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Abstract The effect that a circular discontinuity (due to
thickness reduction) in an Aluminum plate has on the direc-
tion of Lamb wave propagation was experimentally and the-
oretically studied. Broadband Lamb waves were generated by
a pulsed Nd:YAG laser and optically detected with a photo-
EMF detector to increase spatial resolution. The experimental
results show that thickness reduction modifies the time of
flight (TOF) for S0 and A0 vibration modes and generates a
change in direction of the ultrasonic Lamb wave. The change
in the TOF as a function of distance and thickness reduction
was numerically determined using ray theory and then com-
pared to experimental results. It is shown that the change in the
direction of propagation depends on the vibrational mode and
frequency of the Lamb waves and this can affect the detection
and characterization of a hidden discontinuity.
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Introduction

Accurate technology sensing and hidden defects characterization
are critical tasks for structural health monitoring of engineering
structures. Real time monitoring requires scanning large areas in
a short period of time. The use of ultrasonic guided waves has
been proposed as a potential method for discontinuity detection
in engineering structures [1–4]. The study of guided waves and
their practical implementation for structural health monitoring is

complex due to dispersion phenomena and the existence of an
infinite number of vibrational modes propagating in the media.
The problem of dispersion and multiple modes associated with
guided wave propagation has been addressed in several publica-
tions [3] and references therein. The number ofmodes that can be
generated in a plate is a function of the frequency-thickness
product. Due to the difficulties of identifying signal parameters,
previous research focuses on the generation of a single mode of
interest [5, 6].

Lamb waves are of particular interest due to their ability to
propagate long distances in plates and pipe-like structures, offer-
ing a potential solution to defect detection in engineering struc-
tures [7]. Guided ultrasonic waves, such as Lamb waves, have
recently been used for tomography reconstruction of discontinu-
ities in plate-like structures [8–12]. However, mode conversion
and ray path deviation phenomena are two of the main disad-
vantages associated with the application of Lamb waves to
tomography reconstruction of hidden defects. The study of mode
conversion of A0 and S0 modes after interaction with disconti-
nuities has been reported [13–15]. It was found that even for
these lowest modes, measurements of reflection coefficient from
a notch-type discontinuity are difficult to perform due to mode
conversion occurrence. Diffraction and refraction phenomena
make it difficult to accurately identify the arrival time of a single
Lamb wave mode of interest [16]. Ray tracing theory has been
known to improve estimation of bulk ultrasonic signals’ trajec-
tory in tomography reconstruction [16–19].

The effect of a thickness reduction discontinuity on Lamb
waves propagating in a media with multiple refractive indexes
can be investigated using an experimental system with a high
spatial resolution such as Laser ultrasonics [20]. In addition to
high spatial resolution in the generation and acquisition of
ultrasonic signals, the elimination of coupling problems, is
another advantage of laser ultrasonics. The use of laser gen-
erated ultrasound for discontinuity detection has been previ-
ously reported in literature [21–25].
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A pulsed laser can produce a broadband ultrasonic pulse in
the plate; so multiple vibration modes are expected to be
excited. Thus, complex behavior of Lamb waves requires
advanced post processing techniques to allow accurate char-
acterization of the ultrasonic signal. In this study, signals were
post-processed by applying Fast Fourier Transform (FFT)
spectrum, and Short-Time Fourier (STFT) analysis [26–28].

The goal of this work is to theoretically and experimentally
study Lamb wave interaction with a circular thickness reduc-
tion discontinuity and its effects on A0 and S0 vibration
modes; also, to further study the effect of ray bending, due
to phase velocity changes in the area with the thickness
reduction, on the discontinuity characterization.

Lamb Wave Propagation

Wave propagation of ultrasonic signals is correlated with the
material properties of the studied media. When the propagat-
ing media has multiple refractive indexes, the differences
between the properties of the materials cause the ultrasonic
wave to not travel in a straight line. When an ultrasonic wave
passes through an interface between two different velocities of
a media at an oblique angle, both diffraction and refraction
phenomena can take place.

Snell’s Law describes the relationship between angles and
velocities of waves passing through a boundary between two
different isotropic media. To obtain TOF of ultrasonic signals,
straight ray travel paths are not a good approximation for a
signal propagating through a media with multiple refractive
indexes or in anisotropic media [9]. A travel path of an
ultrasonic signal that connects a transmitter-receiver pair is
referred to as linking ray. The ideal condition for determina-
tion of the TOF is when signals propagate through a single
linking ray. However, unidirectional beams that propagate
through an anisotropic media or a media with multiple refrac-
tive indexes, may not reach the receiver position (see
Fig. 1(a)). Omnidirectional transducers guarantee the exis-
tence of at least one linking ray between the transducers in a
media with multiple refractive indexes (see Fig. 1(b)).

Lamb waves are symmetric and antisymmetric acoustic
waves [29] propagating along thin plates. Since the ultrasonic
signal wavelength is of the order of the plate thickness
d, the Lamb waves are dispersive for finite values of the

ratio of the Lamb wavelength λ and d. A main advan-
tage of ultrasonic Lamb waves is their ability to prop-
agate long distances in a structure. On the contrary,
multiple dispersion modes generated in the propagating
media are a disadvantage of Lamb waves as an affective
discontinuity characterization technique.

Rayleigh-Lamb frequency equations are used to calculate
theoretical Lamb wave dispersion curves:

tan qhð Þ
tan phð Þ ¼ −

4k2pq

q2−k2
� �2 ;

tan qhð Þ
tan phð Þ ¼ −

q2−k2
� �2

4k2pq
; ð1Þ

p2 ¼ ω
cL

� �2

−k2; q2 ¼ ω
cS

� �2

−k2; k ¼ ω
cp

; and cp ¼ ω
2π

� �
λ;ð2Þ

where k is the wave number, cL and cS are the longitudinal and
shear bulk velocities respectively cp is the phase velocity of the
Lamb wave mode, ω is the circular frequency and h is the
thickness of the plate (d) divided by two.

Group velocity could be obtained from phase velocity by
using the following expression:

cg≡
dω
dk

;ω ¼ cpk→cg ¼ cp þ k
dcp
dk

; ð3Þ

where k is wave number.
Theoretical dispersion curves (Fig. 2) show phase and

group velocities as a function of frequency. Lowest order
vibrational modes, A0, A1, S0 and S1 for the propagation
parameters of the sample plate are given. These curves can be
used for mode identification of the captured ultrasonic signals.

A0 and S0 are the only fundamental Lamb wave modes
that exist at low frequency range. Lowest order dispersion
modes are also easy to identify, and for this reason they are
frequently used in practical nondestructive testing. In this
work, the effect of a circular thickness reduction discontinuity
on A0 and S0 propagation modes is studied.

A thickness reduction causes variations in the propagation
velocities of the Lamb waves, generating a corresponding
change in the acoustic impedance of the regions with a differ-
ent thickness value. Here, synthetic regions where the vibra-
tional modes have phase velocity values higher (fast velocity
region) and lower (slow velocity region) than the propagation
velocity of the sample plate are used to study the effect of a
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thickness reduction discontinuity in the Lamb wave propaga-
tion paths. This phenomenon has been studied for artificial
inclusions and bulk waves using ray tracing theory [11,
16–19]. It was found that in the presence of material discon-
tinuities, ray tracing algorithms provide a better approxima-
tion of the time of flight (TOF) of bulk ultrasonic signals than
do the straight ray assumption predictions.

Slowness Distribution Function

To numerically evaluate the sensitivity of Lambwavemodes on
thickness reduction discontinuity, a synthetic slowness distribu-
tion function f(x,y)was generated with the corresponding phase
velocity (cp) value for each dispersionmode. Figure 3 shows the
phase and group velocity dispersion curves for both modes A0
and S0 propagating in plates with two different thickness
values. A synthetic slowness distribution is generated from
the cp values of an aluminum plate (0.9 mm in thickness) and
the circular region (thickness reduction discontinuity) with a
0.45 mm in thickness at a frequency value of 1.5 MHz (vertical
dashed line in Fig. 3(a)). At this frequency, the change in value
of phase velocity as a function of the thickness variation for
both vibrational modes is noticeable. Phase velocity (cp) of the
S0 mode is equal to 5.19 mm/μs for a thickness of 0.9 mm and
5.34 mm/μs for 0.45 mm. For A0 mode, phase velocity is
2.49 mm/μs for 0.9 mm and 2.07 mm/μs for 0.45 mm.

Figure 4 shows the synthetic f(x,y) distribution for both
dispersion modes S0 and A0. The f(x,y) distribution in Fig. 4

represents a plate with an area of 100×45 mm and a circular
thickness reduction discontinuity of 9.5 mm in radius.

In Fig. 4, phase velocity for S0 mode is higher in the plate
than in the discontinuity area and the opposite can be seen for
A0 mode. It can also be seen that for a limited number of ten
transmitter and receivers (10×10 grid), a low resolution ap-
proximation to the circular thickness reduction defect is ob-
tained (Fig. 4(a) and (b)). A denser grid for the discretization
process (see Fig. 4(c) and (d)) improves the numerical ap-
proximation to the geometry of the discontinuity but it also
increases the computational cost as will be discussed in the
following sections.

Ray Tracing Modeling

Ray tracing theory describes a method for calculating
the path of elastic waves through an object having
regions with varying wave propagation velocity.
Material discontinuities and anisotropy could produce
variations in the propagation parameters of a media.
Ultrasonic waves traveling through this kind of media
could suffer a deviation at every interface between
material zones of different acoustic impedance. As a
result of this deviation, the path is curved and ultrasonic
rays no longer travel in straight trajectories from trans-
mitter to receiver transducer.

Several approximate theories have been proposed in liter-
ature to solve the ray bending problem. [17, 18, 30] proposed
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algorithms based on the Fermat principle which states that the
energy of rays propagates along the trajectories of minimum
time of flight (TOF). Ray tracing algorithms have recently
been used to improve numerical models in practical
implementations. Connolly et al. [9] developed a numerical
model based on the spatial variation of material properties
found in welds to compute delay laws to trace the ray travel
paths in nonhomogeneous and anisotropic propagation media.
Denis et al. [31] implemented a ray tracing algorithm based on
the eikonal equation to perform ultrasound transmission to-
mography in refracting media. However, the modeling of
Lamb wave propagation using ray tracing theory still needs
to be further studied.

If we assumed that the ray travel path of an ultrasonic
signal can be determined by modeling the propagation
media as a sampled grid of constant material properties
in each cell (see Fig. 5); then, the ray incident at a
point of the sampled grid f(x,y), follows a trajectory that
is described by Snell’s law:

sin αþ dαð Þ
cp þ dcp

¼ sin αð Þ
cp

; ð4Þ

where cp is the phase velocity and α is the angle between the
tangent to the ray and the gradient of the velocity ∇cp at any
point in the travel path.

Figure 5, f(x,y) exemplifies a discrete distribution of
slowness (1/cp); wij is the amount of ray that traveled in
a determined cell of the discrete distribution f(x,y); Δx
and Δy are the cell size of f(x,y) in the Xi and Yj axis
respectively. The TOF for each ray can be obtained
using the following relationship:

V ¼ d

t
→TOF ¼ fw; ð5Þ

where V is phase velocity; d is distance; t is time; TOF is the
time of flight of the ray and f=1/cp.

The relationships between two adjacent points of the travel
path are determined by:

cos αð Þ ¼
∂cp
∂x

ax þ ∂cp
∂y

ay

� �
⋅ dxax þ dyay
� �

∂cp
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ay

����

���� dxax þ dyay
�� ��

;
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ay

� �
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� �

� �
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�� ��
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where (ax,ay,az) are unit vectors in the x, y, z directions, dα=dθ,
and dcp=((∂cp/∂x)ax+(∂cp/∂y)ay) ⋅(dxax+dyay).

From equation (6) the following ray equation can be ob-
tained, see [17] for a detailed description:

dθ
dx

¼ 1

cp

∂cp
∂x

∂y
∂x
−
∂cp
∂y

� �
: ð7Þ

If f=1/cp, tan(θ)=yx
′ , and dθ/dx=yx

′ ′/(1+yx
′2) the ray equation

can be established as follows:

y
0 0
x ¼

1

f

∂ f
∂y

−
∂ f
∂x

y
0
x

� �
1þ y

02
x

� �
; ð8Þ

where f is the slowness value of the propagation media.
The ray path expressed in function of the Yj axis (see

Fig. 5), y(x), can be described as:

y
0 0
x ¼

ykþ1−2yk þ yk−1
i2x

; ð9Þ

where ix is the step in the ray travel path.
The discrete form of the ray equation, for numerical imple-

mentation can now be obtained by combining equations (8)
and (9):

ykþ1 ¼ 2yk−yk−1 þ
i2x

f xk ; ykð Þ
∂ f
∂y

−
∂ f
∂x

y
0
k

� �
1þ y

02
k

� �
; ð10Þ

where yk
′ =(yk−yk−1)/ix.

Bilinear interpolation Denis et al. [31] can be used to
calculate the derivatives of the slowness distribution at each
step in the ray travel path:

∂ f
∂x

¼ f xk ; ykð Þ− f xk−1; ykð Þ
ix

;

∂ f
∂y

¼ f xk ; ykð Þ− f xk ; yk−1ð Þ
yk−yk−1

:
ð11Þ

From the previous theory it is possible to establish the
following ray tracing algorithm.

Given an initial yi coordinate (transmitter transducer posi-
tion) and a corresponding shooting angle θ, trace the complete
ray travel path to obtain the final yf coordinate (receiver
transducer position) using equation (10).

Calculate the time of flight for the obtained ray path by
multiplying the fragment of the travel path (wij) and the f(x,y)
value at each cell.

Establish a range for the shooting angle θ and repeat steps
(a) and (b) until the minimum TOF for the calculated ray path
is obtained.

Change the initial yi coordinate and repeat (a)-(c).
Rays with minimum TOF provide with an improved ap-

proximation of the straight ray assumption to the actual ultra-
sonic signal trajectory between the transmitter-receiver pair.
To compare with TOF experimentally measured from STFT,
group velocity was used in equation (5) instead of phase
velocity.

Numerical calculations using the above methodology for
ray tracing of Lamb wave propagation through a slowness
distribution describing a circular discontinuity is shown in
Fig. 6. In these calculations the low density grid is based only
on ten receiver/transmitters positions (Fig. 6(a) and (b)).

Figure 6 shows that the fast velocity region (S0 mode)
slightly affects the trajectory of the ray propagation direction;
while the effect is greater for the slow velocity region (A0
mode). The comparison of straight ray TOF with results of
time of flight based on ray tracing obtained with equation (5),
using phase and group velocity, are given in Fig. 7. S0 mode
exhibits only a minimal difference between phase and straight
arrival time and a more noticeable difference of group TOF
with respect to straight ray TOF. On the other hand, A0 mode
exhibits nominally equal arrival times for straight and group
TOF. This phenomenon is explained by the inverse effect of
thickness variation on phase and group velocity of A0 and S0
modes (see Fig. 3).

Ray tracing theory predicts that the slow velocity region
would obstruct the propagation of ultrasonic signal at receiver
position S7 (Fig. 6(b)). The behavior of Lamb waves in the
presence of a slow velocity region is similar to the results with
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bulk waves reported by [16]. It should be noticed that the
almost unperceivable bending in ray #6 for A0 mode, which
passes near the discontinuity but not over it, is a consequence
of the low resolution of the grid used for the calculations (see
Fig. 4(a)).

To corroborate the numerical findings, experiments using
an aluminum plate with an artificially machined thickness-
reduction discontinuity were performed. A pulsed laser and a
photo-electromotive force detector were used for generation
and data capture processes of ultrasonic signals. Laser gener-
ated ultrasoundwas implemented to increase spatial resolution
of ultrasonic rays for the data gathering process.

Experimental Setup and Results

The experimental setup for detecting the laser-generated
Lamb waves using the photo-EMF detector is depicted in
Fig. 8. The photo-EMF detector used was a GaAs crystal with
frontal dimensions of 3×3 mm and 0.5 mm thick. The sensi-
tive area of the detector was limited by two stripe gold
electrodes with a spacing of ≈ 300 μm. A Distributed Bragg
Reflector (DBR) laser diode with a continuous wave output
power of ≈ 90 mW at wavelength emission of 852 nm was
used as a probe laser. The laser beamwas split into two beams,

one of them inspected the test sample and the backscattered
light was collected and brought into interference with the
second (reference) beam at the photo-EMF detector. Small
ultrasonic vibrations on the sample test produced lateral dis-
placements of the interference pattern. As a consequence of
these fast displacements, an electrical current was generated
through the photo-EMF detector, which is closely related to
the vibrations on the sample surface [32]. The photo-EMF
electrical current was amplified by a transimpedance amplifier
(30 MHz bandwidth and 1 MΩ gain) and observed and stored
in a digital oscilloscope with a frequency band of 20 MHz.
The ultrasonic waves were generated by a Nd:YAG pulsed
laser (10 ns pulse width and ≈ 500 mJ of energy per pulse). A
cylindrical lens, of 25 cm focal length, focused the laser beam
on a line 200 μmwide and 1 cm long. The test sample was an
aluminum plate with dimensions of 220×110mm and 0.9 mm
thick. A circular discontinuity (r≈9.5 mm and 0.45 mm in
depth) was machined on the back side of the plate. The sample
plate was assumed to be isotropic; no indication of anisotropy
was measured during the experiments.

The accuracy of the experimental system depends on the
precise location of the transmitter-receiver pairs. Experimental
signals were acquired by changing the position of the pulsed
laser and fixing the sample plate for a single projection and
also by capturing signals from parallel positions of the trans-
mitter receiver pair. Signals were acquired using the proposed
experimental set-up with a maximum resolution of 0.1 μs.

The area around the defect was scanned using the scheme
depicted in Fig. 9. The pulsed laser was aimed to position t1
and t5 on the aluminum plate and the probe laser receiver at
ten different positions (s1-s10) on the opposite side of the
plate. The horizontal linear distance between the lines of
transmitter and receiver transducers was set to 100 mm and
the distance between the first and tenth positions of the trans-
ducers was set to 45 mm. The high spatial resolution of the
experimental system as compared with standard contact trans-
ducers (typically 12.7 mm in diameter) allows the generation
and capture processes of the ten rays (profile) in a small region
around the discontinuity. Profiles of signals generated with the
transmitter sensor (t) in the first and fifth positions (Fig. 9)
were used to describe the interaction of Lamb waves with the
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thickness reduction discontinuity. These profiles provide in-
formation of the normal and oblique interaction of Lamb
waves with the discontinuity.

Estimation of time of flight was obtained by setting a
frequency value of interest (1.5 MHz) and plotting the profile
of the spectrogram (STFT) on the time-spectrum amplitude
axis. It is known that FFT can be used to determine which
frequencies are present in the captured signal, but the infor-
mation on the time reference for those frequencies cannot be
obtained [27]. On the other hand, STFT evaluates the time-
domain signal into a series of small time intervals, each is
windowed and the Fourier transform is applied individually
for each one and then put together to produce a spectrogram of
the signal. The time of flight can be determined by identifying
the maximum amplitude of the spectrogram profile at a time
window around each mode [33].

Figure 10(a), (c) and (e) show the captured time domain
signals for different locations of the photo EMF detector with
the transmitter sensor aimed at position 1. The time signal was

Fig. 9 Depiction of the scheme for data gathering process for the first
(left) and fifth (right) positions of the pulsed laser (t1, t5). The distance
between laser and detector in the t1-s1 pair is 100 mm; the distance
between receiver positions (s1,s2…s10) is 4.5 mm

(a) s1 with t1 (b) STFT s1 with t1

(c) s7 with t1 (d) STFT s7 with t1

(e) s10 with t1 (f) STFT s10 with t1
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averaged over 32 shots in order to improve the signal to noise
ratio. In Fig. 10(a), a typical time-domain signal away from
the region with the thickness reduction discontinuity (trans-
mitter and receiver at position 1) is shown. The corresponding
spectrogram is given in Fig. 10(b). For comparison purposes,
the theoretical dispersion curve for a plate (0.9 mm in thick-
ness) is superimposed onto the experimental one. It is ob-
served that both S0 and A0 dispersion modes are received
when there is not interaction with the discontinuity
(Fig. 10(b)). Thus, arrival of S0 and A0 modes are clearly
identified. The observed signal pattern in-between A0 and S0
is the result of reflections in the edges of the plate.

Our interest here is on the arrival time as affected by ray
bending at the discontinuity of S0 and A0 at the frequency of
1.5 MHz. The effect of mode conversion on the strength of
these modes was not studied. It was found that for a receiver
located in position 7 and 10, the interaction with the discon-
tinuity distorts the captured Lamb wave signals. This effect is
more evident in the time-frequency representations of the
ultrasonic signals, which shows that the receiver at position
7 does not detect S0 mode at the frequency of 1.5MHz used in
the theoretical predictions based on ray theory (see Fig. 6). For
sensor at position 10, S0 and A0 are again detected; however,
the TOF of A0 mode cannot be accurately determined due to
low signal to noise ratio (Fig. 10(f)). Therefore, once the wave
propagates over the discontinuity region, A0 and S0 are
affected differently as a function of the excitation frequency.
This phenomenon can be explained by the varying incidence
angle relative to the receiver/transmitter position and to the
position and thickness of the discontinuity. Therefore, these

results corroborate the expected effect of the discontinuity as a
function of the incidence angles on S0 or A0 vibrational mode
as predicted by the ray theory.

The numerical calculations of time of arrival (TOF) esti-
mation using straight ray and ray tracing approximations are
given in Fig. 11 together with experimental measurements
(asterisks). It can be seen that experimental measurements
agree better with ray tracing approximation (circles) than with
straight ray assumption (solid line). If the transmitter is located
at position 1, S0 mode is not detected at 1.5 MHz by the
receiver in positions 6, 7 and 9 (Fig. 11(a)). Similar results
were obtained for experimental measurements of A0 in re-
ceiver positions 5, 6 and 10 (Fig. 11(b)). As predicted, the
slow and fast velocity regions defined by the phase velocities
of A0 and S0 modes influence experimental measurements by
making S0 mode more sensitive than A0 mode to the thick-
ness reduction discontinuity. This outcome, apparently in
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Fig. 11 Time of flight TOF pro-
file, showing theoretical straight
ray and ray tracing approxima-
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contradiction with the large ray bending effect observed for
A0, can be explained by the difference in values of group
velocity for these two modes (see Fig. 7). For example, in the
case of A0 mode, the larger trajectories due to ray bending are
compensated by the high group velocity at the discontinuity
region resulting in equal TOF for ray tracing and straight ray.
For S0, the lower group velocity at the discontinuity region is
responsible for the observed difference between straight and
ray tracing TOF. Finally, we can say that despite the fact that
the discretization of the 10×10 grid used in the numerical
calculations was relatively low, ray tracing results and exper-
imental findings agree quite well.

A poor discretization of the sample plate reduces the reso-
lution in ray tracing approximation; however, the implemen-
tation of a grid with a large number of cells to model f(x,y) will
increase the computational cost of the ray tracing algorithm. In
the numerical measurements a 10×10 grid was used to
discretize the shape of the discontinuity in the sample plate
in order to keep a low computational cost. As shown in
Fig. 12, numerical calculations with a high resolution grid
will significantly increase the computational time for both
modes.

Figure 13 shows the profiles generated by S0 and A0
modes at 1.5 MHz. These profiles were obtained at parallel
positions (t1-s1, t2-s2… t10-s10) of the transmitter-receiver
pair (see Fig. 9). There, lines are the numerically calculated
thickness values using ray theory and straight ray and scatter
points are the experimental results. Clearly, ray theory ap-
proaches actual thickness values of the defect (0.45mm); thus,
direct observation of these profiles can be used as a rough
estimate of the size of the defect which can be improved if a
high number of parallel rays is applied.

Numerical and experimental results show that detection
and characterization of a discontinuity, depends not only on
a proper selection of a single vibration mode but also on the
frequency range. The numerical approximation implemented
in this work can be used to obtain an approximation of
discontinuity dimensions. A numerical approximation of
Lamb wave propagation could help to optimize the experi-
mental set up, based on the proper selection of the Lamb wave
mode, sensor locations and frequencies. Also, experimental

data gathering process could be improved by numerically
establishing the correct incidence angle at which a specific
dispersion mode of interest can be used to detect a
discontinuity.

Conclusions

In this work, the interaction of laser generated ultrasonic
Lamb waves with a thickness reduction discontinuity was
experimentally and numerically studied. Experiments were
performed on a 0.9 mm thick aluminum plate having an
artificially machined with 50 % circular thickness reduction
discontinuity of 19 mm in diameter. Numerical calculations
used synthetic f(x,y) slowness distributions generated from
theoretical dispersion curves of S0 and A0 modes. It was
found that the thickness variation at the discontinuity region
along with the frequency values determines the sensitivity of a
dispersion mode to the thickness reduction discontinuity.
Comparison between experimental and numerical results
shows that the photo-EMF laser detector provides enough
spatial resolution and signal to noise ratio to observe ray
bending of Lamb waves. Results of this work show the
potential use of ray tracing theory to model the interaction of
Lamb waves with a thickness reduction defect. The proposed
methodology could be used to improve tomography recon-
struction based on ray tracing TOF for accurate discontinuity
characterization.
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