperature as well. Thus, a conventional
triangular wedge allowing a single fixed operation angle
can deviate from its respective mode-tuning capability in
scenarios of temperature variation. A variable-angle wedge
has been introduced for a piezoelectric ultrasound-based

system, enabling to adjust an incidence angle and then a
wave-mode [37]. However, its design required an additional
movable block that should be attached at a transducer/wedge
interface, inevitably increasing acoustic attenuation and
causing extra wave-echo noise. An external wedge holder was
also required to inhibit system disturbance [38]. Furthermore,
due to design restriction, these systems cannot go beyond an
incidence angle of 60◦ which can be required for realization
of surface waves.

An LGU-based focused transmitter, fabricated by using a
concave stainless steel mirror, has been reported for testing
a 1-mm thick glass plate [39] by generation of Shear and
Rayleigh wave-modes. An incident wave angle could be
changed by rotating the focused transmitter. However, there
were limitations in which the input laser beam was delivered
only through a transparent side of the specimen. This is not
desirable in most of the NDE applications. Moreover, water
submergence of the whole system was also required in this
configuration.

Similarly, miniature OA transmitter probes have been
developed by using a dip-coating process to fabricate
the end-face of a multi-mode fiber with gold-nanoparticle
composite. These enabled non-destructive characterization of
thin films [40] and corrosion quantification of reinforced steel
bars [41]. However, these methods also have restrictions such
as implementation of only a compressional wave-mode, water
submergence, low optical absorption, and low laser damage
threshold due to the use of metallic nanoparticles [33].
Recently, a partially non-contact system has been proposed
by using candle-soot nanoparticle composite as an LGU
transmitter together with a piezoelectric receiver [42].
However, a fixed angle wedge was adopted allowing only one
wave-mode even for a fixed specimen material. Moreover,
there were drawbacks such as the inhomogeneity in the
candle soot deposition process and the limited availability in
the choice of wedge material as it should endure the candle
flame temperature of approximately 800-1400 ◦C.
In order to overcome the above limitations for OA

transmitter-based NDE systems, we demonstrate an OA
prism-based multi-mode ultrasonic NDE system using a
nanocomposite-based flexible OA transmitter. The OA prism
not only takes advantages of high OA conversion productivity
and high damage threshold of the nanocomposite transmitter
but more importantly allows excitation of all acoustic wave
modes by providing a broad angular range of incidence.
For the OA transmitter, a nanocomposite film based on
a mixture of carbon nanotubes (CNTs) and polydimethyl-
siloxane (PDMS) was fabricated on a glass substrate and
then transfer-coated conformably over a quarter cylinder
wedge made of Rexolite used for multi-angle implemen-
tation. Shear and Rayleigh wave-modes were realized and
comprehensively adopted for in-body and surface evaluations
of a specimen (aluminum). Evaluation of these waves were
performed by comparing simulated and experimental time-
of-flight (ToF) values, which shows good agreement. Then,
a defect scanning capability was demonstrated using a
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FIGURE 1. (a) Fabrication procedure of flexible CNTs-PDMS composite transmitter. (b) Configuration
of the OA prism-based multi-mode NDE system. Dual quarter cylinder wedges are employed in each
of transmitter and receiver side.

circular defect of 5-mm diameter located inside a specimen.
Comparison of calculated and measured ToF values validated
the proposed NDE system with an error less than 2%. All the
experimental work was performed without water immersion.
We expect that the OA prism-based hybrid transducer system
can be applied to a broad range of test materials, as long as
their sound speed is faster than that of the prism, owing to its
angular controllability without causing any disturbance and
additive acoustic attenuation.

II. MATERIALS AND METHODS
A flexible OA transmitter was fabricated by using CNTs
as optical absorbers and PDMS as an elastomer matrix
for thermal expansion. PDMS has been comprehensively
employed in OA transmitters due to its extraordinary volu-
metric coefficient of thermal expansion (9.2 × 10−4 K−1)
[33]–[36], [40]–[42]. Furthermore, the CNTs-PDMS
nanocomposite combination has also been reported for high
OA conversion efficiency as compared to other carbon
nanoparticles [35]. For fabrication process of the transmitter,
a solution-spray method was employed (Figure 1(a)).
Initially, a transparent and flexible substrate (∼0.5-mm
thickness) was fabricated on a glass slide with dissolved
and degassed PDMS (Sylgard 184 from Dow Corning,
polymer: curing agent∼10:1 wt%) by using a drop-casting

FIGURE 2. (a) The forward waveform profile detected in a near-field
incidence condition to the detector. (b) The frequency spectrum obtained
from (a) showing a center frequency of 5 MHz and a 6-dB bandwidth of
∼6.5 MHz.

method. Amixture of multi-walled CNTs (length: 1.5∼2µm,
diameter: 15∼20 nm) and toluene (toluene: CNTs; 100:1
weight ratio) was also prepared and then sonicated for 2 hours
for homogeneous dissolution of CNTs. Then, the PDMS
obtained in similar composition (10:1) was blended with a
toluene-CNTs mixture in a 1:1 ratio of weight, to form a
nanocomposite solution. This solution was sprayed onto the
PDMS substrate prepared earlier. The toluene was rapidly
evaporated at room temperature, while the sprayed CNTs
with PDMSwere concentrated on the cured substrate surface.
Finally, after curing the sprayed solution at 90 ◦C for
15minutes, the substrate was delaminated from the glass slide
to obtain the flexible transmitter.
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An overall configuration of the OA prism-based multi-
mode NDE system is shown in Figure 1(b). A selected
spot by pulsed laser irradiation (indicated by the green
arrow) determines a source position of acoustic wave on the
curved OA transmitter which is transfer-coated on the quarter
cylinder wedge. The acoustic wave is then delivered through
the right wedge/specimen, leading to a specific propagation
mode within the specimen.

CNT-PDMS transmitters with glass substrates have
been analyzed previously [31], [33]. We characterized
our flexible transmitter without prism (i.e., water/CNT-
PDMS/PDMS/air) by measuring a time-domain OA wave-
form and analyzing its frequency spectrum in a near-
field incidence condition to the detector. The gap between
transmitter and detector was <1 mm, with a laser beam size
of 5-mm diameter and a laser energy of 8 mJ/pulse. Upon
laser excitation, the OA transmitter generated two wavefronts
propagating forward and backward. The backward wave
propagates across the CNT-PDMS film and then reflects back
from air, then following the forward wave with a round-trip
time delay [43]. Due to a temporal gap between both waves
(measured as 1.25 µs), we selected the forward wave only in
our characterization. Figure 2(a) and 2(b) show the detected
forward waveform upon laser irradiation and its frequency
spectrum, respectively, with a center frequency of 5 MHz and
a 6-dB bandwidth of ∼6.5 MHz.
The simplest approach to boost the output acoustic

pressure from an OA transmitter is by increasing the input
laser fluence [35]. However, the maximum possible input
fluence is limited by the laser induced damage threshold of
the transmitter material. Thus, the maximum-output pressure
can be determined with the laser fluence at the damage
threshold. Our fabrication approach allowed a significantly
high threshold value of 174∼214 mJ.cm−2. The damage
threshold was characterized by using a setup and procedure
reported previously [36].

For preparation of the OA prism substrate, a quarter
cylinder wedge was fabricated by using the Rexolite
(cross-linked polystyrene) which is lightweight, chemically
resistant, and corrosion resistant. It also has negligible
outgassing, a low sound speed, and an extremely low
attenuation even for high frequencies (e.g., 1.1dB/mm
at 30 MHz) [44]. Due to these distinctive properties, it is
suitable for a broader range of acoustic frequencies and
environmental conditions. This also enables to initiate various
acoustic wave-modes in metals typically having high sound
speeds: for example, aluminum, steel, brass, and copper.
We adopted two symmetric intermediate wedges on both
transmitter and receiver sides. Furthermore, the acoustic
impedance of Rexolite (∼2.5 MRayls) is in a compatible
range for the PDMS-based nanocomposite (∼1.5 MRayls),
ensuring a low reflection loss at the transmitter-wedge
interface (25%).

A schematic interpretation of the implemented experimen-
tal setup is shown in Figure 3. A Q-switched Nd: YAG laser
beam (Litron Laser, UK) was used with 532-nm wavelength,

TABLE 1. Material properties used in the simulation model.

7-ns pulse width, 10-Hz repetition rate and 8-mm beam
diameter. An aluminum specimen portion (50-mm length,
40-mm width, and 25-mm height) was evaluated by using
our system. Dual quarter cylinder wedges as acoustic prisms
(50 mm in a cylindrical radius) were symmetrically placed
with a 50-mm scanning length between them. A very thin
layer of acoustic couplant gel was coated between eachwedge
and specimen. The flexible OA transmitter was made in
contact with the input prism using the couplant gel, covering
an angle range up to 90◦. Two mirror reflectors were adjusted
to propagate the laser beam in the direction of transmitter.
The mirror was rotated to control the incident laser beam
angle towards the curved transmitter. On the receiving side,
a needle-type hydrophone of polyvinylidene fluoride (PVDF)
was placed with an end-face diameter of 1 mm (NH1000,
Precision Acoustics, UK) along with its pre-amplifier (3-dB
bandwidth: 10 kHz to 50 MHz) and a DC coupler. The
hydrophone position was controlled by using a 3-D arm
and adjustable rotating clamp to make a required angle of
detection along the curvature. Instead of making a direct
contact with the prism, the detector end was maintained with
a gap of approximately 3 mm from the curved surface of
wedge, which was covered by the couplant. To monitor and
record an output signal, the PVDF hydrophonewas connected
to a digital oscilloscope (LeCroy WaveSurfer 452, Chestnut
Ridge, USA) through a pre-amplifier. Detected time-domain
waveforms were then recorded by taking an average of
50 signal traces.

In order to realize the system application for non-
destructive detection of a defect through incident angle
variation, we used a specimen containing an air void defect
(a cylindrical hole with 5-mm diameter). The defect was
situated at the center of the gap between two prisms (60 mm)
and in the depth of 15 mm.

III. RESULTS AND DISCUSSION
The proposed system was validated through a time-domain
simulation model analysis, conducted by using a finite
element method (FEM) (COMSOL Multiphysics, Version
5.6, Burlington, USA). A two-dimensional (2-D) simulation
model was built to test an aluminum specimen by using
acoustic prisms in contact to the specimen surface (Figure 4).
The simulationwas performed to visualize angular generation
of acoustic waves, wave-mode initialization in specimen,
and wave propagation throughout the whole system. A free-
triangular mesh type was applied with a maximum element
size of ∼0.1 mm. All the dimensions for specimen and
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FIGURE 3. A schematic interpretation of experimental setup for ultrasonic characterization of the
system. Incident and refracted angles, in the input prism and specimen, are denoted as θi and θr
respectively.

FIGURE 4. Visualization for spatio-temporal transition of acoustic wave-modes initiated from
multiple incident angles (calculation). Note that the input prism is on the left side and the output
prism on the right side. The instantaneous moment of wave is shown with each ToF value written at
the left bottom of each figure. (a-d) Propagation of shear wave-mode spawned inside the test
sample with incident and refraction angles of 33◦ and 45 ◦ (red arrow), respectively. (e) Emergence
of the Rayleigh wave (indicated by white arrow) at ToF = 22.5 µs obtained by using an incident
angle of 61◦ which is greater than the second critical angle (50◦) between prism and specimen.

prism were set to agree with values used in the experimental
configuration. The material properties used in the simulation
model are shown in Table 1. The curved transmitter surface
of the left prism (here, placed at the left side) was
divided into multiple spatial segments (each segment length:
∼5 mm) covering from 0◦ to 90◦. To apply a certain required
angle of incidence from the input prism surface, a single
segment at the defined angle was selected as an acoustic
source. The COMSOL modules of pressure-acoustics and
solid-mechanics were used for acoustic wave generation and

propagation in the solid aluminum specimen, respectively.
We applied an elastic force equation to the corresponding
curved surface segment of the prism for generation of
acoustic wave. An acoustic pressure wave p(t) from the
source was initiated by using the following expressions [35],

Qas =
[
∇

2
−

1
c2

∂

∂t2

]
p (t) (2)

p (t) = g (t) ei2π fct (3)
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FIGURE 5. OA prism-based multi-mode ultrasonic NDE system using dual
quarter cylinder wedges. The prisms are marked for respective angles of
curved surface (0◦ to 90◦). Any required incident angle can be defined
and excited by the input laser beam irradiation onto a specific spot of OA
transmitter attached to the input prism (right-upper side). The couplant
gel covers a gap of 3 mm between output prism (left-upper side) surface
and hydrophone sensor. This setup shows the identical arrangement with
that of the simulated model (Figure 4).

where Qas and c are the elastic force to generate acoustic
waves and the speed of sound, respectively. Here, g(t) is the
temporal Gaussian distribution function with a full-wave-at-
half-maximum (FWHM) width of ∼7 ns to match the laser
beam pulse profile, and fc is the center frequency of the source
selected as 5 MHz.

The 1st and 2nd critical angles (θcr1st and θcr2nd ) at
the prism/specimen interface were calculated by using
Snell’s law: ∼22◦ and ∼50◦, respectively. Our simulation
demonstrates spatio-temporal wave propagation throughout
the structure as shown in Figure 4. The incident angles of
33◦ (> θcr1st ) and 61◦ (> θcr2nd ) were employed to initiate
shear and Rayleigh wave-modes, each of which allows
evaluation within the specimen (in-body scan) and at the
surface. Figure 4(a-d) show each stage of wave propagation:
longitudinal wave emergence in the left-side prism (at 33◦),
its conversion to shear wave-mode at the prism /specimen
interface, reflection from the other edge, and again refraction
into the right-side prism to be detected at the same angle
on the surface, respectively. The red circles in the prisms
indicate the acoustic wavefronts. The obtained total ToF was
65.60 µs at the right (output) prism surface. Propagation of
the Rayleigh wave-mode was also realized along the surface,
which is initiated at an incident angle of 61◦ in the same
model. Figure 4(e) presents the Rayleigh wave appearance on
the specimen surface at 22.5 µs (white arrow). The Rayleigh
wave was detected at the ToF of 60.3 µs. Thus, the design
parameters of the suggested NDE system were well validated
through our simulation. Moreover, this ensures that multiple
wave-modes can be controllably initiated using the OA-prism
configuration.

Next, the proposed multi-angle NDE system was exper-
imentally verified by using the same design parameters
as in the simulation model. A real image of the system
configuration is shown in Figure 5. The input (right) and

output (left) arrangement of prisms is opposite here to that
of Figure 4. A laser pulse with the Gaussian profile was
used to excite the OA transmitter with a diameter of 5 mm
and a pulse energy of 8 mJ throughout the experiment.
A rotatable reflection mirror was adjusted to set an input laser
beam angle above the curved flexible transmitter: 33◦ for the
shear wave-mode and then 61◦ for the Rayleigh wave-mode
implementation.

Comparison of simulated and experimental results for the
executed wave-modes is presented in Figure 6. The first shear
and Rayleigh wavefronts were found at ToF = 67.85 µs
(Figure 6(a)) and 62.55 µs (Figure 6(c)), respectively,
followed by the succeeding reverberation noise. Commonly
for both wave-modes, a time delay of approximately∼2.3 µs
was found for the measured wavefronts. This is because the
simulation does not take into account the gaps by the external
couplant gel placed at two interfaces of transmitter/prism
and detector/prism. Except these gaps, the first arriving
wavefronts are found in a good agreement with the simulated
results in terms of waveform profiles and ToF values. The
forward/backward wave generation effect, as explained in the
previous section, can be seen in Figure 6(a) (indicated by the
red arrows) of experimental results in form of a wavefront
pair generated by a single laser pulse.

Finally, we utilized the proposed system for NDE of an
aluminum specimen containing a circular hole (defect) of
5-mm diameter. The specimen was completely tested through
in-body and surface scans by varying incident acoustic wave
angles with optical beam manipulation. Incident angles (θi)
of 33◦ and 47◦ were implemented step by step to emerge
shear wave for in-body evaluation of specimen, leading to
refraction angles (θr ) of 45◦ and 67◦, respectively. For surface
evaluation, Rayleigh wave was also introduced. Figure 7 fully
demonstrates how the defect detection is performed by
presenting initiated wave-modes for respective angles (differ-
entiated by colors), their propagation paths, covered distances
in specimen, and measured output waveforms. The total ToF
(Ttotal) for each wave-mode was estimated by using the
following expression:

Ttotal =
∑

Ti = 2TP + Ts + Tg

Ti =
di
vi

where i = p, s, or g. (4)

For the i-th medium, Ti, di, and vi denote ToF, the propagated
distance, and the wave velocity. Also, Tp, Ts, and Tg are
ToF in prism, ToF in specimen, and ToF in couplant gel,
respectively. The shear and Rayleigh wave velocities in the
specimen are 3020 and 2718 m/s, respectively. In case of
Rexolite prism, the longitudinal wave velocity was measured
as 2337 m/s.

The estimated propagation paths and distances covered
in the specimen by the initiated shear waves are shown in
Figure 7(a). For instance, in case of laser beam irradiation at
the angle 33◦, a shear wave was estimated to travel a distance
of 42.42 mm up to the other edge of the specimen with
the refraction angle of 45◦. Thus, after reflection from the
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FIGURE 6. Comparison of simulation and experimental results. (a) and (b): Measured and simulated
shear-mode waveforms, respectively (ToF = 67.85 and 65.6 µs for the first-arrived wavefronts);
(c) and (d): Measured and simulated Rayleigh waveforms (ToF = 62.55 and 60.3 µs). A time delay of
∼2.3 µs between measured and simulated peak positions is commonly observed for both shear and
Rayleigh wave-modes, which is due to the gaps by the external couplant gel at the transmitter/prism
and detector/prism interfaces (the gaps included in the measurement only).

TABLE 2. Comparison of calculated and measured ToF values.

specimen/air boundary at the other edge, the total distance of
84.84 mm inside the specimen was obtained before reaching
at the output prism interface. From the distance estimation
inside the prism and the couplant gel, the total ToF for 33◦

was calculated as 73.54 µs. In the similar manner, a shear
wave generated at 47◦ angle was reflected from the circular
defect, covering a distance of 65mm inside the specimenwith
a total calculated ToF of 66.96 µs up to the detector position.
The Rayleigh wave was estimated to cover a distance of
60 mm along the specimen surface with a calculated total
ToF of 67.51 µs. The experiment was executed after making
all these pre-calculations. Figure 7(b-d) depict the measured
waveforms with their respective ToF for the first-arrived
wavefront.

Lastly, the intermediate incident angle of 42◦ was also
implemented to check partial wavefront deflections from
the defect and the other edge of specimen. The received
waveforms by the detector are presented in Figure 7(e).
Two pulsed waveforms were detected with ToF = 65.9 and
72.4 µs, respectively. Each pulse was obtained by partial
reflection from the defect and the opposite edge. This is

confirmed by the ToF values of acoustic waves separately
measured in Figure 7(b) and 7(c). Table 2 compares the
calculated and measured ToF together with other estimated
parameters. The measured total ToF values were within a
difference of 2% with the calculated values.

For a comparative analysis between our angular OA prism-
based system and a conventional fixed-angle wedge, we also
performed simulation using conventional fixed-angle wedges
with size dimensions similar to those used for our proposed
prism (i.e., height = width = 50 mm). Here, instead of
a curved surface for the prism, we provided a flat surface
at a fixed angle of ∼33◦, which is typically available in
conventional systems. The fixed-wedge simulation results
(Figure 8) shows that the ToF result with the fixed-angle
wedges (66 µs) almost agrees with that of the proposed
system using OA prisms (65.6 µs; in Figure 6(b)). These
comparative simulation results confirm the validity of our
proposed prism for wave-mode configurable operation over
a wide angular range.

The proposed OA prism-based multi-mode NDE system
is capable to initiate all ultrasound wave modes by varying
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FIGURE 7. A full pictorial demonstration of the NDE application by non-contact multi-angle
realization through laser-beam manipulation. θi is the incident angle in prism (33◦, 47◦, 60◦, and 42◦),
and θr the refracted angle in specimen (45◦, 67◦, 90◦, and 60◦), respectively. (a) A schematic view of
the system execution. This has a gap of 60 mm between both prisms. Each wave for the respective
incident angle is indicated by different colors (shear wave - black and red; Rayleigh wave - blue). For
each wave, the estimated propagation path, the propagated distance inside the specimen, and the
point of reflection are also shown. (b-d) Graphical representation of measured waveform profiles. The
relevant θi , θr , and the measured ToF of the first wavefront are also denoted. (e) The output waveform
for the incident angle of 42◦ is shown. Two pulsed waveforms are resulted from partial reflections
from the defect and the opposite edge of prism. Their corresponding ToF values (indicated by red
arrows) agree with those of waves separately detected from the similar reflection points in (b) and (c).

FIGURE 8. Realization of a fixed-angle wedge execution at an angle of 33◦ (simulation; the input wedge located on the left
side and the output wedge on the right side). The instantaneous moment of shear wave is shown with each ToF value
written at the left bottom of each figure. (a-d) Propagation of shear wave-mode emerged inside the test sample with a
fixed incident angle of 33◦. (e) The obtained signal at the output wedge surface (right side) (ToF = 66 µs).

the incident wave angle. This is achieved by adopting a
curved surface prism with a flexible OA transmitter, and

then controlled by the input laser-beam manipulation. It is
difficult to realize such non-contact and wide range angular
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adjustment without causing any system disruption and
additional reverberation by using conventional piezoelectric-
based variable wedges [37], [38]. In case of LGU, the previ-
ously reported rotatable metal-based focused OA transmitter
required a very high laser energy (180 mJ/pulse) due to its
low thermal coefficient of expansion. This was available
only with transparent test samples to conduct laser-beam
irradiation towards a transmitter front face [39]. Miniature
OA transmitters, fabricated by using gold-nanoparticle com-
posites, have also been demonstrated for non-destructive
characterization [40] and corrosion quantification [41].
However, these systems have limitations of fixed wave-mode
generation, low optical absorption, and low laser damage
threshold due to the use of metallic nanoparticles. Com-
paratively, our proposed flexible nanocomposite transmitter
possesses high OA conversion efficiency together with a
high laser damage threshold of 214 mJ.cm−2. The high
OA efficiency of the system enables the input laser energy
of only 8 mJ/pulse to excite sufficiently strong transmitted
acoustic signal to be detected by the sensor without making a
direct contact with the prism surface. This ability makes the
sensor less vulnerable to damage in industrial environments
which are exposed to random physical vibrations and electric
leakage from a specimen. Moreover, our system does
not require water immersion of the whole setup used in
the conventional systems. Recently, an LGU-based system
with candle-soot nanoparticles composite transmitter has
also been developed for partially non-contact testing [42].
However, it has the constraints of fixed angle (43◦) wedge
with material limitations to tolerate high temperature of
candle flame for nanoparticle deposition.

The structural stability of the detection configuration
is required to ensure the measurement repeatability. The
current detection system utilizes the 3-D arm for spatial
adjustment and a rotatable clamp for angular control of
hydrophone position. We confirmed the consistent ToF
values through multiple measurement scans on the curved
surface. For example, in Figure 6(c), the average ToF value
of the Rayleigh wave for 5 repeated measurements was
62.55 µs (variation: ±0.5 µs). Such variation might be
due to some inaccuracy in the hydrophone tilt angle to
the normal direction at the curved surface. The detection
stability and measurement repeatability can be improved
by employing a piezoelectric detector array for conformal
and stable integration on the output prism surface [42] or
by using other non-contact methods (e.g., optical Doppler-
interferometry probe [19]).

IV. CONCLUDING REMARKS
We demonstrated the OA prism-based multi-mode ultrasonic
NDE system by simulation and experimental verification.
The CNT-PDMS composite film was fabricated and utilized
to realize a flexible transmitter with high OA conversion
efficiency and high damage threshold. The simulation
model was investigated by applying the incident angles
of 33◦ and 61◦ to propagate shear and Rayleigh waves,

respectively, followed by experimental confirmation with the
same geometrical dimensions. The wave profiles and ToF
of both wave-modes were found in good agreement with
simulation results. Then, NDE application of the system
allowed the detection of a circular discontinuity of 5-mm
diameter by executing the incident angle of 33◦, 42◦, 47◦,
and 60◦ from the curved surface of input prism. Themeasured
ToF results verified the proposed NDE system with an error
less than 2% as compared to the estimated values. The
high OA conversion efficiency of the CNT-PDMS transmitter
enabled to detect strong acoustic signals at the detector
without requiring a direct contact with the output prism,
which makes the arrangement less vulnerable to damage.
Our system does not require water submergence used in
most of the previously reported configurations. We expect
that the OA prism-based configuration for ultrasonic NDE
adopting the highly efficient OA flexible transmitter can be
potentially utilized for evaluation of a broad range of metallic
materials. It is also capable to realize all acoustic wave-modes
by incident angle variation without instigating any physical
disruption or additional attenuation. Furthermore, the high
damage threshold and the availability of high laser fluence
enable to obtain high SNR without causing any laser ablation
to transmitter or specimen.
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