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This study investigates the interaction of guided ultrasonic Lamb waves with both inter-
nal and surface defects in aluminum/epoxy/aluminum bonded structures. The three-layer
assembly consists of two 0.9398 mm-thick aluminum adherends bonded with a 0.25 mm
epoxy adhesive core. Three defect configurations are examined: a centered hidden notch
(CHN), a single external notch (1EN) located on the upper surface, and two symmetric
external notches (2SEN) positioned on opposite faces. Displacement fields acquired from
the top surface are processed using a two-dimensional fast Fourier transform (2D-FFT)
to decompose the wavefield and identify incident, reflected, and transmitted modes. By
calculating acoustic power, we can quantify how energy is distributed across different Lamb
modes using specific energy coefficients. This helps pinpoint which modes are best for
detecting defects. To figure out the most effective inspection strategy for each type of de-
fect, we carried out a detailed multi-criteria assessment based on energy balance and 13
quantitative indicators. The findings show that both the type and size of a defect can be
reliably extracted from these modal energy signatures. Overall, this work supports struc-
tural health monitoring (SHM) and nondestructive evaluation (NDE) by offering a rigorous
yet practical framework for mode selection that responds well to defects in adhesive-bonded
assemblies. The methodology holds significant potential for aerospace and automotive ap-
plications, where bond-line integrity is paramount, particularly for ensuring the safety and
reliability of critical components such as aircraft structures and automotive chassis. The
partial validity of our numerical approach is supported by the experimental study of Santos,
whose results are consistent with those obtained in this study.

Keywords: nondestructive testing; Lamb waves; bonded metal structures; finite element
method; interaction defect; optimization.
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1. Introduction
Structural bonding offers decisive advantages over welding or mechanical fastening: it en-
ables the assembly of dissimilar materials (metals, composites, polymers), ensures uniform
stress distribution, enhances fatigue resistance, and eliminates stress concentrations and
corrosion risks [1]. These benefits account for its widespread adoption in aerospace, au-
tomotive, construction,To capture the wavefield and electronics. However, bonded joints
remain susceptible to manufacturing defects as well as to damage that may occur during
service, such as cracks, porosity, delamination or localised adhesive failure. Consequently,
their early detection and accurate characterisation are essential to ensure the reliability of
structures.

In the aerospace and automotive industries, Lamb waves are commonly used for struc-
tural inspection, whether in the context of non-destructive testing (NDT) or structural
health monitoring (SHM). This type of wave, which propagates in thin plates, has the ad-
vantage of traveling long distances with low attenuation while offering high sensitivity to
discontinuities, whether internal or superficial.

State of the art. Several research studies have addressed the problem of the interac-
tion between Lamb waves and defects. Rokhlin [2] proposed a theoretical methodology
to identify the sensitive modes to inspect the quality of the interface in bonded lap joints.
Alleyne and Cawley [3] showed, using the finite element method (FEM) and the two-
dimensional Fourier transform (2D-FFT), that the sensitivity of the A0, A1, and S1 modes
depends on the frequency-thickness product and the relative depth of the notch. Lowe
and Cowley [4] observed that the modes located in the adhesive exhibit better interfacial
sensitivity, whereas Lowe et al. [5] demonstrated that the symmetric modes, particularly
S0, are the most sensitive to variations in the bonded area. Seifried et al. [6] highlighted
the lower attenuation in regions predominantly composed of aluminum.

Dispersion curves were exploited to highlights the local ultrasonic energy in three-
layer structures [7] and relate its distribution to interlayer contact quality. Santos and
Perdigão [8] employed leaky Lamb waves to quantify lap joint defects and formulated
an empirical correlation between amplitude and defect size. Kumar et al. [9] related the
frequency shift and the interfacial degradation. Benmeddour [10] demonstrated acoustic
reciprocity in symmetric configurations, but pointed out the limitations of mode conver-
sion in asymmetric cases. Birgani et al. [11] highlighted the least attenuated modes in
metal-adhesive-metal assemblies. Controlled-adhesion samples were validated [12], and the
adhesive’s impact on energy absorption and modal propagation was confirmed [13]. Modal
selection (mode 11 at 3.85 MHz) was employed to accurately pinpoint disbonds in multi-
layer assemblies [14]. The symmetric S0 mode has been widely adopted because it shows a
stronger response than A0 to epoxy layer thickness variations at low frequencies [15,16].

Numerical methods have seen notable progress. The finite element method (FEM) pro-
vides a robust framework for simulating the interaction between waves and defects [3, 17].
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Numerical Finite Element Modeling of Lamb Wave-Defect Interactions in Bonded Metal Structures... 3

The semi-analytical finite element method (SAFEM), on the other hand, enables efficient
calculation of dispersion curves in complex waveguides, including for structures with varying
degrees of anisotropy [18,19,20,21]. Recently, the spectral collocation method has also been
used for calculating dispersion curves [22,23]. Recent studies combine numerical and exper-
imental techniques [24]. On the signal processing side, 2D-FFT is essential to decompose
displacement fields into the wave number frequency domain to separate incident, reflected,
and transmitted modes [25, 26]. Welch’s periodogram [26] and continuous wavelet trans-
form [27] have been developed for non-stationary signals. The study by Morvan et al. [28]
analyzed the reflection of Lamb waves at the free end of a plate, and obtained the energy
conversion coefficients using three methods: theoretical, numerical (finite element method),
and experimental. Excitation of specific modes by energy-normalized, Hann-windowed the-
oretical displacements has been successfully implemented [29,30].

Identified gap. Despite these advances, no systematic, quantitative framework exists
for selecting the optimal Lamb mode according to the type and symmetry of the defect to
be characterized. The choice of the adapted inspection mode is still largely based on an
empirical approach, which compromises both the efficiency and reliability of Lamb wave
testing.

Objective and approach. This study proposes a comprehensive benchmarking method-
ology to determine, for a bonded aluminum-epoxy-aluminum structure, which Lamb mode
(A0, S0, A1, or S1) is most sensitive and informative for detecting and characterizing three
distinct defect types: a Centered Hidden Notch (CHN), a Single External Notch (1EN), and
Two Symmetric External Notches (2SEN). The structure is a 1109 mm long, three-layer
plate (0.9398 mm aluminum / 0.25 mm epoxy / 0.9398 mm aluminum). Defects are 1 mm
wide with depths ranging from 11.74% to 96.26% of total thickness. An excitation frequency
of 300 kHz limits propagating modes to four (A0, S0, A1, S1). Dispersion curves are com-
puted via SAFEM. Extensive FEM simulations (COMSOL Multiphysics®) are conducted
with energy-normalized, Hann-windowed modal excitations. Normal displacements on the
top surface are processed by 2D-FFT; energy maps in the (k, f) domain are compared with
SAFEM wavenumbers to identify incident, reflected, and transmitted modes and possible
mode conversions.

Innovation and contributions. Each mode’s performance is systematically evalu-
ated against thirteen technical criteria (reflected/transmitted energy, energy conservation,
sensitivity to small defects, dispersive behavior, number of reflected/transmitted modes,
etc.), grouped into three weighted classes to produce an overall score for each mode-defect
pair. This multi-criteria approach establishes an explicit link between defect symmetry and
optimal Lamb mode: S1 excels for symmetric defects (CHN, 2SEN), while A1 is best suited
for asymmetric defect (1EN). The work provides a reproducible methodological framework
for mode optimization and delivers practical NDT recommendations for a priori mode se-
lection based on suspected defect type and size.

Paper outline. The remainder of this paper is organized as follows. Section 2 details
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4 A. Jabiri et al.

the geometric and mechanical properties of the three-layer structure, presents the corre-
sponding dispersion curves, and introduces three defect types (CHN, 1EN, 2SEN) with char-
acteristic sizes ranging from 11.74% to 96.26%. Section 3 addresses Lamb wave generation
and signal processing, including dispersion analysis at 300 kHz, normalized displacement
fields for the A0, S0, A1, and S1 modes, energy-normalized Hann-windowed excitation, and
a 2D-FFT decomposition to identify incident, reflected, and transmitted modes. Section 4
provides a detailed energy-based characterization, describing mode extraction, the calcu-
lation of reflection (R) and transmission (T ) coefficients, and their variations as functions
of defect size for each mode and defect type, thereby verifying energy conservation. Sec-
tion 5 presents a multi-criteria optimization approach based on 13 criteria grouped into
three weighted classes. Finally, Section 6 summarizes the main findings, offers practical
recommendations for nondestructive testing and outlines future research directions.

2. Model Description and Numerical Setup
2.1. Geometry and material properties

The present investigation concerns a three-layer isotropic metal-adhesive structure, as
shown in Fig. 1. The wave propagates along the direction of the x-axis.
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Fig. 1. Numerical schematic of a metal-adhesive structure showing monitoring zones before
and after the defect.

The geometric and mechanical properties of each constitutive layer are summarized in
Table 1.

PRE-P
ROOF P

UBLIC
ATIO

N

PR
E

-PR
O

O
F PU

B
L

IC
A

T
IO

N
 E

N
G

IN
E

E
R

IN
G

 T
R

A
N

SA
C

T
IO

N
S 



Numerical Finite Element Modeling of Lamb Wave-Defect Interactions in Bonded Metal Structures... 5

Table 1. Three-layer structure: Dimensions and material properties.

Layer Material E [GPa] ν ρ [kg/m3] h [mm] L [mm]
Upper Aluminum 68.3 0.33 2700 0.9398 1109
Central Epoxy 0.443 0.39 1106 0.25 1109
Lower Aluminum 68.3 0.33 2700 0.9398 1109

Note. E : Young’s modulus, ν : Poisson ratio, ρ : density, h : thickness, L : length.

Dispersion curves provide a relationship between frequency and wave propagation char-
acteristics, such as wavenumber, phase velocity, group velocity, or wavelength. These curves
describe the dispersive behavior of a given structure over a specified frequency range.

In our study, the dispersion curves are computed using the Semi-Analytical Finite Ele-
ment Method (SAFEM) [15,33,34]. The distinction between symmetric and antisymmetric
modes is made by evaluating displacements at the bottom and top surfaces of the three-
layer plate. Figure 2 shows the dispersion curves, illustrating the variation of wavenumber,
group velocity, and wavelength as functions of frequency.
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Fig. 2. Dispersion curves of a metal-adhesive structure in the [0–0.6 MHz] frequency range
with a 0.3 MHz central excitation frequency.

2.2. Defect configurations
Our objective is to investigate the interaction of Lamb waves with three distinct defect
configurations, which are schematically illustrated in Fig. 3 along with their respective size
variations.
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Fig. 3. Classification and size variability of CHN, 1EN, and 2SEN defects.

Defect size exerts a significant influence on Lamb wave propagation by altering both
dispersion and attenuation characteristics. The three defect configurations illustrated in
Fig. 3 enable a systematic investigation of how the presence and distribution of defects
affect the ultrasonic response of the bonded assembly. The structure consists of a three-
layer aluminum/epoxy/aluminum sandwich. Defect size (DS) is defined as the ratio of notch
depth to total plate thickness and is evaluated at regular intervals ranging from 11.74% to
96.26%. For example, DS = 11.74% corresponds to a minimal defect, whereas DS = 96.26%
represents a near-total defect affecting almost the entire cross-section.

Depending on the layers involved, a defect may be classified as delamination or a trans-
verse crack if it extends across multiple layers, or as an inclusion or interfacial detachment
if confined to the epoxy layer.

2.3. Meshing and time-step criteria
The schematic (see Fig. 1) illustrates a symmetric sandwich structure composed of two
aluminum outer layers adhesively bonded to a central epoxy core. A Lamb wave signal is
generated at the left edge of the structure and propagates through a region containing a
defect.

To capture the wavefield before and after the defect, two monitoring zones are defined,
each containing 200 equally spaced nodes distributed along the propagation direction.

The primary objective is to detect and track Lamb wave propagation within the bonded
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Numerical Finite Element Modeling of Lamb Wave-Defect Interactions in Bonded Metal Structures... 7

structure to analyze their interaction with embedded defects. Two monitoring zones, each
comprising 200 equidistant measurement points (nodes), are positioned upstream and down-
stream of the defect. The upstream zone captures both incident and reflected waves, en-
abling a direct comparison of the wavefield before and after interaction with the disconti-
nuity.

The finite element method (FEM) provides an efficient numerical framework for solving
the complex wave equations that govern Lamb wave propagation in structures with various
geometries and material configurations. By discretizing the domain into finite elements, the
method numerically solves the governing equations to simulate wave propagation behavior.
In the present study, a two-dimensional (2D) model is adopted, and the structure is meshed
using a triangular mesh.

To ensure numerical stability and physically accurate results, the maximum element size
must not exceed one tenth of the smallest propagating wavelength (λmin) in the structure.
This criterion is expressed as follows [17,30]:

(2.1) max(∆x, ∆y) <
λmin

10

To satisfy the spatial discretization requirement, the element sizes ∆x and ∆y are set
between 0.3 mm and 0.5 mm. For numerical stability, the time step ∆t must be smaller
than the time required for the fastest propagating wave to travel between two adjacent
nodes. An upper bound for ∆t is given by the following empirical criterion [30,31]:

(2.2) ∆t < 0.7min(∆x, ∆y)
VL

To satisfy the stability condition, a time step of ∆t = 0.1 µs is adopted throughout all
simulations.

3. Generation and Processing of Lamb Waves
Guided Lamb waves are generated by linear ultrasonic excitation at the left edge and propa-
gate through the aluminum/epoxy/aluminum assembly. Upon encountering the defect, the
waves undergo partial reflection, scattering, and modifications in frequency content and
amplitude. Because the mechanical properties of epoxy differ from those of aluminum, its
presence in our structure modifies wave velocity and attenuation, thereby influencing the
overall propagation characteristics.

3.1. Dispersive behavior near the excitation frequency
The dispersive behavior of Lamb waves is fundamental for their exploitation in the field
of ultrasonic testing and must be rigorously considered in order to optimize the sensitivity
and reliability of measurements. The dispersion characteristics depend strongly on both
the excitation frequency and the plate thickness. Certain specific applications require the
use of low-dispersion modes, such as the S0 mode at low frequency. Dispersion also allows
quantitative estimation of residual thickness or the presence of cracks [15]. In order to
quantify the dispersive behavior of each mode near the chosen excitation frequency, the
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8 A. Jabiri et al.

derivative of the phase velocity with respect to frequency was calculated, as shown in the
figure below.
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Fig. 4. Phase velocity derivative variation near f = 0.3 MHz.

Among the four modes studied, mode A1 exhibits the highest phase velocity derivative,
even though it decreases slightly as the frequency increases. Mode A0 remains practically
constant across the entire frequency range, meaning it exhibits virtually no dispersion. The
S0 mode is characterized by moderate dispersion, with its derivative decreasing slowly as
the frequency increases. Mode S1 has the lowest derivative value; it is therefore the least
dispersive in this frequency range. Dispersion is a key factor in the analysis of ultrasonic
waves within structures: the more significant it is, the faster the signal undergoes distortion.
Consequently, the A1 mode is the most dispersive, while the S1 mode is the least dispersive.

3.2. Normalized mode displacements
To limit the number of propagating modes, the excitation frequency is kept below the
0.6 MHz threshold, ensuring only four distinct Lamb modes: two antisymmetric (A0 and
A1) and two symmetric (S0 and S1). The analytical expressions of the displacement fields
employed for linear excitation of the structure are given as follows [27]:

(3.1)


u(n)

x =
[
ik
(
Aneiqny + Bne−iqny

)
+ isn

(
Cneisny − Dne−isny

)]
ei(kx−ωt)

u(n)
y =

[
iqn

(
Aneiqny − Bne−iqny

)
− ik

(
Cneisny + Dne−isny

)]
ei(kx−ωt)

where An, Bn, Cn, and Dn are constants specific to the nth layer, determined from the
continuity conditions at the interfaces and the traction-free boundary conditions at the
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Numerical Finite Element Modeling of Lamb Wave-Defect Interactions in Bonded Metal Structures... 9

outer surfaces of the aluminum adherends and

(3.2)



qn =
√

k2
L,n − k2

sn =
√

k2
T,n − k2

k2
L,n = ω2/V 2

L,n

k2
T,n = ω2/V 2

T,n

In these equations, k denotes the wavenumber. The longitudinal and transverse wave
velocities in the nth layer (n = 1, 2, 3) are given by VL,n and VT,n, respectively, and ω is
the angular frequency. If you normalize the displacement field by the acoustic power—that
is, the energy carried by the Lamb waves—you gain a useful understanding of the modal
properties. The dimensionless displacement components then come out as:

(3.3)


Ux = ux/

√
|P|

Uy = uy/
√

|P|

P denotes the energy flux in the propagation direction (x), obtained by integrating over
the cross-sectional plane perpendicular to x. The integration domain extends 1 m along the
z-axis and spans the full thickness H of the structure along the y-axis. This formulation is
expressed mathematically as:

(3.4) P = −1
2ℜ

(∫ H

0
(v∗ · σ) n dy

)

In this formulation, σ denotes the stress tensor, v is the velocity vector, the superscript ∗
indicates complex conjugation, and n represents the unit normal vector to the differential
area element dz dy.

At an excitation frequency of 0.3 MHz, four propagating Lamb modes are supported:
A0, S0, A1, and S1. For each mode, the wavenumber, group velocity, and wavelength
are determined using the semi-analytical finite element method (SAFEM) (Fig. 2). The
computed values are presented in Table 2.

Table 2. Dispersion characteristics of the structure at 300 kHz excitation frequency.

Mode k [rad/m] Vg [m/s] λ [mm] |Uy(y = H)| [nm]
A0 1258 2471 5.00 0.605
S0 1062 1554 5.91 0.915
A1 331.9 4923 18.93 0.455
S1 359.9 5076 17.46 0.125

Note. k : wavenumber, Vg : group velocity, λ : wavelength, and Uy : normal displacement.

The through-thickness profiles of the normalized displacements at the left cross-section
of the metal-adhesive structure are presented below.
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Fig. 5. Normalized displacement profiles across the thickness of a metal-adhesive structure
for the A0 and S0 modes.
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Fig. 6. Normalized displacement profiles across the thickness of a metal-adhesive structure
for the A1 and S1 modes.

From Figs. 5 and 6, the following characteristics can be observed for the four modes.
For the A0 mode (Fig. 5), the normal displacement Uy is larger than the longitudinal

displacement Ux across all three layers, and Ux vanishes at the center of the structure.
For the S0 mode (Fig. 5), Uy is larger than Ux only in the aluminum layers; it also

vanishes at the center of the structure, and a linear behavior of Uy is observed across the
entire thickness of the epoxy layer.

Regarding the A1 mode (Fig. 6), the longitudinal displacement Ux now dominates over
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Uy, especially in the aluminum layers, and vanishes at the center of the structure. This
displacement Ux exhibits a linear variation in the epoxy layer and remains nearly constant
in the aluminum layers.

For the S1 mode (Fig. 6), the longitudinal displacement Ux is larger than Uy across the
entire thickness of the structure.

3.3. Numerical generation of Lamb waves
To investigate Lamb wave interaction with defects in the metal-adhesive structure, the
excitation signal is applied at the left boundary (x = 0) over the entire thickness (from
y = 0 to y = H). The structure is excited using both normal and longitudinal displacement
components, normalized by the energy flow through the thickness. The excitation consists
of a 10-cycle tone burst at 300 kHz, modulated by a Hann window. The corresponding
displacement expressions are given below:

(3.5)
{

Ex(t) = Ux × H(t)
Ey(t) = Uy × H(t)

The displacement fields are normalized in both directions, with Ux and Uy denoting the
normalized displacement components along the x and y axes, respectively. These normalized
displacement components are computed analytically, with the Hann window function H(t)
defined as follows [25]:

(3.6)

H(t) = 1 − cos(2πt/TH)
2 , t ∈ [0, TH ]

H(t) = 0, t /∈ [0, TH ]

In Eq. (3.6), f denotes the excitation frequency, and TH = Nc/f , with Nc being the
number of cycles, which is taken equal to 10. The temporal profiles of the excitations,
whose analytical expressions are given by Eqs. (3.5) and (3.6), are presented in Fig. 7. It
should be noted that the displacement amplitudes are on the order of 10−9. Additionally,
a three-dimensional visualization is provided in Fig. 8 to illustrate the linear excitation
profiles through the structure’s thickness.
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Fig. 7. Transient excitation signal at the top-left corner (x = 0, y = H).
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Fig. 8. Through-thickness temporal variations of excitation at x = 0 (0 ≤ y ≤ H).

Figure 7 reveals that for the first-order modes (A1 and S1), the excitation component
Ey is considerably smaller than the longitudinal component Ex. This disparity is not
observed for the fundamental modes (A0 and S0), which are zero-order modes. Moreover,
the displacement amplitudes of the first-order modes A1 and S1 are substantially larger
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than those of the fundamental modes.

3.4. Wavefield decomposition by two-dimensional Fourier transform (2D-FFT) for
identification of incident, reflected and transmitted modes

Two sets of 200 measurement points (nodes) are positioned on the top surface (y = H) of
the structure, covering regions upstream and downstream of the defect to monitor normal
displacements, as illustrated earlier in Fig. 1. The first set of 200 nodes, located before
the defect between 338 mm and 437.5 mm, are spaced at regular intervals of 0.5 mm. The
second set of 200 nodes, placed after the defect between 578 mm and 677.5 mm, follow the
same spacing of 0.5 mm. Numerical simulations are conducted using COMSOL Multiphysics
software with a time step (∆t) of 0.1 µs and spatial meshing (∆x, ∆y) ranging from 0.3 mm
to 0.5 mm. The nodes are positioned away from the edges of the structure and the defect to
prevent unwanted reflections. Nodes located upstream of the defect capture both incident
and reflected wave modes, whereas those downstream record only transmitted modes. All
400 nodes measure normal displacements.

Signal processing based on the two-dimensional fast Fourier transform (2D-FFT) is used
to decompose the wavefield and extract relevant features.

Wavenumber-frequency (k–f) domain representations are generated by applying 2D fast
Fourier transform (2D-FFT) to the out-of-plane displacement fields obtained from COM-
SOL simulations. This enables a comparative analysis of the intact and defective structural
states. The resulting spectra are shown in Figs. 9 and 10 for the CHN-type defect with
DS = 11.74%. This approach allows identification of propagating modes and their inter-
action with the defect. By comparing the spectra with dispersion curves obtained via the
Semi-Analytical Finite Element Method (SAFEM), reflected wave components (k < 0) are
successfully distinguished from transmitted wave components (k > 0) in the wavenumber
domain.
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bution in the (k, f) dual space: Case study of S0 mode excitation before a CHN-type defect
(11.74% size).
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bution in the (k, f) dual space: Case study of S0 mode excitation after a CHN-type defect
(11.74% size).

When the S0 mode is excited (Fig. 9), the incident mode (S0I) has a much larger
amplitude than the reflected mode (S0R). However, it is worth noting that the reflected S0
mode (S0R) still retains significant amplitude compared to the incident mode.

Figure 10 shows that the transmitted mode remains unchanged upon leaving the struc-
ture in S0 mode and that neither mode conversion for transmission nor reflection is observed.
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4. Energy-Based Defect Characterization
4.1. Extraction of reflected and transmitted modes

When Lamb modes interact with a defect, they may be reflected or transmitted, either with
or without mode conversion. For example, Figs. 11, 12, and 13 provided below are used to
extract the modes in the case of a CHN-type defect.
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Fig. 11. Normal displacement field for a CHN-type defect.
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Fig. 12. 2D-FFT spectrum of normal displacements for a CHN-type defect: 3D represen-
tation with top view.
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Fig. 13. 2D-FFT spectrum of normal displacements for a CHN-type defect: 2D profile
view for all the defect sizes considered.
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An important piece of information is reported: during post-processing, it was observed
that the first-order modes (A1 and S1) reveal the presence of parasitic modes during ex-
citation, and when the excitation is performed using the A0 or the S0 mode, no parasitic
mode is observed. It should also be noted that when excitation is performed using A1 or
S1 for a healthy plate (absence of defects), the parasitic mode disappears on the incidence
side.

Table 3 records all reflected and transmitted modes for the three configurations of defects
considered.
Table 3. Reflected and transmitted modes for symmetric and asymmetric defect configu-
rations.

Defect Configuration Excited Mode Reflected Modes Transmitted Modes

Symmetric
(CHN/2SEN)

A0 A0 A0
A1 A1 A0 A1 A0
S0 S0 S0
S1 S1 S0 S1 S0

Asymmetric
(1EN)

A0 A0 S0 A0 S0
A1 A1 A0 S0 A1 A0 S0
S0 S0 A0 S0 A0
S1 S1 S0 A0 S1 S0 A0

Typical Conversion (TC) refers to a change in the modal family after interaction with
a defect: A symmetric mode (e.g., S0, S1) converts into an antisymmetric mode (e.g., A0,
A1) or vice versa. No Typical Conversion (NTC) indicates the absence of a change in modal
family: A symmetric mode remains symmetric (S to S). An antisymmetric mode remains
antisymmetric (A to A).

Table 3 compares the mode conversion of Lamb waves during their interaction with
symmetric defects (CHN and 2SEN) and an asymmetric defect (1EN). The fundamental
result is that symmetric defects, because they preserve the overall geometry of the struc-
ture relative to the mid-plane, generate no modal family conversion (NTC). Thus, when an
antisymmetric mode like A0 or A1 is excited, only antisymmetric modes are reflected and
transmitted; similarly, a symmetric mode (S0, S1) remains purely symmetric after inter-
action. The fact that modal symmetry stays intact suggests the defect isn’t creating any
coupling between flexural and extensional movements.

For the asymmetric 1EN defect, though, the loss of symmetry acts like a coupling mech-
anism, leading to what’s called a typical conversion (TC). Take the symmetric S0 mode:
when you excite it, not only do you get S0, but you also generate antisymmetric A0 and
A1 modes—especially in the reflected signal. On the flip side, sending in an antisymmetric
A0 mode creates a symmetric S0 component. This generation of "crossed" modes is a clear
sign that the defect is asymmetric. The table also shows that reflection off an asymmetric
defect is more complicated, giving rise to more modes than transmission does. That in
itself is another clue for identifying the defect type, even without measuring amplitudes.
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4.2. Computation of reflection and transmission energy coefficients
As indicated in Eq. 4.1 [10], the reflection and transmission energy coefficients are obtained
by dividing the energy of each reflected or transmitted mode by the incident energy:

(4.1) R = P̃R
FEM

P̃ I
FEM

, T = P̃T
FEM

P̃ I
FEM

, P̃R
FEM + P̃T

FEM = P̃ I
FEM

P̃ I
FEM, P̃R

FEM, and P̃T
FEM are the numerically computed mean incident, reflected, and trans-

mitted powers, respectively. The symbols R and T represent the energy reflection and
transmission coefficients, respectively. For the case of a CHN-type defect, Figs. 14, 15, and
16 below show qualitatively the results used to calculate these energy coefficients.
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Fig. 14. σxx stress distribution in the (y, t) domain for a CHN-type defect at maximum
size (DS = 96.26%): Upstream (x = 338 mm) and downstream (x = 578 mm) locations.
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Fig. 15. σxy stress distribution in the (y, t) domain for a CHN-type defect at maximum
size (DS = 96.26%): Upstream (x = 338 mm) and downstream (x = 578 mm) locations.
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Fig. 16. Transient Poynting vector for maximum-size CHN-type defect configurations.

The severity of the defect directly governs the propagation behavior of Lamb modes,
including their sensitivity and energy dissipation. The numerical framework proposed in
this study provides access to longitudinal and normal displacement fields (ux, uy) and the
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stress components σxx and σxy, from which acoustic power distributions are subsequently
computed. The methodology is designed to identify characteristic acoustic signatures of
defects, with direct applicability to nondestructive testing (NDT) of adhesive-bonded as-
semblies. The energy coefficients were determined for each defect type and are presented
in Tables 4, 5, and 6.
Table 4. Reflection (R) and transmission (T ) energy coefficients for a CHN-type defect.

DS [%] R [%] T [%] R + T [%] Error [%]
A0 S0 A1 S1 A0 S0 A1 S1 A0 S0 A1 S1 A0 S0 A1 S1

11.74 1.53 4.39 1.83 1.84 96.60 99.05 99.87 99.19 98.13 103.44 101.70 101.03 -1.87 3.44 1.70 1.03
20.19 2.36 4.74 2.33 5.99 96.04 97.38 99.58 96.99 98.40 102.12 101.91 102.98 -1.60 2.12 1.91 2.98
28.64 3.42 9.11 7.63 11.97 95.42 90.62 96.21 92.45 98.84 99.73 103.84 104.42 -1.16 -0.27 3.84 4.42
37.10 3.55 16.76 14.80 19.37 94.40 83.75 84.95 83.15 97.95 100.51 99.75 102.52 -2.05 0.51 -0.25 2.52
45.55 10.73 25.17 25.28 27.70 89.88 77.99 77.42 73.43 100.60 103.16 102.70 101.13 0.60 3.16 2.70 1.13
54.00 27.39 33.95 40.11 36.56 72.79 64.84 61.15 64.69 100.17 98.79 101.26 101.24 0.17 -1.21 1.26 1.24
62.45 50.90 45.51 54.67 46.03 52.47 56.75 48.29 58.40 103.36 102.26 102.96 104.43 3.36 2.26 2.96 4.43
70.91 71.34 57.15 67.76 55.90 29.33 45.59 33.23 46.36 100.67 102.73 100.99 102.25 0.67 2.73 0.99 2.25
79.36 80.62 69.95 79.77 67.15 16.89 33.95 24.10 33.72 97.51 103.90 103.87 100.87 -2.49 3.90 3.87 0.87
87.81 84.98 84.78 86.94 79.46 13.46 19.12 15.32 17.08 98.44 103.89 102.26 96.54 -1.56 3.89 2.26 -3.46
96.26 92.05 99.17 97.14 95.03 9.16 0.99 3.70 8.31 101.22 100.16 100.84 103.35 1.22 0.16 0.84 3.35

Table 5. Reflection (R) and transmission (T ) energy coefficients for a 1EN-type defect.

DS [%] R [%] T [%] R + T [%] Error [%]
A0 S0 A1 S1 A0 S0 A1 S1 A0 S0 A1 S1 A0 S0 A1 S1

11.74 3.54 16.06 10.64 8.60 95.49 86.87 92.29 91.00 99.03 102.93 102.93 99.60 -0.97 2.93 2.93 -0.40
20.19 9.33 32.55 25.24 18.11 90.44 70.82 73.27 84.96 99.77 103.37 98.51 103.07 -0.23 3.37 -1.49 3.07
28.64 39.87 51.26 43.44 29.36 61.70 49.18 59.46 73.72 101.56 100.44 102.91 103.08 1.56 0.44 2.91 3.08
37.10 55.07 71.25 62.82 41.95 45.04 30.65 39.37 60.61 100.11 101.90 102.18 102.56 0.11 1.90 2.18 2.56
45.55 55.48 76.35 71.26 51.81 44.12 26.33 31.36 47.17 99.60 102.68 102.62 98.98 -0.40 2.68 2.62 -1.02
54.00 56.98 77.70 71.75 52.16 43.84 25.07 29.89 47.14 100.82 102.77 101.65 99.29 0.82 2.77 1.65 -0.71
62.45 57.08 81.19 73.39 53.51 43.52 22.07 29.80 46.80 100.60 103.26 103.18 100.30 0.60 3.26 3.18 0.30
70.91 57.60 82.25 73.39 58.77 42.44 19.96 29.65 43.87 100.03 102.22 103.04 102.65 0.03 2.22 3.04 2.65
79.36 57.67 86.31 75.87 67.56 40.39 16.59 27.12 36.35 98.05 102.91 103.00 103.91 -1.95 2.91 3.00 3.91
87.81 84.55 89.96 76.33 78.66 18.28 11.77 23.86 24.86 102.83 101.74 100.19 103.53 2.83 1.74 0.19 3.53
96.26 93.37 94.08 85.47 92.52 10.36 9.65 11.45 10.41 103.73 103.73 96.92 102.93 3.73 3.73 -3.08 2.93
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Table 6. Reflection (R) and transmission (T ) energy coefficients for a 2SEN-type defect.

DS [%] R [%] T [%] R + T [%] Error [%]
A0 S0 A1 S1 A0 S0 A1 S1 A0 S0 A1 S1 A0 S0 A1 S1

11.74 6.18 8.32 6.23 8.95 95.85 94.88 97.28 94.46 102.03 103.20 103.51 103.41 2.03 3.20 3.51 3.41
20.19 6.34 14.62 12.66 15.16 94.01 88.59 91.07 86.45 100.35 103.21 103.74 101.61 0.35 3.21 3.74 1.61
28.64 7.88 22.39 20.25 23.33 91.79 80.32 82.95 78.24 99.67 102.70 103.20 101.56 -0.33 2.70 3.20 1.56
37.10 11.40 30.52 28.77 34.11 87.75 74.01 73.40 68.33 99.15 104.54 102.17 102.44 -0.85 4.54 2.17 2.44
45.55 30.15 40.99 38.03 45.67 71.33 59.40 59.81 57.06 101.48 100.40 97.84 102.74 1.48 0.40 -2.16 2.74
54.00 55.03 50.70 47.92 58.26 47.92 50.13 51.67 43.42 102.95 100.83 99.59 101.68 2.95 0.83 -0.41 1.68
62.45 72.11 61.61 61.71 73.20 30.61 37.02 38.20 30.47 102.72 98.63 99.90 103.67 2.72 -1.37 -0.10 3.67
70.91 78.77 73.55 70.95 81.68 18.20 25.70 31.87 21.02 96.97 99.25 102.82 102.70 -3.03 -0.75 2.82 2.70
79.36 83.32 85.86 83.61 91.00 12.32 16.27 19.56 11.04 95.64 102.13 103.17 102.03 -4.36 2.13 3.17 2.03
87.81 91.38 98.09 98.83 97.71 7.28 2.18 2.15 3.89 98.66 100.28 100.99 101.59 -1.34 0.28 0.99 1.59
96.26 93.86 98.98 99.52 99.31 1.96 0.11 0.12 3.34 95.82 99.10 99.64 102.64 -4.18 -0.90 -0.36 2.64

Tables 4, 5, and 6 all summarize the energy distribution based on defect size (DS).
Across the four modes A0, S0, A1, and S1, enlarging the defect size results in a steady
increase in the reflection coefficient (R) and a corresponding decline in transmission (T ).
The sum R + T remains close to 100% in all cases, confirming energy conservation.

Table 4 shows that, for every defect size, the S0 mode reflects more energy than the other
modes. At the smallest defect size (DS = 11.74%), the reflected energy for S0 (R = 4.39%)
is at least double that of the other modes, which aligns perfectly with the exceptional
sensitivity reported by Santos [32]. In the case of an asymmetric single external notch
(1EN), the S0 mode again yields the highest reflection coefficient across all defect sizes.

Table 6 presents the same trends for two symmetric external notches (2SEN). However,
the S1 mode exhibits greater energy reflection than the other modes for nearly all defect
sizes.

The symmetric S0 mode is widely used because it exhibits greater sensitivity to varia-
tions in epoxy layer thickness at low frequencies than the A0 mode [15]. This behavior is
clearly observed in Table 4 for the smallest defect size (DS = 11.74%), in Table 5 for the
defect sizes of 45.55% and 54%, and in Table 6 for the largest defect size (DS = 96.26%).

For a precise and continuous quantification of a defect’s size, it is necessary to have
energy-based indicators directly proportional to the wave-defect interaction. The reflection
(R) and transmission (T ) coefficients, defined as the ratios between the reflected/transmit-
ted acoustic powers and the incident power, meet this need. They not only allow verification
of energy conservation but also establish an unambiguous relationship between the ampli-
tude of the perturbed waves and the actual dimension of the damage. The objective of
this section is therefore to explore, for each Lamb mode (A0, S0, A1, S1) and each defect
type (CHN, 1EN, 2SEN), the evolution of the R and T coefficients as a function of the
defect size (DS). Figures 17, 18, and 19 present these evolutions and form the basis for the
quantitative analysis that follows.
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Fig. 17. Energy partitioning into reflected (R) and transmitted (T ) components induced
by a CHN-type defect.
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Fig. 18. Energy partitioning into reflected (R) and transmitted (T ) components induced
by a 1EN-type defect.
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Fig. 19. Energy partitioning into reflected (R) and transmitted (T ) components induced
by a 2SEN-type defect.

Figures 17, 18, and 19 show the evolution of reflected and transmitted energies as a
function of defect size for several Lamb wave modes (A0, S0, A1, S1). In all cases, increasing
defect size leads to a monotonic decrease in transmitted energy (T ) and a corresponding
increase in reflected energy (R). The sum R + T remains consistently close to 100%,
confirming that energy conservation is rigorously satisfied throughout the simulations.

Although this general trend holds for all modes, the rate and shape of the transition vary
significantly from one mode to another. For small defect sizes, transmission dominates: the
wave propagates through the discontinuity with minimal alteration. When the defect size
reaches approximately 80–90% of the total thickness, reflected energy becomes dominant.
Thus, a small defect acts as a minor perturbation, while a more severe defect behaves as
an increasingly effective barrier, reflecting a growing proportion of the incident energy.

This behavior is fully consistent with Lamb wave propagation theory, in which the
wave–defect interaction is governed by the ratio of the characteristic defect dimension to
the incident wavelength of the interacting mode. All modes examined exhibit this same
general tendency, demonstrating that Lamb waves maintain coherent global behavior even
in the presence of structural defects. This property can be exploited in nondestructive
testing to estimate defect size from reflection and transmission measurements.

5. Criteria and Weighting
Table 7 presents a weighting of the Lamb modes for each defect type based on 13 criteria
(see Table 8) to determine the optimal mode. We have to note that the four modes A0, S0,
A1, and S1 are ranked according to their satisfaction with respect to each criterion. This
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satisfaction is assessed using the scores 3, 5, 7, and 9. Classes A, B, and C also differ in
terms of importance.

Table 7. Criteria and weighting for optimal mode selection.

CLASS A [×10] CLASS B [×7] CLASS C [×4]
DEFECT MODES Cr1 Cr2 Cr3 Cr4 Cr5 Cr6 Cr7 Cr8 Cr9 Cr10 Cr11 Cr12 Cr13 TOTAL

CHN

A0 3 10 3 3 7 3 5 5 5 5 10 10 10 565
S0 7 5 5 10 5 5 3 7 3 3 10 10 10 611
A1 5 7 7 5 10 10 7 3 7 7 7 7 7 713
S1 10 3 10 7 3 7 10 10 10 10 7 7 7 794

1EN

A0 5 10 3 3 5 3 5 5 5 7 10 7 7 555
S0 10 3 5 10 10 5 3 7 3 5 10 7 7 661
A1 7 7 7 7 7 10 7 3 7 10 7 5 5 728
S1 3 5 10 5 3 7 10 10 10 10 5 5 5 700

2SEN

A0 3 10 3 3 7 3 5 5 5 5 10 10 10 565
S0 7 3 10 7 5 5 3 7 3 3 10 10 10 611
A1 5 5 5 5 3 10 7 3 7 7 7 7 7 603
S1 10 7 7 10 10 7 10 10 10 10 7 7 7 904

The criteria (see Table 8) are grouped into classes, each of which is assigned a weighting
score. This grouping reflects the fact that certain criteria may be strongly correlated.

Table 7 presents the central result of the multi-criteria optimization approach proposed
in our paper: the performance score of each Lamb mode (A0, S0, A1, S1) for inspecting
each defect type (CHN, 1EN, 2SEN). This score is calculated by evaluating each mode
against 13 technical criteria (grouped into three weighted classes: A, B, and C). The table
reveals a fundamental conclusion: the defect’s symmetry dictates the choice of the optimal
mode.

For symmetric defects (CHN and 2SEN), the S1 mode achieves the highest scores (794
and 904, respectively). For the asymmetric defect (1EN), the antisymmetric mode A1
performs best (score of 728). It is also observed that the fundamental S0 mode achieves
respectable and balanced scores for all defect types (between 611 and 661), making it
an excellent candidate for preliminary screening, thereby confirming Santos’ experimental
findings. Finally, the A0 mode is systematically the lowest-ranked, particularly for all
defects (between 555 and 565), rendering it unsuitable for this type of configuration.
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Table 8. Summary of the 13 criteria used for mode optimization.

Criteria Explanation
Cr1 Reflected energy scale (R).
Cr2 Error arising from the law of conservation of energy.
Cr3 Slope and shape of the reflected energy curve.
Cr4 Sensitivity to small defects.
Cr5 Energy balance point: R = T = 50%.
Cr6 Penetration.
Cr7 Attenuation.
Cr8 Dispersive behavior.
Cr9 Wave overlap.
Cr10 Emergence of parasitic modes.
Cr11 Magnitudes of the reflection and transmission signals

relative to the incident signal under mode conversion.
Cr12 Number of reflected modes (NRM).
Cr13 Number of transmitted modes (NTM).

6. Conclusion
This study presents a numerical investigation of Lamb wave interactions with three distinct
defect types in an aluminum/epoxy/aluminum bonded structure, namely, a centered hidden
notch (CHN), a single external notch (1EN), and two symmetric external notches (2SEN)
using COMSOL Multiphysics simulations combined with a multi-criteria optimization ap-
proach for defect detection and characterization. For each defect type, the most suitable
inspection mode was determined by looking at 13 different criteria. The same analysis also
helped figure out the type of defect and how big it was. It’s worth noting that the defect
sizes observed ranged from 11.74% to 96.26% of the structure’s overall thickness.

The study relies on three main approaches. First, there’s dispersion analysis, which
looks for Lamb wave modes that can propagate near a chosen excitation frequency. Second,
defect characterization is used to figure out whether a defect is symmetric or asymmetric
and to estimate its size based on how the waves interact with it. Third, energy balance and
optimization are crucial: this step employs 13 distinct criteria, such as mode sensitivity
and energy reflection or transmission coefficients, to select the most suitable Lamb mode
for each defect type.

Once the dispersion curves are calculated and all the propagating modes at the selected
frequency are identified, the energy balance is set up. Then, the modes are ranked and
optimized according to those 13 criteria. The findings clearly link defect symmetry to the
choice of the optimal mode. For defects that are symmetric about the structure’s middle
plane (such as CHN and 2SEN), the symmetric S1 mode works best for both detection
and sizing. On the other hand, for the antisymmetric defect (1EN), the antisymmetric A1
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mode turns out to be the best choice. This approach performs optimally for antisymmetric
defects. One interesting takeaway is that the Lamb S0 mode turns out to be a solid choice
for inspecting bonded structures, no matter what kind of defect is present. The results also
suggest that, overall, Lamb modes are better at picking up external defects than internal
ones. What’s more, the S0 mode is especially sensitive to damage inside the adhesive
layer—something the A0 mode just doesn’t offer.

This study helps us better understand how Lamb waves interact with defects and offers
a clear, step-by-step way to choose the right mode based on whether the defect is symmetric
or not. It also lays the groundwork for real-world testing and practical use in fields like
aerospace, automotive, and civil engineering. The criteria we proposed, along with the
energy-based analysis, can serve as handy tools for nondestructive testing and structural
health monitoring. They could even be extended to machine learning applications and
further experimental work. We used COMSOL simulations to confirm our approach and to
help design the experiments.

Looking ahead, we plan to run experimental validations, look into more complex de-
fects and multi-layered structures, and bring in machine learning to automate defect clas-
sification. But a few key questions still need answers: How much do changes in material
properties like epoxy stiffness affect the results? Could higher-order modes such as A2 or
S2 outperform the lower-order ones? And is it possible to trim down the 13 optimization
criteria to make them more practical? We aim to tackle these questions in future research.
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Nomenclature

Symbol Description

f frequency
k wavenumber
Vp phase velocity
Vg group velocity
λ wavelength
ux longitudinal displacement
uy normal displacement
Ux normalized ux

Uy normalized uy

σxx normal stress
σxy shear stress
P̃ I

FEM numerically calculated mean
incident power

P̃R
FEM numerically calculated mean

reflected power
P̃T

FEM numerically calculated mean
transmitted power

R reflection coefficient
T transmission coefficient
Ex x-directional excitation
Ey y-directional excitation
H Hann window function
∆x, ∆y spatial discretization
∆t time step
Nc number of cycles
TH Hann period
λmin minimum wavelength
VL longitudinal velocity
VT transverse velocity
P acoustic power
H total thickness of the structure
ℜ real part
t time
µs microsecond
i complex unit
v velocity vector
σ stress tensor
dz dy cross-sectional area
kHz, MHz kilohertz, megahertz

Acronyms and abbreviations

Acronym Description

DS defect size
CHN centered hidden notch
1EN single external notch
2SEN two symmetric external

notches
NRM number of reflected

modes
NTM number of transmitted

modes
FEM finite element method
SAFEM semi-analytical finite ele-

ment method
2D-FFT bi-dimensional fast

Fourier transform
NDT nondestructive testing
TC typical conversion
NTC no typical conversion
COMSOL COMputational SOLu-

tions
A0, A1, S0, S1 antisymmetric (A0, A1)

and symmetric (S0, S1)
Lamb modes
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