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Abstract
Accurate modelling of guided Lamb wave propagation is crucial for SHM systems, where a large amount of information
and cases are needed to cover all in-service conditions of a structure. Historically finite element methods have proven
to be accurate and robust enough to simulate the problem, however they typically require substantial computational
resources and each simulation may take a significant amount of time to accomplish. This article presents a
comprehensive validation study of a wave propagation methodology based in ray tracing applied to predict the acoustic
behavior of lightweight structures. Focused on representative composite materials, particularly carbon fiber-reinforced
composites, the study addresses the growing need for accurate and fast simulation tools in industries where lightweight
and high-strength materials play a pivotal role, such as aerospace and automotive engineering.
The study presents an examination of the ray tracing method’s effectiveness via a combination of experimental coupon
tests, ranging from a simple rectangular metallic plate to a representative CFRP structure from the wing lower cover of
the UPM-LIBIS UAV. The investigation spans a distribution of possible damage locations, ensuring a comprehensive
evaluation of the method’s applicability.
Results demonstrate the method’s efficacy in predicting the elastic wave propagation characteristics, including
transmission, reflection, and absorption within composite structures; and it also its behavior when simulating
representative in-service damages, generated both via added masses and real impact damages performed on the
test specimen. The validation process involves an in-detail comparison with experimental measurements, evaluating
the reliability and applicability of the ray tracing approach.
This research not only contributes to the advancement of predictive modeling for acoustic behavior in composite
structures but also addresses the broader implications for industries relying on accurate simulations for design
optimization and performance evaluation. The validated ray tracing method has proven to be a valuable tool for
engineers and researchers seeking precise predictions of wave propagation in composite materials and its computation
speed makes the methodology ideal to contribute to a training database for a future SHM system based in Artificial
intelligence.
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Introduction

Carbon Fiber Reinforced Plastic (CFRP) structures are
widely used in various industries: aerospace, automotive,
sports equipment, and civil engineering, due to their high
strength-to-weight ratio and other desirable mechanical
properties. Thanks to improvements in the structural analysis
discipline, an engineer can ensure that they meet their
respective safety, performance, and durability requirements
in their intended applications; crucial for industries such
as aerospace where lightweight, high-strength materials are
essential for achieving optimal performance and efficiency.

However, even when they present all of these significant
advantages, carbon fiber structures may require some
special attention as, unlike metallic structures, they are
subjected to a much wider range of failure modes, such as:
delaminations, fiber breakage, matrix cracking, and impact-
induced damage1–4, some of which may be difficult to asses
by visual inspection. Therefore, new and affordable systems

must be developed to be able to study the performance of
these structures in service.

In this framework is where Structural Health Monitoring
(SHM) performs a crucial function, employing various
sensing technologies, data acquisition systems and signal
processing techniques to be able to monitor the structure
periodically or in real time. There are two primary
approaches in the field of SHM: data-driven and model-
driven5. Data-driven methods hinge on structural data to
deduce the normal operational state of a structure through
machine learning processes. On the other hand, model-
driven methods leverage physics-based models to ascertain
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the health condition of a structure by comparing the models’
predictions with the actual structural data6.

The extraction of damage-sensitive features from the
structure and the analysis of these features can be used to
detect, quantify and determine the location of damage and,
additionally, the system could be used to capture real-time
events and assess them7, or be able to consider even the
effect of corrosion8 and other environmental factors9.

To achieve this, both methodologies must be fed with
data from a sensor network permanently installed in the
structure. There are many kinds of sensors currently available
in the industry and in this article we focus on ultrasonic
inspections, which have historically proven to be a reliable
and cheap way of evaluating manufacturing defects or in-
service damages. This technique is ideal for lightweight
structures, as elastic waves are able to travel large distances
with very low attenuation and are very sensitive to typical
damages of interest10.

A significantly complex structure could, therefore, be
inspected with a very small number of sensors11,12;
employing elastic waves with a distributed piezoelectric
actuator/sensor network based on the pitch-catch method
has proven to be very successful for impact damage
detection13,14 and even for other non typical damages such
as crack and corrosion localization15. These SHM systems
could present many cost advantages when compared with
the traditional inspection methods, and could also be used
to improve the life prediction of the structure based on its
usage12,16.

Beeing able to extract relevant damage identification
parameters and accomplish the objective of these systems
still requires a significant effort, in terms of signal analysis
and interpretation17,18 and must be substantiated by relevant
testing experience. However, due to the high cost of physical
tests, numerical simulation can be especially helpful to
predict the elastic wave propagation and may help improve
the accuracy of these systems19. These data-driven methods,
also referred as physics-informed machine learning systems
are an emerging methodology that can also significantly aid
in the interpretation of SHM data. The basic idea consists
on combining physics-based models with data-driven ones
taking advantage of both to improve predictive capability in
an SHM setting20.

Numerical simulations provide a very effective way to
capture and understand the structural behavior in terms of
elastic wave response; general purpose computational codes
such as time domain spectral finite element methods21,22 or
explicit finite element methods19,23–25 are commonly used to
calculate the wave propagation, and has proven to be a useful
tool when used for training of a physiscs-informed machine
learning model26.

However, finite element or finite difference methods, could
present a series of significant disadvantages. Some of the
most limiting ones could be:

• Computational Complexity: the methodologies tend
to be computationally intensive, especially for large
and complex structures. Long computation times and
high memory requirements may limit their efficiency,
and are usually not suitable for real-time or iterative
analyses.

• Grid or Element Discretization: Discretizing the
structure into grids or elements may result in some
loss of accuracy, difficulties in capturing fine details
or aliasing effects on high frequencies. The choice
of grid or element size can impact the accuracy and
computational cost of the analysis and is usually a
limiting factor for the maximum scale of structures to
be analyzed.

• Material damping of boundary damping: specifically
for the explicit finite element method, introducing
damping elements, either as dashpots or material
damping, significantly reduces the stable time incre-
ment, making it exponentially more costly to solve
problems where this effect is relevant on the solution.

For these reasons, and also to increase the reliability
of the simulations, there have been multiple attempts of
solving the problem without resorting to finite elements in
the literature, either analytically27–29 or using statistics or
artificial intelligence30,31; some of these methods are able to
achieve very good results, but the algorithms studied tend to
be too complex to generalize or limited in applicability.

There are, however, other numerical approaches that may
breach the problems issued above, specifically, this article
focuses on the Ray Tracing Method; which is based on
the assumption that the particle motion can be modeled
as a number of idealized narrow beams (rays) advanced
through the medium by discrete amounts. Tracing the paths
of individual rays provides valuable information about wave
behavior, including wavefront curvature, mode conversion,
reflection, and transmission as the rays interact with the
objects present along their path. Ray tracing methods have
been extensively developed recently for graphics rendering
due to the recent technological developments of high-
end graphics cards32, but have also been continually used
historically for science and research in different fields such
as astronomy33 or optical design34.

Ray tracing, however, is not limited to visual rendering,
as it can also be applied to simulate sound propagation in
various environments. In the context of acoustics and sound
engineering, it involves tracing the paths of sound waves as
they interact with the boundaries given by the structure. This
technique allows for the modeling of how sound behaves in
complex 2D or 3D environments, considering factors such as
reflection, diffraction, and absorption

The ray tracing-based approach offers significant advan-
tages over traditional numerical methods in terms of com-
putational efficiency and ease of implementation as it is
not limited by an element size, although a large number
of rays may be limiting in some applications. It provides
a practical tool to analyze wave propagation phenomena
and has been widely used in scientific research for many
different applications, most notably: ocean acoustics35,36 or
heat transfer37. Specifically it has also been previously used
in SHM to solve the guided wave propagation problem38–41

and it has proven its effectiveness.
The solution presented in this article also applies the ray

tracing method to solve the general guided elastic wave
propagation problem for an arbitrary 2D structure and it
aims to provide additional versatility such as accounting
for multiple sensors or actuators and adjustable boundary
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parameters in order to accurately match experimental data;
with the objective of developing an efficient and accurate
numerical model that may be later used as part of a
complete SHM framework, whether it is to train an
artificial intelligence model or to determine relevant damage
indicators.

Additionally, the sensor model developed considers a
finite area instead of a single spatial point. This is
done by many different reasons, but mainly provides a
significant advantage when compared with other ray tracing
methodologies for the following:

• There is no need to calculate additional eigen-rays
to capture the signal at the sensors35. The initial ray
propagation is already sufficient.

• In cases where the signal wavelength is comparable to
the sensor dimensions, the secondary dispersive effect
is already taken into account on the recovered signal,
and therefore no additional computation is needed.

The main limitation of this approach is that a sufficiently
large number of rays must be used to completely capture
all possible relevant propagation paths that may reach the
sensor, analogous to the number of elements of a finite
element model, although its computation is still far more
efficient.

The set of test cases presented in this article are focused
on validating the ray tracing model and demonstrate its
applicability to simulate intact structures and detect possible
presence of anomalies.

The validation is performed on the following cases:

• A metallic rectangular aluminium plate is used as
an initial validation for an isotropic material. This
validation is also used to adjust the boundary reflection
parameters of the simulation.

• The simulation is then validated against a representa-
tive composite structure, corresponding to the lower
wing cover of the LIBIS UAV. Artificial damages are
introduced in the structure an dcompared with the
simulation results.

• Finally the simulation is validated with a real damage
present in the structure. An impact of 7 J generating
of a possible representative Barely Visible Impact
Damage (BVID) is performed in the LIBIS composite
wing. The damage is inspected with tradicional NDT
techniques and with the installed PZT sensor network
and compared with the simulation results. This is
shown in a qualitative way via the Hilbert transform.

Materials and methods
The basic idea behind ray tracing involves tracing the path
of straight ideal rays as they travel through the structure.
This process simulates the behavior of these ultrasonic waves
considering factors like reflection, refraction, dispersion and,
indirectly shading. The main steps involved in the analysis
are as follows:

• Ray Generation: Rays are cast from the source into the
structure. Each ray represents a potential path that the
elastic waves could propagate to.

• Intersection Testing: The rays are traced through the
structure to determine if and where they intersect with
objects in the virtual environment.

• Reflection and Refraction: In case of an intersection
reflection and refraction of the rays must be
accounted for. Reflected rays are traced in the
opposite direction from the surface normal, simulating
reflective surfaces. Refracted rays resemble the
bending of light as it passes through transparent
materials.
The refracted ray path along the structure is governed
with the Snell’s law, and at the boundary of two
mediums 1 and 2 is expressed as:

cos θ1
cos θ2

=
vp1
vp2

(1)

where θi and vpi are the incidence angle and phase
velocity of the medium i.
When a ray encounters a boundary a component of the
ray energy is reflected and another part is refracted
or transmitted. For the particular case in which the
ray would reach a segment end (ie. a corner) the ray
is eliminated from the model. This approach is taken
as a simplification to reduce computational effort, as
the effect is negligible for a sufficiently large number
of rays and can be minimized considering initial rays
that wont intersect any corners of the model on their
first propagation step, for example: by choosing an odd
number of initial rays.
The model takes into account the mode conversion
phenomena42,43 at each boundary and therefore, the
transmitted and reflected component energy is divided
between the different propagation modes.
The energy of the incident ray Eiray is divided
between the potentially four rays originating at the
intersection point (reflected, transmitted and their
respective mode changes) and a remnant energy εE
that could be lost at the boundary, as follows:

Eiray =

f1ES0r + f2EA0r + f3ES0t + f4EA0t + εE
(2)

where ES0r and EA0r represent the energy of the
symmetric and anti-symmetric reflected rays, ES0t

and EA0t represent the energy of the symmetric and
anti-symmetric transmitted rays and the factors fi
represent the wave energy that is distributed between
each of the propagation modes, and they are defined in
terms of the fraction of energy transmitted through the
boundary ftr and the fraction of energy invested in the
mode change fmc as follows, assuming an S0 incident
ray:

f1 = (1− ftr)(1− fmc)

f2 = (1− ftr)fmc

f3 = ftr(1− fmc)

f4 = ftrfmc

(3)

considering ftr < 1 and fmc < 1. Both the factors fi
and the dissipated energy εE must be adjusted based
on the kind of boundary encountered.
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• Recursive Tracing: To simulate complex interactions,
the tracing algorithm must involve recursive tracing.
In this context, as explained previously, a reflected ray
might generate additional rays to simulate secondary
reflections, and these rays are then traced recursively
also capturing their possible interceptions and newer
rays that may be generated.

Wave speed and dispersion in metals

Wave propagation in isotropic plates, such as metals, can
be understood by the characteristic Lamb wave equations;
initially established by Horace Lamb in 1917 and further
developed by Raymond Mindlin in 195144. They define
group and phase velocity for waves propagating in an infinite
plate, describing two modes of propagation: symmetric (S0)
and anti-symmetric (A0). The Lamb wave equations give
a very good approximation of the elastic wave propagation
speeds in thin plate objects, however, as the infinite plate is
nowhere to be found in reality, the term guided Lamb waves
is more commonly used to refer to this real phenomena, as
its refers to Lamb-like waves that are guided by the finite
dimensions of real objects.

These equations were derived by setting up formalism for
a solid plate having infinite extent in the x- and y- directions,
and thickness h in the z-direction. Assuming sinusoidal
solutions of the wave equation and imposing plane stress
conditions at the top and bottom surfaces of the plate a pair
of characteristic equations can be found. These are:

Symmetric :
tan qh

tan ph
= − 4k2qp

(k2 − q2)
2

Anti− symmetric :
tan qh

tan ph
= −

(
k2 − q2

)2
4k2qp

p2 = −ω2

c2L
− k2, q2 = −ω2

c2T
− k2, and k =

ω

vp

(4)

where h, k, cL, cT , vp and ω are the plate thickness, wave-
number, velocities of longitudinal and transverse modes,
phase velocity and wave circular frequency, respectively.

The equation is solved iteratively to estimate the wave
propagation speed at any given frequency-thickness ratio,
and, as expected, this equation implies that Lamb waves
are dispersive regardless of propagation mode; resulting in
a propagation speed that depends on the frequency that must
then accounted for in the ray tracing method.

As the problem is formulated by assuming an infinite
plate, by definition, Lamb waves have no particle motion
in the y-direction. Motion in the y-direction in plates is
found in the so-called Sh or shear-horizontal wave modes.
These have no motion in the x- or z-directions, and are thus
complementary to the two Lamb wave modes. Although this
wave mode is not generally used for SHM applications, in the
case of isotropic plates, the velocity of the first order shear
propagation mode Sh0 has been mathematically proven to
be equal to the anti-symmetric (bending) propagation mode
A045.

Wave speed and dispersion in composite
materials
Composite materials present characteristic anisotropic
stiffness properties that have a significant influence on the
propagation speed and media dispersion for elastic waves46.
The stiffness transfer matrix method (STMM) has proven
to be a good approximation in order to estimate the wave
propagation speed47, this methodology is well suited for
multilayered media as it condenses the system into four
equations, eliminating all other intermediate interfaces. It
can be calculated for each media before the tracing of the
ray propagation map and the propagation speed of each
individual ray can be later interpolated from it based on its
travelling direction angle and wave mode.

Assuming all composite layers behave as orthotropic
media and following Hooke’s law generalized for a two-
dimensional shell, the layer stiffness matrix expressed
in the laminate coordinates (rotated around the laminate
perpendicular axis) C defines the relation between layer
strains and stresses as:



σ11

σ22

σ33

σ23

σ13

σ12


=


C11 C12 C13 0 0 C16

C12 C22 C23 0 0 C26

C13 C23 C13 0 0 C36

0 0 0 C44 C45 0
0 0 0 C45 C55 0

C16 C26 C36 0 0 C66





ε1
ε2
ε3
γ23
γ13
γ12


(5)

where σij represent the material stress and εi and γij
represent the strain and shear angles respectively.

Applying Newtons second law to the stiffness matrix
from Equation 5 and considering the small linear strain
displacement approximation, given by:

εi,j =
1

2

(
∂uj

∂xi
+

∂ui

∂xj

)
(6)

the internal forces can be converted into internal stresses,
resulting in ∇σ̇ = ρü. It is possible to then solve the
resulting linear system of equations by imposing a sinusoidal
wave solution in displacements of the form:

(u1, u2, u3) = (U1, U2, U3)e
ik(x1+αx3−vpt) (7)

where U1, U2, and U3 are the amplitudes of the harmonic
motions in time and space and vp is the phase velocity of the
wave.

Therefore, the equations of motion can be rewritten in
matrix form as:

(
C11−ρv2

p+C55α
2 C16+C45α

2 (C13+C55)α

C16+C45α
2 C66−ρv2

p+C44α
2 (C36+C45)α

(C13+C55)α (C36+C45)α C55−ρv2
p+C33α

2

){
U1

U2

U3

}
= 0

(8)
The system from Equation 8 can only present a non-

trivial solution when its determinant equals zero; therefore,
it could be studied as an eigenvalue problem to obtain the
values of α, resulting in a six-order equation with only even
coefficients45,47.
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Once solved, the values of α are found to be related in
pairs:

α1 = −α2, α3 = −α4, α5 = −α6 (9)

It is then possible to rewrite the expressions for
displacements and layer stresses as a function of αj , as
follows:

(u1, u2, u3) =

6∑
j=1

(1, Vj ,Wj)U1e
ik(xi+αjx3−vpt) (10)

(σ33, σ13, σ23) =

6∑
j=1

(D1j , D2j , D3j)U1e
ik(xi+αjx3−vpt)

(11)
Values for the matrix terms Vj , Wj , Dij , and αj can

be found in47; they are not written here due to space
constraints. Defining a stress displacement vector s (x3) =
(u1, u2, u3, σ33, σ13, σ23), the relation for wave propagation
in each each layer is:


1 1 1 1 1 1
V1 V2 V3 V4 V5 V6

W1 W2 W3 W4 W5 W6

D11 D12 D13 D14 D15 D16

D21 D22 D23 D24 D25 D26

D31 D32 D33 D34 D35 D36




U11e
kα1x3

U12e
kα2x3

U13e
kα3x3

U14e
kα4x3

U15e
kα5x3

U16e
kα6x3

 eik(x1−vpt)

=



u1

u2

u3

σ33

σ13

σ23


(12)

Guaranteeing continuity by solving Equation 12 at the top
and bottom of each layer, it is possible to obtain a relation
between the upper and lower surfaces of the plate. Therefore,
for a laminate of n layers, the expression would be:

{st} = [Tn][Tn−1]...[T 1]{sb} =
n∏

j=1

[T j ]{sb} = [A]{sb}
(13)

{
{ut}
{σt}

}
=

(
[Auu] [Auσ]
[Auσ] [Aσσ]

){
{ub}
{σb}

}
(14)

Stress-free boundary conditions are then guaranteed in
the top and bottom layers as {st} = {sb} = 0; hence, the
dispersion curves in terms of the phase velocity vp can be
computed as the solution of the determinant |Auσ| = 0.

While the phase velocity, vp, determines the speed at
which each of the frequency components of the wave travel
through a medium, the group velocity, defined as vg =

dvp

dk ,
refers to the velocity at which the envelope of the wave
packet propagate. In simpler terms, it is the speed at which
the shape or modulation of a wave moves through space.
The group velocity takes into account the entire waveform or
wave packet, which may consist of a combination of different
frequencies.

In a dispersive medium, where different frequencies of a
wave travel at different speeds, the group velocity vg must
be different from the phase velocity vp and the dispersion
relation can be obtained via these two values. In order to
trace the ray map for a defined time point the rays are then
propagated at the phase velocity corresponding to the central
frequency of the wave packet (maximum of the Fourier
transform of the signal) this is an approximation, as the signal
will be later recovered at the sensors taking into account the
complete dispersion curve.

The shear wave propagation mode (Sh0) could also be
obtained via this method but it is not accounted for in the
model, as its usefulness for SHM applications is negligible
compared with the other modes and only the S0 and A0
modes are considered and each is modeled with independent
rays.

Ray signal recovery
In the case of active interrogation a tone burst is typically
used as an excitation signal, usually consisting of a 10V
to 50V peak to peak sine wave modulated by a Hamming
window. These signals are named with the convention
BURSTn where n represents the width of the window in
number of periods, and in the case of aeronautic lightweight
structures, the frequency of these signals is typically studied
in the range of 100 kHz to 500 kHz.

The signal information is carried independently on each
ray in the frequency domain, via a sufficiently large amount
of terms of their Fourier transform, and could then be altered
as the ray propagates through the model due to different
effects, such as material damping which is considered as a
factor over the signal amplitude A, following an exponential
law:

A = A0e−ωξt (15)

where ξ is the material damping coefficient.
The signal is then recovered at each point applying the

time shift property of the Fourier transform:

x (t− t0)←→ e−iωt0X (ω) (16)

as the signal is dispersive, the phase velocity as a function
of frequency vp (ω), estimated in the previous section, is
accounted for as follows:

x (t− t0)←→
N∑
j=0

e
−iωj

d
vp(ωj)Xj (ωj) (17)

where d is the distance along the ray path where the signal is
to be obtained.

The method has been developed focusing on the
characteristics of a piezoelectric transducer. As explained
previously, due to the sensors low weight and their ability
of both generating and measuring guided elastic waves they
are ideal for SHM systems. Signals obtained unavoidably
contain multiple modes requiring complex signal processing
techniques to extract useful information. Moreover, PZT
sensors may also reveal certain nonlinear behavior and
hysteresis under large strains/voltages or at high temperature.
Brittleness, low fatigue life, etc., may be some other concerns
limiting application48.
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To include the PZT sensors in the simulation, they are
modeled as a circle boundary. This boundary does not
interact with the incident rays, however the intersection time
points (ti and te) are captured and the ray signal is integrated
between the line crossing the sensor area (se − si), as shown
in Figure 1. This way allows the sensor to act as an integrator
of the material strain over the area it covers49,50, and the
solution is obtained by superimposing the integrated signal
of all the incident rays.

Figure 1. Schema of the PZT sensors model for the ray tracing
algorithm

There are a number of significant advantages that arise
from using this methodology, the main one is being able to
avoid the need to calculate eigenrays to the sensors, therefore
saving significant computation time, and being able to obtain
a solution with the first iteration of the ray map.

As the sensors acts as a signal integrator, the dispersive
effect on the signal is inherently captured by modelling
its area. This effect is significantly more relevant for cases
where the signal wavelength is comparable to the sensor
dimensions, and may have some noticeable effect in the
signal measured.

On the contrary, a larger number of initial rays is needed to
achieve a good solution, and later reflections may be captured
imprecisely or not be captured at all due to the low number of
rays that may cross the sensor, although this could be solved
by iteratively increasing the number of rays until achieving a
converged solution.

Method application - results and discussion
This section presents two case studies in order to validate the
methodology and demonstrate its applicability:

• Isotropic metallic plate, for a basic methodology
validation and boundary coefficients adjustment.

• Composite UAV wing lower cover demonstrator, to
test the methodology on a more real structure example.
This is performed in two phases: first with artificial
damages, via added masses to the structure and second
with a real BVID resulting from a 7 J impact.

Isotropic metallic plate analysis and validation
The methodology is first validated against a physical test in a
rectangular aeronautic grade 2023-T3 aluminium plate. The
test is instrumented with an array of 7, evenly distributed,
12mm piezoelectric (PZT ceramic) sensors, and the data
is recorded with an Acellent SCAN GENIE system, with
a sampling frequency of 48MHz. The plate is simply
supported on two of its sides. The effect of the support is
considered negligible and for the simulation and it was opted

to just assume a constant uniform energy loss in all of the
boundary; weight of cabling and instrumentation are also not
considered in the simulation.

The results of a ray tracing simulation, for 801 initial
rays, are shown as a heat-map in Figure 2 a) at a time
t = 8× 10−6 s, when emitting a 300 kHz BURST3 signal
from transducer PZT1. Numbering and position of the
piezoelectric sensors is also shown in the figure.

(a) Ray signal heat-map.

(b) Rays intersecting sensor PZT6 originating from sensor
PZT1.

Figure 2. Ray tracing model results at t = 8× 10−6 s.
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The heat-map shown in Figure 2 a) is calculated
by mapping the rays signal over a square grid with a
characteristic length of 2mm. The figure shows how the
elastic waves propagate through the plate and interact with
each boundary and how the energy is being dissipated after
each reflection.

In order to capture the results on a selected transducer,
the rays that intersect the sensor must be detected and
integrated over its length. As an example, all rays captured
by transducer PZT6 when emitting a signal from PZT1 at
t = 8× 10−6 s are shown graphically in Figure 2 b).

The signal carried by each ray is then integrated
numerically over the length travelled by each ray though the
sensor and added together. The results are shown in Figure 3,
compared with the experimental data.

An analytic signal is defined in terms of a real part and
an imaginary part; its magnitude is related to the magnitude
spectrum, and its phase angle its phase spectrum. Features,
such as standard deviation of amplitude, standard deviation
of phase, and signal energy can be extracted from these
spectrums.

The real and imaginary parts of the analytic signal are
related by the Hilbert transform; which takes a function u(t)
of a real variable and produces another function of a real
variable H(u)(t). The Hilbert transform can therefore be
thought of as the convolution of u(t) with the Cauchy kernel,
h (t) = 1

πt , and it is written explicitly as:

H (u) (t) =
2

π
lim
ε→0

∫ ε

∞

u (t− τ)− u (t+ τ)

2τ
dτ (18)

By taking the real function u(t) as the signal measured
in our system, we can apply this methodology to obtain
additional information and aid with the visual representation
of the data. The Hilbert transform has been historically
widely used for signal processing in many disciplines, and
particularly for SHM can be extremely useful to interpret the
signal results51.

The absolute value of the Hilbert transform gives a
representation of the instantaneous amplitude of the function,
as shown in Figure 3 where it is plotted alongside the sensors
signal to aid with its visual interpretation.

Figure 3. Result signal and Hilbert transform for path 1-6.

Shown in Figure 3, the intensity of the first peak of the
received signal is related to the amplitude of the input signal
and material properties (damping or dispersion) during the
wave path. Its absolute value, however, is governed by many
different factors such as piezo-electric characteristics of the
sensors or the amplification factor of the acquisition system.
These factors, although, out of the scope of this study are
assumed to have a linear effect on the signal and therefore
the experimental signal is normalized when compared with
the simulated data.

Second and successive peaks on the received signal are
related to wave reflections on the plate edges (not taking into
consideration the arrival of the A0 wave, that it is not relevant
in the time frame studied due to its relatively low propagation
speed in this condition). Their relative amplitude is therefore
governed by the energy dissipated in those reflections. This
is taken into account in the simulation by the boundary losses
coefficient set at the edges εE .

A parametric study is performed evaluating the boundary
losses coefficient εE in the interval of [0, 0.9] and the
normalized difference of the second peak amplitude is
evaluated, with a fixed a mode conversion factor fmc = 0.9.
In this case all the remaining energy is reflected, therefore
the energy transmission factor is not taken into account.

The normalized error on the second peak resulting of
this study is shown in Figure 4, along with its average and
standard deviation for each of the sensor paths present in
the plate. The average of each measure is joined together to
highlight the tendency of the data.

Figure 4. Aluminium plate error on second peak.

Figure 4 shows is a significant dispersion in the data;
this dispersion has been mainly attributed to factors not
accounted for in the simulation, such as precission in
sensor position and adhesion to the plate, plate material
imperfections, sensors and cabling weight, and differences
in the edges and supports of the plate which are only
represented in the simulation as the uniform factor εE .
However, there is still a clear linear tendency that shows an
optimum zero average at a value εE = 0.25.

Therefore, based on the results of this study the boundary
losses factor εE is fixed at 0.25, as it gives the best match
with the experimental results considering the methodology
limitations described.
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The results obtained for a number of relevant paths are
shown in Figure 5 compared with the experimental test
results, for a simulation with 801 initial rays and assuming
the boundary losses factor εE = 0.25 uniform and applied in
all four boundaries of the plate.

Figure 5. Normalized signal intensity comparison for relevant
sensor paths.

As shown Figure 5 in the simulation presents a very
good agreement with the experimental data after the fitting
for all configurations explored. Initial wave packet and
reflections appear with precision both in arrival times
and amplitude in the simulation results, although some
differences can be observed on some of the later reflections
that may be explained due to signal error accumulation,
sensor positioning and bonding imperfections, geometrical
differences or imperfections in the boundaries, materials and
sensors and cable and sensors weight.

The correlation presented by this method is comparable in
accuracy to other simulation methodologies, such as finite
elements or spectral element models, but the computation
time is significantly shorter, in orders of magnitude for
some cases52, making this method especially attractive for
generating large amount of data points that could be used in
cases of artificial intelligence training databases.

Artificial damages on composite wing
demonstrator

In order to evaluate the simulation behavior in the presence
of damage, the methodology is compared against a physical
demonstrator of the front left wing lower cover of the
remotely piloted aircraft system LIBIS, designed and built
by the Technical University of Madrid.

The specimen is instrumented with an array of 8, 12mm
piezoelectric (PZT) sensors, shown in Figure 6, and the
data is again recorded with the same Acellent SCANGENIE
system, using a sampling frequency of 48MHz.

Figure 6. Example test configurations evaluated on LIBIS wing
prototype. Transducers and artificial damages location and
numbering.
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(a) Intact configuration. (b) Artificial damage 01. (c) Artificial damage 02.

Figure 7. Results contours for the configurations evaluated on LIBIS wing prototype, at t = 0.5ms. Origin: PZT8.

Artificial damages to emulate the effect of a possible
delamination have been introduced in the specimen, as
shown in Figure 6. These damages are introduced as added
masses in order to alter the dynamic behavior of the structure.
Three sets of tests were performed considering the intact
structure, the structure with the artificial damage 01 and the
structure with artificial damage 02. The input signal used
consist on a BURST3 at 350 kHz at 40V; test results are
presented as an average of 3 runs.

A contour plot of the simulation results for each case
is shown in Figure 7. The simulation is run with 1201
initial rays originating from piezo-electric transducer PZT8,
artificial damage areas are simulated as linear boundary
segments. Intact plate simulation results are shown in
Figure 7 a) and Figure 7 b) and c) show the results for
artificial damages 01 and 02 respectively.

In order to quantify the effect of the damage on the
system, both the energy reflected and dissipated in the
artificial boundary were adjusted manually based on the
shortest linear propagation path, in this case corresponding
to between sensors PZT3 and PZT6, described in52.

The raw signal obtained with the tests is compared against
the simulation in Figure 8 for the path betweenPZT8 and
PZT6, both centered in the plate and each located at
opposite sides of both artificial damage 01 and 02.

Figure 8. Simulation vs. Test results raw signal comparison
with artificial damages for path 8-6.
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Although in this case there are much higher uncertainties
in the experiment and the differences are more significant
than the metallic plate case, the model predictions is still
consistent with the experimental data when estimating the
effect of the artificial damages on the signal and its effect
can be observed and quantified with the sensor network data.

Real impact damage study on composite wing
demonstrator
To evaluate the effect of a real damage on The LIBIS panel
is then subjected to a 7 J impact, with a 1 kg steel spherical
impactor, using a 70 cm tall drop tower. The impact is located
in the center of the panel in a similar location as the artificial
damage 01, at approximately 6 cm from the lower cover
trailing edge. The impact is performed on the outer face in
order to emulate a possible real BVID due to some external
in-service damage.

Images of the resulting impact are shown in Figure 9.
As expected, the effects of the damage can be more clearly
observed on the opposite side of the impact, appearing
as some fiber breakage, shown in Figure 9 b), while on
the impact side (Figure 9 a)) they appear only as a small
indentation.

(a) Impact side

(b) Opposite impact side

Figure 9. 7 J impact damage pictures

To fully characterize the impact, the damaged area is
inspected with an Olympus OmniScan MX2 and its results
of the A, B and C-scan are shown in Figure 10, where
significant delaminations and fiber and matrix crackings

spanning an approximate area of 23 cm2 and and extension
of the damage through the complete plate thickness can be
observed.

(a) A and B-Scan

(b) C-Scan

Figure 10. NDT results on damage location

This damaged area is then introduced in the simulation,
assuming a uniform boundary reflection factor ftr = 0.1 and
dissipation factor of εE = 0.5.

Instant amplitude difference results of relevant sensor
path PZT8− PZT6, located at both sides of the damaged
area are shown in Figure 11. Damage energy dissipation
characteristics has been adjusted manually in the simulation
in order to match the experiment results.

As the damage is not directly located across the line
joining sensors PZT8 and PZT6 its effect is clearly visible
in the second wave packet arrival, while the first wave packet
remains unchanged from the intact configuration. Its also
pretty obvious from the figures that this damage effect in the
signals is significantly more noticeable than the simulated
damages shown in the previous section.

Again, main differences can be explained with the same
reasoning exposed in the previous sections, but additionally
this case presents the complications inherent to the damage
characterization. A small but appreciable frequency shift is
also observed in the experimental results, which does not
appear in the ray tracing simulation as the damage is still
modelled as a zero width boundary.
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Figure 11. Results contours for the configurations evaluated on LIBIS wing prototype, at t = 0.5ms. Origin: PZT8.

Conclusions
The conducted tests on the metallic plate have proven instru-
mental in validating the proposed ray tracing methodology
in a representative structure; the method demonstrates its
capability to predict the guided Lamb waves propagation
accurately and as shown in the results, both, initial wave
packet and reflections appear with precision in arrival times
and amplitude. This demonstrates and enhances the practical
applicability of the methodology, and therefore it increases
the confidence when applying the validated ray tracing
method to more complex composite structures.

The boundaries dissipation factors optimization has
converged to a reasonable low value and is consistent with
the expected magnitude for these kind of structures. This
value is then used for the tests on the CFRP LIBIS wing
lower cover demonstrator.

Results on the CFRP LIBIS wing lower cover show a
significant match and similar tendencies in the presence
of damage between the tests and numerical analysis. The
possibility of damage could be identified, and its location and
extent could be assessed by analyzing the data with cross
correlation algorithms or the information could be used to
feed an artificial intelligence model.

The correlation can be improved with a better charac-
terization of the boundaries considering also the effects on
frequency and propagation mode. This effect accumulates
on each reflection and the differences increase with the time
of study. Exact sensor positioning, manufacturing imperfec-
tions and other factors, discussed previously, can also alter
the results and its influence is also accumulated in time.

The results of real damage are difficult to interpret due
to all the uncertainties present in this analysis, however,
the methodology proposed can still present a good degree
of accuracy and some of the effects on the signal are
still captured and can be observed in the presented results.
Further study should be performed to improve the simulation

results, that could include a characterization of damage
dispersive characteristics by simulating a realistic damage
area in the model.
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structural details’ influence on elastic wave propagation
for composite structures via ray tracing. Sensors 2023;
23(16). DOI:10.3390/s23167220. URL https://www.

mdpi.com/1424-8220/23/16/7220.

Prepared using sagej.cls

https://doi.org/10.1145/1572769.1572792
https://doi.org/10.1145/1572769.1572792
https://hal.inria.fr/hal-01021067
https://www.ndt.net/?id=19401
https://www.ndt.net/?id=19401
https://www.acronymchile.com/downloads/anisotropic_with_lamb_waves.pdf
https://www.acronymchile.com/downloads/anisotropic_with_lamb_waves.pdf
https://www.sciencedirect.com/science/article/pii/S026382231500968X
https://www.sciencedirect.com/science/article/pii/S026382231500968X
https://arc.aiaa.org/doi/abs/10.2514/6.2013-1901
https://arc.aiaa.org/doi/abs/10.2514/6.2013-1901
https://arc.aiaa.org/doi/pdf/10.2514/6.2013-1901
https://arc.aiaa.org/doi/pdf/10.2514/6.2013-1901
https://www.sciencedirect.com/science/article/pii/S0022460X05007029
https://www.sciencedirect.com/science/article/pii/S0022460X05007029
https://www.mdpi.com/1424-8220/23/16/7220
https://www.mdpi.com/1424-8220/23/16/7220

	Introduction
	Materials and methods
	Wave speed and dispersion in metals
	Wave speed and dispersion in composite materials
	Ray signal recovery

	Method application - results and discussion
	Isotropic metallic plate analysis and validation
	Artificial damages on composite wing demonstrator
	Real impact damage study on composite wing demonstrator

	Conclusions

