ABSTRACT
HARB, MOHAMMAD SAID. Damage Imaging in Metallic and Composite Structures using
Scanning Air-coupled and Laser Ultrasound. (Under the direction of Dr. Fuh-Gwo Yuan).
A rapid, fully non-contact, hybrid system which encompasses an air-coupled
transducer (ACT) and a laser Doppler vibrometer (LDV) is presented for profiling A0 Lamb
wave dispersion curves as well as detecting different damages in metallic and composite
structures. The influence of the ACT angle of incidence on Lamb wave excitation is
investigated and Snell’s law is used to directly compute Lamb wave dispersion curves
including phase and group velocity dispersion curves in aluminum plates from incident
angles found to generate optimal A0 Lamb wave mode while in composite plates the group
velocity dispersion curves were obtained using Morlet wavelet transform (MWT) based on
time-of-flight along different wave propagation directions. The phase and group velocity
polar characteristic wave curves are also computed using the same methods.
In addition, a rapid imaging technique is proposed for imaging damage in metallic
plates by using a zero-lag cross-correlation (ZLCC) imaging condition in the frequency
domain. The technique was experimentally verified by employing the non-contact ACT/LDV
system on three identical aluminum plates with same notch geometry (10 mm × 5 mm) but
with various orientations at different locations. A damage image is constructed by crosscorrelating the forward and backward propagating wavefields in the aluminum plates which
are separated by analyzing the actual LDV measured wavefield using a frequencywavenumber filtering post-processing technique.
The following technique was also applied for detecting barely visible impact damages
(BVID) with different dimensions in a 16-ply [45/0/-45/90]2S carbon fiber reinforced plastic

(CFRP) laminate. The experimental images highlight the damaged areas with higher ZLCC
values compared to other parts of the inspected areas. However, it was found that depending
on the damage size and if delaminations are happening all around the impacted spot, the
delamination boundary on the right side of the impact is difficult to detect if the generated
wavefield is traveling from left to right which interacts with the delaminations of the left side
and vice versa. The experimental investigation has shown a good correlation between the
ZLCC imaging condition and C-scan images, which demonstrate a strong capability of
guided wave ZLCC imaging condition technique in approximating the location and size of
relatively small BVIDs in thin composite structures and small defects in the isotopic material.
The final step in this research develops a two-dimensional (2-D) theoretical model to
simulate the behavior of a fully non-contact air-coupled nondestructive inspection (NDI)
system for a thin isotropic plate. The model is divided into three phases: (1) transmission
phase, (2) elastic wave propagation phase and (3) reception phase. The validation of the
complete model was carried out by modeling the same system by means finite element
method (FEM) using COMSOL Multiphysics software. The results of the acoustic pressure
excited by the transducer, the out-of-plane velocity amplitudes for the generated A0 Lamb
wave mode, and the radiated pressure from the plate caused by the leaky Lamb wavefield
were all compared between the two models and a reasonable degree of similarity was noticed
between them.
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CHAPTER 1
INTRODUCTION

1.1 Motivation
Ultrasonic inspection provides a noninvasive means of probing the interior of a
composite structure. It is a tool for in-service evaluation during the use or maintenance of a
component as well as a tool for the verification of integrity and quality of a final product
during manufacturing. The wide range of waves with various particle motion and frequency
give almost unbounded capabilities for ultrasound non-destructive inspection (NDI).
Limitations of ultrasound are often based on the physical properties of the material being
inspected, the need for a physical couplant, and analysis of any measured data.
Because of their high stiffness to weight ratio, composite structures have been
attractive materials for aircraft, automotive and space machines. However, the cost of those
materials does not stop at the design, production and manufacturing process but includes a
costly inspection process. Thus, this increases the need for effective, rapid and cheap
inspection methods.
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NDI based on ultrasonic guided waves, so-called Lamb waves, is a promising method
for in-field inspection of composite structures without long structure scanning procedures
like conventional ultrasonic techniques. Ultrasound is able to interrogate both the surface
and interior of a part because Lamb waves are dispersive guided waves that propagate
between the two parallel surfaces, the upper and lower thin plate surfaces (Achenbach, 2009).
Lamb waves are able to propagate over long distances in thin-walled structures with
low attenuation and are highly sensitive to a variety of structural damages. Traditionally,
Lamb waves are best excited and received using a network of piezoelectric actuators and
sensors that are permanently attached on the structure. Discrete sensors provide only point
information, thus, an understanding of the complete wave propagation is not derivable out of
the sensor signals. Therefore, it is necessary to visualize the wave propagation in order to get
a profound understanding of the propagation of different Lamb wave modes and their
individual interaction with defects. A significant amount of work has been conducted in order
to find the most reliable NDI technique for the detection, location and characterization of
damage in composite materials.
Currently, several issues are still challenging the NDI community concerning
inspection of composites. These issues include (Cohen, 2000):


Damage detection: composite materials go through multiple step production process,
that and their non-homogeneity with brittle matrix makes them vulnerable to the
formation of many defects including delaminations, cracking, fiber fracture, fiber
pullout, matrix cracking, voids and impact damage.
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Material characterization: Production and service conditions can cause degradation of
properties and sub-standard performance of primary structure. Those degradations are
caused by the use of wrong fiber or matrix, excessive content of one of the
constituents, micro-cracking in the laminates and matrix, poor fiber/ resin interface
and excessive environmental exposure. Destructive testing is costly and time
consuming.



Large area inspection: Using conventional methods for the inspection of the structural
integrity can be costly and takes aircrafts out of service for a while. Impact damage
can have critical effect on the function of the composite, thus, there is a need for a
low-cost inspection techniques that be rapidly insect large area in field condition.



In situ structural health monitoring: Periodic inspection is a must for all aerospace
structures. This is time consuming, expensive and it temporary removes aircrafts from
service. Thus, an in-situ continues monitoring of the changes in the composite would
be of great use.



Complexity of composites: The stacking sequence in a layered composite material
often can lead to a skew angle. The wave does not follow the launch angle direction.
Thus, dealing with complex anisotropy and wave velocity and skew angle as a
function of direction which increases the complexity of signal processing.



Inspection with unknown material properties: Every composite structure is
manufactured to withstand specific environmental conditions and structural forces
and stresses. So, each composite has its own material properties. When those
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properties are unknown for the inspector, inspection becomes harder if not
impossible.
Many methods have been investigated and some are evolving into promising
ultrasonic inspection tools to overcome the challenges facing non-destructive testing. The
goal of this dissertation is to overcome some of these challenges by investigating a more
feasible fully noncontact NDI system as well as better methods for Lamb wave dispersion
curves characterization and damage imaging in isotropic and anisotropic materials. The work
presented in this dissertation is separated within three major subdivisions:
1. Characterization of Lamb wave dispersion curves in metallic and composite plate-like
structures using Snell’s law and Morlet wavelet transform.
2. Damage imaging in metallic and composite structures using zero-lag cross-correlation
(ZLCC) imaging condition.
3. Theoretical and finite element method modelling of a complete non-contact aircoupled NDI system for isotropic materials.

1.2 Non-destructive inspection methods
Ultrasonic inspection makes use of concentrated high energy acoustic waves
generated using a pulse-receiver transducer in frequency ranges typically between 1 and 50
MHz (Diamanti & Soutis, 2010) and the various modes that ultrasonic waves can support
allow the extraction of detailed information about flaws as well as determining various
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material properties. Different techniques were developed employing the various wave modes
as well as scattering and mode-conversion.

1.2.1 Contact methods
Piezoelectric element: The ultrasonic guided wave imaging method uses an array of
piezoelectric wafers (Piezoelectric lead zirconate titanate - PZT) mounted on the surface of
the composite surrounding the area of interest where a set of the wafers will act as actuators
and excite ultrasonic waves in the structure that is collected by the other set of sensors. After
collecting and filtering the signals, an image reconstruction process takes place to produce an
image in the scanned zoned. The constructed image is studied in comparison with a baseline
image that should be taken before or right after the composite is put to service.
Notable for excellent precision and sensitivity, piezoelectric sensors have been widely
used to actively generate and collect a pure Lamb wave. But those sensors require extra time
to be properly mounted on a clean surface, soldering needs to be done to connect each sensor
to a wave generator or an oscilloscope. PZT generated Lamb waves contain multiple modes
and complex signal processing is accordingly required. Moreover, a PZT element usually
reveals certain nonlinear behavior and hysteresis under large strains and voltages or at high
temperatures (Su et al., 2006). Small driving force/displacement, brittleness and low fatigue
life maybe some other concerns limiting application.
Ultrasonic probe: In order to overcome the challenge of mounting actuators and
sensors on a composite, ultrasonic probes coupled with angle-adjustable Perspex wedges
were invented and used in NDT to generate and receive a pure Lamb wave in agreement with
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Snell’s law. But during manipulation of the probes, couplant, directionality, and contact are
issues that may influence effectiveness as well. Non-contact innovations, such as air-coupled
and fluid-coupled transducers and electromagnetic acoustic transducers have therefore been
introduced.
Fluid-coupled transducers are used in immersion techniques where water or other
fluid couples the transducer and the structure being inspected or squirters could be used
where the sound travel through a jet of water hitting the tested piece. With full immersion,
the test-piece should be removed from the structure in this case and immersed in the fluid
bath, which causes major disturbance in machines operation. Other techniques require local
coupling and the acoustic sensor is coupled to a structure with a thin layer of gel or lubricant.

1.2.2 Non-contact Methods
Non-contact inspection methods can overcome some of the challenges of contact nondestructive testing methods. Non-contact techniques permit generation and detection of
acoustic waves with no need for any couplant but the surrounding air. Those techniques
allow measurements in hot and cold materials and other hostile environments, in uncured and
wet laminates and composites, in geometrically difficult to reach locations and at relatively
far distances from the test structures. Non-contact ultrasonic techniques that are presently
available use air-coupling, electromagnetic acoustic transducers as well as laser generation
and laser vibrometry (Green Jr., 2004).
Electromagnetic acoustic transducers (EMATs) is another alternative technique for
the generation and detection of ultrasound. The method is based on the use of eddy current
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and requires a material with good electrical conductivity (Diamanti & Soutis, 2010). An
EMAT consists of a current-carrying wire held close to the surface of a conducting material
and a source for static magnetic field such as permanent magnet or an electromagnet. To
generate ultrasonic waves, an alternating current is sent through the wire. The current density
in the conductor generates a dynamic magnetic induction in the surrounding air and in the
conducting material according to Maxwell’s laws. The Lorentz force density, which is
proportional to the sum of static magnetic field and dynamic magnetic field, gives rise to an
ultrasonic wave being launched in the material (D. N. Alleyne & Cawley, 1992). Although
polymer matrix composites contain carbon fibers, they are not good conductors and would
only be candidates for this NDT method if the material had a metallic coating. On the other
hand, a metal matrix composite would be a good candidate for this method. The transducers
tend to be large compared with piezoelectric transducers and their output amplitude is in
general lower (Su et al., 2006). Another major problem with EMATs is that their efficiency
rapidly decreases with lift-off distance between the transducer’s face and the surface of the
test object (Green Jr., 2004).
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Figure 1.1 Fully non-contact ultrasonic laser-based in-field inspection.

Laser generation and laser vibrometry: The need of component immersion in water
and the contact piezoceramic method required in ultrasonic testing is removed by non-contact
excitation of Lamb waves via laser-based ultrasonics and acquisition using laser
interferometer as shown in Figure 1.1. Laser techniques are very sensitive and also provide
the flexibility of testing structures with complex curvatures as the probe does not have to be
normal to the surface. However, laser generated signals are usually of lower amplitude than
that achieved by conventional piezoelectric transducers, thus signal detectability becomes a
key parameter to be optimized (Diamanti & Soutis, 2010). The peak-to-peak amplitude of a
surface wave generated thermoelastically is directly proportional to the incident laser energy.
However, the ablation threshold of the material under test limits the maximum power density
that can be delivered by a single laser source without the occurrence of damage. There are
also disadvantages in terms of the cost of optical equipment and the need for its protection as
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well as protection of the operators from laser beams. But certainly as research instruments
the technique is invaluable and provide input onto understanding the critical issue in the
industrial process.
Laser interferometers can be designed to measure either out-of-plane or in-plane
motion. Some are sensitive to surface displacement and others are made sensitive to surface
velocity. Commercial laser vibrometers used for vibration analysis measure the out-of-plane
surface motion utilizing the Doppler shift phenomenon and is capable of acquiring lowfrequency antisymmetric Lamb wave modes (Staszewski et al., 2004). The laser system can
be automated to scan the composite according to a grid of desired measurement points. The
major disadvantage associated with ultrasonic wave sensing in composite using laser
interferometers is the difficulty of the appropriate alignment.
Air-coupled generation and detection: If contact-less, cheap and versatile transducers
could be used, the inspection of structures would become much easier, and the range of
applications would become wider. The main limitation for using air-coupled ultrasonic
transducers has always been the acoustic impedance mismatch between the solid materials
and air. Recent improvements in instrumentation and also in air coupled transducer design
have been made, thus allowing transducers to be used for the generation and detecting of
waves in solid plates. The frequency bandwidth and the efficiency of the transducers are
optimized, making signal-to-noise ratios very good.
In the case of non-contact transmission, ultrasound waves must propagate from air
into the test material and then again into air so that the transmitted wave can be detected by a
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receiving transducer. Air-coupled transducers can be used in the pulse-echo mode,
transmission mode and pitch-catch mode.
Through transmission mode is relatively the easiest technique to apply in nondestructive ultrasound testing. This technique can be used for thickness and velocity
measurements, defect detection, texture and microstructure evaluation (Buckley, 2004). But
this technique requires access to structures from two sides, which is not durable in aerospace
structures.
Operating only one transducer simultaneously as a transmitter and receiver in a pulseecho mode solves the problem of single side accessible structures. However due to the small
transmission of ultrasound in the material and extremely high spread of beam on the surface
of the materials, it is nearly impossible to a far side reflection corresponding to the test
material thickness (Buckley, 2004).
Pitch-catch mode uses two non-contact transducers, one transmitter and one receiver.
With this mode, it is possible to launch and measure the characteristics of longitudinal, shear
and surface waves which is determined by Snell’s law (Kažys et al., 2007). By changing the
incident angle of the acoustic plane wave in air, by changing the orientation angle of the
transducer, different wave modes can be produced and measured in the test material.
Measurements from such mode are usually applied to evaluation of materials, defect
detection and anisotropy measurements.
However, the transmission of ultrasonic energy into solids is extremely inefficient
due to the mismatch of acoustic impedances between the air and the transducer’s active
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material as well as the air and inspected material. This loss in energy due to the impedance
mismatch can be reduced by an acoustic matching layer of a suitable material between the air
and the transducer active material. Low noise preamplifier can be also used adjacent to the
receiver to minimize any noise pickup by the cables. Optimization of the electrical design of
the receiver circuitry also improves the signal to noise ratio, in addition to signal averaging
and digital filtering techniques (Buckley, 2004).
A series of advancements in electronics, material science and other interdisciplinary
fields made major impact on all of the NDT techniques, but noticing that no single method
can provide all the necessary NDT information, efforts are being made to integrate several
methods. The integration of laser and air-coupled based technique is a newly integrated
method that will further improve the understanding of ultrasonic NDT. Integrating laser and
air-coupled devices will help in better controlling the bandwidth of a signal, improving the
accuracy of generating and detecting a pure single Lamb wave mode. This method could
provide an animated imaging of plane and cylindrical Lamb waves by single sided access.
The imaging enables profiling the specimen thickness and direct observation of the flexural
wave interaction with flaws in materials and utilizes the amplitude and phase contrast of the
scattered field to visualize various defects (Solodov et al., 2005a).

1.3 Objective and Outline
Since different damages including delaminations and disbands could cause a
significant loss of strength in the composite structures, NDI techniques for detecting those
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discontinuities are therefore essential to ensure the safety of the structure. Most of the
available techniques require removal of individual components for testing, or mounting
transducers on the inspected piece, others employ bulky transducers and require point
scanning and in general they are time consuming and expensive. Non-destructive inspection
of composite structures is a very attractive technique and moving forward with a fully noncontact less expensive methods for damage detection employing laser-based and air-couple
based techniques will improve and accelerate the inspection procedure to increase the
availability of structures, reduce inspection costs and increase safety.
The objective of the present work is to investigate experimentally on metallic and
composite structures using a fully non-contact single-sided air-coupled and laser ultrasonic
hybrid nondestructive system based on the generation and detection of Lamb waves the
feasibility of characterizing Lamb wave dispersion curves by applying Snell’s law and
Morlet wavelet transform and imaging of different types of damages by implementing zerolag cross-correlation (ZLCC) imaging condition. In addition, this work provides a simple
two-dimensional (2-D) numerical model of the proposed non-contact NDI system capable of
demonstrating the behavior of a single element transducer used for excitation and reception
of acoustic pressure and the propagation of Lamb wave modes in isotopic materials.
The achievement of each of these goals will be presented in detail in this dissertation.
The structure of the dissertation is organized as follows:
Chapter 1 presents an introduction to this research, which includes the motivation and
the background of the nondestructive systems and an overview of the project objective.
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Chapter 2 introduces the details on Lamb wave characterization including a historical
background, theoretical description of guided waves in plates. Complete details on the design
and setup of the air-coupled and laser based NDI system are also presented. In addition to the
experimental investigations of using the developed system in characterizing the dispersion
curves for an A0 Lamb wave mode in isotropic and anisotropic plates.
Chapter 3 describes the zero-lag cross-correlation imaging condition technique and
the frequency wavenumber filtering technique used to detect and image different kinds of
damages in three aluminum plates as well as three different sizes of barely visible impact
damages (BVID) in a composite laminate.
Chapter 4 and Chapter 5 are devoted to the theoretical and finite element method
models, respectively, developed to better analyze and understand a fully, non-contact aircoupled based NDI system. The two models are compared and the results are presented in
Chapter 5.
Finally Chapter 6 provides a review of the dissertation followed by conclusions of the
work and a list of recommendations for future investigations.
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CHAPTER 2
LAMB WAVE CHARACTERIZATION

2.1 Introduction
A rapid, fully non-contact, hybrid system which encompasses an air-coupled
transducer (ACT) and a laser Doppler vibrometer (LDV) is presented for profiling A0 Lamb
wave dispersion of an isotropic aluminum plate. The ACT generates ultrasonic pressure
incident upon the surface of the plate. The pressure waves are partially refracted into the
plate. The LDV is employed to measure the out-of-plane velocity of the excited Lamb wave
mode at some distances where the Lamb waves are formed in the plate.
The influence of the ACT angle of incidence on Lamb wave excitation is investigated
and Snell’s law is used to directly compute Lamb wave dispersion curves including phase
and group velocity dispersion curves in aluminum plates from incident angles found to
generate optimal A0 Lamb wave mode. The measured curves are compared to results
obtained from a 2-D fast Fourier transform (FFT), Morlet wavelet transform (MWT) and
theoretical predictions.
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However for anisotropic materials, the non-contact automated system is implemented
for the characterization of A0 Lamb wave mode dispersion in a composite plate. The
frequency-wavenumber and phase velocity dispersion curves were found using Snell’s law
while the group velocity dispersion curves was found using MWT based on time-of-flight
along different wave propagation directions. Using Snell’s law and MWT, the former three
dispersion curves for an of the A0 mode are easily and promptly generated from a set of
measurements obtained from a rapid ACT angle scan experiment. In addition, the phase
velocity and group velocity polar characteristic wave curves are also computed to analyze
experimentally the angular dependency of Lamb wave propagation.
This chapter is organized as follows. Section 2 gives a historical background of Lamb
wave characterization using different NDI techniques. Section 3 details the theory of Lamb
waves in isotropic and anisotropic plates, the use of ACT as ultrasonic transducers, and LDV
as ultrasonic receiver. In Section 4, the NDI system setup and methods used for
characterizing dispersive behavior of A0 mode of Lamb wave are presented. The
experimental results for characterizing Lamb wave dispersion curves in an isotropic materials
are presented in Section 5 and those for anisotropic material are presented in Section 6.
Finally, in Section 7 some conclusions are drawn.

2.2 History of Lamb wave characterization
Ultrasonic inspection is becoming a standard non-destructive testing method for
providing an in-service evaluation as well as a noninvasive means of probing the interior of a
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structure. In particular, measurement of the propagation characteristics of Lamb waves
allows inspection of plates that are typical components in civil, mechanical, and aerospace
industries. In most cases, a coupling medium is required between the transducer and any
inspected structure to minimize the acoustic impedance mismatch at the boundary.
Ultrasonic inspection of materials has received considerable attention over the past
few decades due to the need for more accurate material inspection techniques. Lamb wavebased technique is one of those testing methods that researchers have been investigating
because of obvious advantages that are attractive in the field of non-destructive evaluation.
Lamb waves remain confined inside a structure, can propagate over a long distance within,
and are generated in plate-like structures by the repeated reflections at the top and bottom
surfaces resulting in a traveling wave guided by the plate surfaces. Thus, those waves can
interrogate the entire thickness of a thin structure and carry important information about the
material.
When propagating in composites, analyzing the waves becomes more complex due to
the anisotropy of the medium and the multi-layered construction, which causes the velocity
of propagating wave to become dependent on the laminate layup, the direction of wave
propagation, and frequency. Lamb waves can be modeled by imposing surface boundary
conditions on the equations of motion. This approach however introduces a dispersion
phenomenon where the propagating velocity of the Lamb wave in the plate is frequency
dependent. The dispersion relations for an elastic isotropic plate was first derived by Lamb
(Lamb, 1917). In anisotropic composite plates there are two theoretical approaches to
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investigate Lamb waves being 3-D elasticity theory and approximation solutions by plate
theories. Using the following approaches, investigators have obtained the phase velocity
dispersion relation and dispersion curves in composite lamina (Nayfeh H & Chimenti E,
1989) and laminates (Nayfeh H, 1991) as well as group velocity dispersion relation and
dispersion curves (Wang & Yuan G, 2007).
In order to discern different wave propagating modes in a plate and accurately locate
a defect, Pohl and Mook (Pohl & Mook, 2013) and Pohl et al. (Pohl et al., 2010)
experimentally determined the dispersion relation of Lamb waves in carbon-fiber-reinforced
polymer (CFRP) using PZTs as actuators and LDV as out-of-plane velocity and displacement
scanning sensor. Their results have shown good agreement with the theoretical dispersion
curves. Kohler (Köhler, 2006) obtained the dispersion curve for Lamb waves in an isotropic
aluminum plate using contact actuator (PZT) and non-contact sensor (LDV). He also
extracted phase velocity dispersion curves directly from the measured dispersive curves and
compared them with numerical results of the A0 mode. However, when applying the same
method to anisotropic glass fiber reinforced polymer (GFRP) plates, inconsistency appeared
in the measured dispersion curves when the line length used for generating the dispersion
map was changed. Schopfer et al. (Schöpfer et al., 2013), using the former excitation and
reception method by Kohler, also investigated an accurate determination of dispersion curves
by applying the matrix pencil method. They were able to extract automatically smooth curves
of different symmetric (S) and anti-symmetric (A) Lamb wave modes from experimentally
measured data on an aluminum plate and compared to theoretical values.
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Using couplant broadband transducers (B1025 and B225 Digital Wave), Samajder et
al. (Samajder et al., 2013) measured the dispersion relations of group velocity for S0 and A0
modes in an aluminum plate as well as a woven composite plate, which have shown good
agreement with theoretical results in a frequency range (100 kHz - 500 kHz). However, in
studying the aluminum honeycomb composite plate, the group velocity dispersion curve for
A0 mode was only discussed. The results matched the values predicted through a numerical
model they developed using ABAQUS. Hora and Cervena (Hora & Červená, 2012) obtained
the dispersion curve for a steel plate by means of Fourier transform using a non-contact laser
source of excitation and couplant miniature transducers (VP-1093 Pinducer) to scan the
displacements on the pate surface. The experimental results were compared with FEA
performed in COMSOL Multiphysics and found a good match for multiple S and A modes
for frequencies from 20 kHz to 1 MHz.
Regarding the characterization of Lamb wave dispersion using complete non-contact
methods; Ann et al. (Ann et al., 2005) generated Lamb waves in an aluminum plate using Qswitched Nd: YAG laser with a mask of a linear array of slits to control its wavelength and
an ACT as a receiver. Applying wavelet transform to the time-frequency analysis, the
dispersion curves of group velocity of S0 and A0 modes were detected, which agreed with the
theoretical curves. Liu et al. (Liu et al., 2013) and Castaings et al. (Castaings & Hosten,
2003), using ACTs for excitation and reception of Lamb waves in composite structures
obtained the phase velocity dispersion curves for certain modes in a narrow frequency range
(160 kHz - 240 kHz). Draudviliene and Mazeika (Draudviliene & Mazeika, 2013) have
applied a spectrum decomposition technique using finite element analysis (FEA) model for
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measuring group velocity dispersion curves in carbon fiber reinforced plastic (CFRP)
composite plate for A0 and S0 Lamb wave modes in the frequency range from 218 up to 584
kHz and from 280 to 477 kHz, respectively.

2.3 Guided waves in plates
2.3.1 Lamb wave generation using air-coupled transducer
Lamb waves are resonant acoustic excitations guided by plate boundaries and
composed of coupled bulk longitudinal and transverse waves. For thin plate-like structures,
the longitudinal and shear waves experience repeated reflections at the upper and lower
surfaces alternately and the resulting disturbance propagation from their mutual interferences
is guided by the plate surface and is directed along the plate. Lamb waves can be modeled by
imposing traction-free surface boundary conditions on the equations of motion and can
effectively describe the wave behavior. However, this approach introduces dispersion
phenomenon, i.e. the velocity of propagation of a wave along the plate is a function of
frequency, or equivalently, wavelength. Therefore, the dispersion in the case of an elastic
medium is simply an interference phenomenon rather than a physical property of the
material. The Lamb wave dispersion relation for a linear, homogenous, and isotropic elastic
plate, placed in vacuum, bounded by the surfaces z  h / 2 and of infinite extent in the x and
y directions is given by

4
cT4
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S and A Lamb wave modes, respectively,

 k2

k is wavenumber, ω is angular frequency,

(2.2)

and

are longitudinal and transverse velocities

of the bulk material, respectively. Here, the time-harmonic wave motion is in plane strain in
the (x, z) plane of the given plate and the guided wave field is represented by a propagating
wave in the x direction and a standing wave in the z direction.
However, when using an ACT to generate Lamb waves in a thin plate, the problem is
treated as an infinite plate immersed in non-viscous fluid (air). The plate is thus excited by a
longitudinal ultrasonic wave traveling in air and striking an interface between air and plate at
angle θ as shown in Figure 2.1.
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Figure 2.1 Plane wave interaction at air/solid interface and Lamb wave formation.
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The bulk longitudinal wave in air striking the plate is partially reflected and carried
away by the air half-space above the plate and partially refracted into the plate. The refracted
longitudinal and transverse bulk waves generated in the plate will be reflected by the top and
bottom surfaces of the plate and couple together to form Lamb waves. The acoustic energy is
no longer trapped inside the plate and it leaks into the surrounding medium and called the
leaky Lamb wave. Viktorov (Viktorov, 1967) studied the effect of the presence of two halfspaces, a solid plate immersed in a fluid, on the generated plate waves inside the solid. It was
found that the dispersion equations found in this case named leaky Lamb wave dispersion
equations have one additional root that appears at every frequency for a phase velocity value
that is less than the longitudinal bulk wave speed in the surrounding fluid or the shear wave
speed in the solid. This wave mode is referred to as Scholte wave, which is a surface wave
created by dynamic loads at an interface between a fluid and an elastic solid medium. Scholte
wave mode is of maximum intensity at the interface and decreases exponentially away from
the interface into the solid medium. However, the presence of the surrounding fluid does not
significantly affect the other Lamb modes propagating in the plate.
Lamb waves formed by constructive interference of the repeated reflections of the bulk
longitudinal and transverse waves are propagating along the x direction, whose wavenumber
(k) is equal to the horizontal projected wavenumber value (kx) of the incident wave vector ki,
that is

k  kx

(2.3)
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where k x  ki sin  can be seen in Figure 2.1 and ki  k i is the wavenumber of the incident
wave thus,
k  ki sin 

(2.4)

Since ki = ω/c, where c is the speed of sound in air and k = ω/cp, with cp being the
phase velocity of the Lamb wave generated. Hence,
sin  


c pk f



or   sin 1

c
cp

c
cp

(2.5)

(2.6)

It is clear from Eq. (2.5), well known as Snell’s law, that Lamb wave modes with
different phase velocities (cp) could be generated in a plate by controlling the angle of
incidence of the striking incident wave. In literature, it is usually assumed that only one value
of the incident angle (θ) is applicable to generate a mode of given wavenumber k. However,
Viktorov (Viktorov, 1967) and Ditri and Rose (Ditri & Rose, 1994) found that when using a
wedge transducer as actuation source the generated Lamb wave mode amplitude is dependent
upon the condition in Eq. (2.4). The amplitude will be continuous for all values of k when
using a finite sized transducer but have a maximum at the Snell’s law wavenumber Eq. (2.4).
Therefore, even if the Snell’s law angle (Eq. (2.6)) is not used, the mode can still be
generated but less efficiently. In other words, for Lamb wave excitation in a thin plate by a
finite sized incident wave there is a continuous dependence of the excitation amplitude of any
generated mode on the angle of incidence. Nonetheless, in the case of infinite plane wave
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excitation, the source is more selective to the Snell’s law wavenumber and angle and only
one value of wavenumber or phase velocity could be excited as given by the Snell’s law.
Krautkramer (Krautkrämer, 1969) had also discussed this phenomena and stated that at
the right incident angle (Snell’s law angle), a proper phase matching occurs between the
generated incident and reflected waves inside the plate during their repetitive reflections at
the upper and bottom surfaces of the plate and therefore constructive interference will take
place. Thus, Snell’s law or the phase matching relation defines a relation between the angle
of incidence θ and the phase velocity of the Lamb wave modes cp. Figure 2.2 displays an
incident angle configuration, where an ACT oriented at a specific angle is used to generate an
A0 Lamb wave mode in a thin plate and captured by an LDV.
The displacements corresponding to the A0 Lamb wave mode reveals that it has significantly
larger out-of-plane displacements (uz) than in-plane displacement (ux), and causes oscillating
bending of the plate. Therefore, A0 mode is an ideal Lamb wave mode to be generated and
detected easily by an air-coupled ultrasonic transducer that produces a field of out-of-plane
displacements and stresses at the plate surface.
Since the nature of dispersion in Lamb modes is dependent on the frequency,
isolating certain symmetric and anti-symmetric modes makes the analysis much simpler.
Most Lamb wave-based damage detection techniques in structures evaluate time of arrival of
scattering waves for damage, thus by knowing the phase and group velocities, the location
and size of damage can be determined.
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Figure 2.2 Experimental setup for the measurement of incident angle of air-coupled
transducer for the generation of A0 Lamb wave mode.

The velocity of a wave can be defined in different ways depending on what aspects
and components of the wave are being considered. Phase velocity (cp) of a Lamb wave is the
time rate at which the phase of the wave propagates in a structure. It is the speed at which the
phase of any one frequency component of the wave travels and is given as
c p  ( / k 2 )k

(2.7)

and the phase velocity magnitude is
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cp 



(2.8)

k

It is noticed that cp is dependent on the wave vector k, its magnitude and thus the
propagation direction of the wave in the medium. While in isotropic materials, cp is
dependent only on the magnitude of the wave vector k. Meanwhile, the phase velocity of any
excited Lamb wave mode in the plate is directly linked to the incident angle θ of the striking
wave by Snell’s law from Eq. (2.5)
cp 

c
sin 

(2.9)

Group velocity (cg) can be defined as the velocity at which the envelope of wave
propagates through space. For lossless materials, the group velocity can be thought of as the
velocity at which the packet energy is conveyed through the structure and is defined by cg =
gradk {ω (k)} which has component in the x and y axes as cgx and cgy, respectively, and can be
achieved by

cgx  cos 
c   
 gy   sin 

  
 sin    k 


cos     
 k  

(2.10)

Thus, the magnitude of the group velocity cg is given by
2
2
cg  cgx
 cgy

(2.11)

In isotropic material since ω is only a function of the magnitude of k and thus ∂ω/∂ϕ =
0, and the magnitude of the group velocity becomes

25


k

cg 

(2.12)

and it could be obtained as a function of cp by first differentiating both sides of the definition
of phase velocity in Eq. (2.8) with respect to ω,
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by rearranging the equation, the group velocity is defined in terms of cp as
cg 

cp

(2.14)
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Using the following equation and Eq. (2.8), the group velocity could be obtained as a
function of the incident angle θ as follows
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2.3.2 Laser Doppler vibrometer as ultrasonic receiver
One-dimensional (1-D) LDV measures the out-of-plane velocity or displacement of a
targeted structure based on the Doppler frequency-shift effect of light. It is based on a
heterodyne scheme, which extracts the frequency-shifts from the interference between a
reference and a reflected laser beam from the vibrating surface of the targeted structure.
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Thus, the surface condition and the incident angle of the laser beam over the scanned area
affects the sensitivity of the sensing laser. Therefore, when inspecting a dark surface
structure a retrorefelective tape or special coating (reflective glass spheres) is often applied to
the surface to increase light intensity of the reflected laser beam along with aligning the laser
beam to be perpendicular to the surface of the structure to improve the laser sensitivity.
Measurements were made using a 1-D LDV Polytec vibrometer (Polytec OFV 500).
The system consists of one laser head, a data acquisition system with velocity and
displacement decoders as well as signal generator, and a data management system. The
system sensitivity is set to 10 mm/V/s for a frequency limit of 250 kHz. The sampling
frequency is set to 2.56 MHz and the band-pass filter settings are adjusted to 10 kHz
minimum frequency and 300 kHz maximum frequency. To improve the signal-to-noise ratio,
each measurement is averaged 10 times.

2.4 NDI system setup for Lamb wave characterization
The hybrid non-contact system is composed of an air-coupled transducer (ACT) that
generates ultrasonic pressure incident upon the surface of a composite plate. The incident
pressure waves are partially reflected and partially refracted into the plate generating
longitudinal and shear waves. Laser Doppler vibrometer (LDV) is employed to measure the
out-of-plane velocity of the propagating Lamb wave mode formed at some distance away
from the excitation region.
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The excitation subsystem is composed of ultrasonic ACTs, a Tektronix 3022B
function generator, an Agilent 33502A isolated amplifier, and a Krohn-Hite 7602 wideband
amplifier. The ACTs are piezoelectric ceramic-based transducers produced by the Ultran
Group; NCG100-D25-P76 point focused non-contact transducer and NCG200-D25 circular
non-contact transducer with 100 kHz and 200 kHz center frequency, respectively, and a
bandwidth of  40% of the center frequency. NCG100-D25-P76 was used to excite signals
with center frequencies between 60 kHz and 140 kHz and signals between 150 kHz and 250
kHz were excited using NCG200-D25.
The reception subsystem consists of a 1-D LDV Polytec vibrometer (Polytec OFV
500), a data acquisition system with velocity and displacement decoders as well as signal
generator, and a data management system. The system sensitivity is set to 10 mm/V/s for a
frequency limit of 250 kHz. The sampling frequency is set to 2.56 MHz and the band-pass
filter settings are adjusted to 10 kHz minimum frequency and 300 kHz maximum frequency.
To improve the signal-to-noise ratio, each measurement is averaged 10 times.
A picture of the complete non-contact system is shown in Figure 2.3. A desktop
computer controls both the excitation and the reception subsystems. The computer excites the
function generator which in turn sends out a 2Vpp five-cycle Hanning windowed toneburst
signal into the amplifier feeding a 150Vpp signal to the ACT. The ACT is positioned at 76
mm from the surface of the inspected laminate and mounted on a motorized rotary stage,
which permits a precise control of the angle of orientation of the transducer, and a manual
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single axis transition stage, which finely controls the distance between the plate and the
transducer.

Figure 2.3 Experimental setup for the measurement of Lamb waves in aluminum plate.

The LDV is placed on a bi-axial translation stage which allows scanning in the x and
y direction as shown in Figure 2.3. It is synced with the excitation subsystem and after the
ACT is excited, the LDV is also ordered to take a measurement data after each excitation.
The plate is placed vertically on a fixed stand on an optical table. The laser beam is fixed and
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focused at a point 100 mm away from the excited region. The ACT is mounted on a
motorized rotary stage, which permits a precise control of the angle of orientation of the
transducer, and a manual single axis transition stage, which finely controls the distance
between the plate and the transducer. The ACTs are positioned at 76 mm from the surface of
the plate as shown in Figure 2.2. The size of the excited area on the inspected plate is
dependent upon the used ACT (focused or unfocused) and the center frequency of the input
signal. For the focused transducer (NCG100-D25-P76) the focal length is 76 mm and the
focal spot size is found based on Δz = 0.61 λair/sin(α0), (Solodov et al., 2005b), where α0 is
half the angular aperture of the used ACT and λair is the wavelength of the excited signal in
air. For the given focused ACT, the focal spot size (Δz) ranges between 7.4 mm and 17.4 mm
for excited signals with center frequency 60 kHz and 140 kHz, respectively. However, when
using the unfocused transducer (NCG200-D25) at a distance of 76 mm from the surface of
the plate, the excited area ranges between 26 mm and 32 mm depending mainly on the
incident angle.
All acquired data are saved into the desktop computer which are then processed by an
in-house built Matlab code that implements the formulation of phase velocity, group velocity,
and Snell’s law described in the previous section.

2.5 Dispersion curves in isotropic plate
In this section the dispersion curves for an isotropic aluminum plate are found
experimentally following the NDI system setup mentioned above. The aluminum plate size
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is 1200 mm × 609 mm × 2.28 mm. The material properties are elastic modulus E = 68.9 GPa,
Poisson’s ratio ν = 0.33 and density ρ = 2700 kg/m3.

2.5.1 Incident angle curve
The goal of this preliminary experimental investigation is to accurately find the exact
angle of orientation of the ACT to generate a pure A0 Lamb mode at frequencies between 60
and 250 kHz and thus compute the incident angle versus frequency curve. Starting with an
incident angle of 0˚, normal axis of transducer’s face is perpendicular to plate surface; the
transducer was excited with a five-cycle Hanning windowed toneburst signal with 60 kHz
center frequency (fc) and a signal has been recorded with the LDV and averaged over 10
readings. For the given center frequency, the transducer was rotated with a step of 0.25˚ from
0˚ to 25˚ and at each angle, the signals have been recorded. After the first angle scan (0˚ to
25˚), fc of the excited signal is increased by a 10 kHz step and another set of angle scan is
recorded and repeated again until fc = 250 kHz.
The out-of-plane velocities measured using LDV for certain frequencies versus the
angle of incidence are illustrated in Figure 2.4. The angle of incidence that is found to give
the maximum amplitude for the generated A0 mode is recorded for each excitation frequency
(60 kHz to 250 kHz) and incident angle curve is then plotted. In Figure 2.4 for example, θ100
= 14˚ and θ200 = 11˚ were found to be the incident angles at which the out-of-plane velocity
are maximum for the excitation signals with 100 kHz and 200 kHz center frequencies,
respectively. The results corresponding to A0 Lamb wave mode propagating in 6061-T6
aluminum plate are shown in Figure 2.5. The incident angle could be also plotted against the
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wavenumber of the excited A0 mode (k). The curves in Figure 2.4 show an angle bandwidth
where the excited mode (A0) is dominant with relatively high amplitude. It is clear that for
100 and 120 kHz excited signals, A0 is dominant between 10° and 20°, while for 200 and 240
kHz, the excited mode is dominant between 8° and 13°.

100
200

Figure 2.4 Amplitudes of A0 mode excited by air-coupled transducer at different center
frequencies (fc) over the angle of incidence.

One phenomenon that is realized from Figure 2.4 which agrees with what Ditri and
Rose (Ditri & Rose, 1994) had investigated. They have shown that as the excited region of
the plate becomes larger, the transducer-wedge source becomes more and more selective to
Snell’s law. When analyzing the curves, the angle bandwidth is smaller for the 200 and 240
kHz signals (10° to 20°) excited by NCG200-D25 circular transducer when compared to the
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100 and 120 kHz signals (8° to 13°) excited by NCG100-D25-P76 focused transducer. The
region of the plate excited by the circular transducer is 26 to 32 mm while that excited by the
focused transducer is 7.4 to 17.4 mm and thus agrees with the influence of transducer
parameters on the excitation of Lamb wave modes realized by Ditri and Rose for “wedge”
method in non-destructive evaluation.

100

200

Figure 2.5 Incident angle curve for A0 mode, dotted lines mark air-coupled transducers used
for specified frequency range.

2.5.2 Dispersion curves using Snell’s law
With the knowledge of the incident angle along different frequencies (60 kHz to 250
kHz) from Figure 2.5, the frequency wavenumber dispersion curve for the A0 Lamb wave
mode is easily found using the given results and Eq. (2.4) which directly relates the incident
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angle (θ) to wavenumber of the excited A0 mode (k). The discrete measurements are plotted
against the theoretical predictions for the aluminum plate in Figure 2.6 showing an excellent
agreement between experimental and theoretical measurements.

Figure 2.6 Frequency wavenumber dispersion curve using Snell’s law concept for A0 mode.

The phase velocity of the excited Lamb wave mode is directly linked to incident
angle by the Snell’s law. Since the velocity of ultrasonic wave in air is known and the angle
of incidence could be found from Figure 2.5, phase velocity dispersion curve of A0 Lamb
wave mode can be obtained by solving Eq. (2.9). The results for the isotropic aluminum plate
are plotted in Figure 2.7 and it is noticed that the exact solutions match well with the
experimental results for the anti-symmetric mode at the given frequencies (60 kHz to 250
kHz).
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With two dispersion curves characterized using Snell’s law and incident angle
measurements, it is also possible to calculate the group velocity without any further
experimental measurements. Using Eq. (2.16) and the incident angle data also obtained from
the incident angle curve in Figure 2.5, the group velocities for the given mode could be
evaluated and plotted against frequency axis. Figure 2.8 represents the constructed group
velocity dispersion curve for the plate against the theoretical predictions. The correspondence
of the measurements with theoretical predictions is fairly good. The results in Figures 2.6, 2.7
and 2.8 demonstrate the applicability of the proposed experimental configuration and using
Snell’s law concept for characterizing the dispersion curves for Lamb waves in an isotropic
plate.

Figure 2.7 Phase velocity dispersion curve using Snell’s law concept for A0 mode.
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Figure 2.8 Group velocity dispersion curve using Snell’s law concept for A0 mode.

2.5.3 Dispersion curves using 2-D FFT and Wavelet transform
The goal of this secondary experimental investigation is to characterize the A0 mode
dispersion curves using air-coupled ultrasound and laser vibrometry by applying 2-D fast
Fourier transform (FFT) and Morlet wavelet transform (MWT) to time-dependent excitation.
The incident angle curve (Figure 2.5) found from the experiment before is required to
optimize the orientation angle of the ACT for optimal generation of A0 mode at frequencies
between 60 kHz and 250 kHz. The air-coupled source is placed at 100 mm from the laser
beam measuring point and the out-of-plane velocities were scanned on the plate in distance
100 mm to 200 mm (with increment of 2 mm) from the center of the excitation area of the
ACT.
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The out-of-plane velocities which are dependent on space and time are illustrated by
surface plot in Figure 2.9(a) for an excitation signal of fc =100 kHz where the origin (0 mm)
along the x-axis represents the 100 mm distance between excited source and laser beam
measuring point. Figure 2.9(b) shows the contour plot of frequency wavenumber spectrum
that was computed by 2-D FFT of Figure 2.9(a). Since the excitation signal used was a
narrow band five-cycle Hanning windowed toneburst signal with a specific center frequency,
the final frequency wavenumber spectrum was formed by superimposing the spectrums of
different frequencies ranging from 60 kHz to 250 kHz.

Figure 2.9 (a) Time-spatial distribution of out-of-plane velocity on the surface of a plate
excited with an air-coupled transducer. (b) Frequency wavenumber distribution after 2D-FFT
of the time-spatial distribution in (a).
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The normalized frequency wavenumber contour dispersion curve obtained
experimentally for the aluminum plate is shown in Figure 2.10(a) and compared with the
theoretical results. The active area of the contour plot overlaps the theoretical curve, proving
a good agreement between experimental and theoretical data. However, it is clear that the
active area is wide compared to the theoretical curve and the values for certain frequencies
are vague. In order to generate a smooth single curve from experimental data, the peak values
of the frequency wavenumber contour plot are extracted from the given plot and then plotted
separately against the theoretical curve in Figure 2.10(b). It can be also found that only few
experimental peak measurements were found but they are in good agreement with the exact
solutions.

Figure 2.10 (a) Normalized frequency wavenumber contour dispersion curve after 2D-FFT of
experimental data for A0 mode (b) Frequency wavenumber dispersion curve with peak
values.
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The frequency wavenumber values for the A0 Lamb wave mode propagating in the
aluminum plate found from Figure 2.10(b) are used in accordance with Eq. (2.8) to evaluate
the phase velocities for the given mode at discrete frequencies. The obtained results are
displayed in Figure 2.11 in comparison with the theoretical solutions.

Figure 2.11 Phase velocity dispersion curve using 2D-FFT for A0 mode

In the tests of group velocity dispersions, the same data measured in the secondary
experiment were used to obtain the group velocity dispersion curves by introducing the
Morlet wavelet transform to process the received signals of A0 Lamb wave mode and
enhance the contrast of the arriving wave packets and to increase the precision regarding
their arrival times. The wavelet transform, a post signal processing technique for analyzing
dispersive curves, is fundamentally a cross-correlation between a given original signal,
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captured Lamb wave signal in this case, and the mother wavelet at each center frequency. As
the mother wavelet moves with the translation parameter, the similarity between the original
signal and the mother wavelet can be captured. In this study, the Morlet wavelet is adopted as
the mother wavelet and the technique of extracting arrival times at different center
frequencies is listed as follows: (1) wavelet coefficients of the response signal in time-scale
domain is computed, (2) a time slice is selected from the magnitude of wavelet coefficients at
the local frequency equal to the center frequency of excitation, (3) the time instants of each
peak in the time slice are stored, which are associated with arrival times of Lamb modes at
the point of measurement. The group velocity from the wavelet transform is thus attained by:

cg 

d
t

(2.17)

where Δt is the delay time of two LDV measurements found in step 3 above separated by a
distance Δd along the scanned line on the plate. Figure 2.12 shows compared results between
theoretical predication and experimental measurements of A0 Lamb wave mode in the
aluminum plate. It can be seen that the exact solutions match with the experimental results
for both cases but with a slight distortion of the velocity measurements at few discrete
frequencies.
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Figure 2.12 Group velocity dispersion curve using Morlet wavelet transform for A0 mode

2.6 Dispersion curves in anisotropic plate
In this section, the dispersive and anisotropic behavior of Lamb wave propagation in
a graphite epoxy composite laminate is analyzed from experimental data measured using
ACT/LDV system and simple Snell’s law technique. The plate used in this section is
AS4/3502 graphite epoxy composite laminate with [45/02]2S stacking sequence and
dimensions 685 mm × 685 mm × 2.28 mm. The material properties per lamina are listed in
Table 2.1.
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Table 2.1 Material properties of AS4/3502 composite lamina
Specimen

E1(GPa)

E2(GPa)

E3(GPa)

G12(GPa)

G13(GPa)

G23(GPa)

ν12

ν13

ν23

ρ(kg/m3)

AS4/3502

127.6

11.3

11.3

5.97

5.97

3.75

0.30

0.30

0.34

1578

2.6.1 Dispersion curves
The exact angle of orientation of the air-coupled transducer to generate a dominant A0
Lamb mode at frequencies between 60 and 240 kHz is investigated and the incident angle
versus frequency curve, known as incident angle dispersion curve, was computed at different
wave propagation directions. Initially with ϕ = 0˚, the ACT was excited with a five-cycle
Hanning windowed toneburst signal with a center frequency (fc) equal to 60 kHz at an
incident angle θ equal to 0˚, and the LDV is synced to record a measurement of the out-ofplane velocity on the surface of the plate. For the given center frequency, the transducer was
rotated with an angular resolution of 0.25˚ up till 25˚ and at each angle, the signals have been
recorded and averaged 10 times. After the first angle scan (0˚ to 25˚), fc of the excited signal
is increased by a 10 kHz step and another set of angle scan is recorded and repeated again
until fc = 240 kHz. For each frequency, the Matlab script calls the averaged signal at each
angle, records the maximum amplitude of the out-of-plane velocity of the excited Lamb wave
mode, and plots them as shown in Figure 2.13.
The angle of incidence that is found to give the maximum amplitude for the generated
A0 mode is recorded for each excitation frequency (60 kHz to 250 kHz) and incident angle
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versus frequency curve is then plotted. The finest ACT angle of incident required to generate
an optimum A0 Lamb wave mode propagating in AS4/3502 composite plate propagating
along 0° direction at different frequencies are shown in Figure 2.14.
The phase velocity and the wavenumber of the excited Lamb wave mode are directly
linked to the incident bulk wave velocity (c) and wavenumber (ki), respectively, by the
Snell’s law in Eq. (2.4) and (2.5). Since c and ki of the incident bulk wave could be easily
found, and with the frequency-incident angle data found from Figure 2.14, the frequencywavenumber and the phase velocity dispersion curves of A0 Lamb wave mode can be
obtained by solving Eq. (2.4) and (2.5). The results for the AS4/3502 composite plate along
0° wave propagation direction are plotted in Figure 2.15(a) and (b) and it is noticed that the
exact solutions match well with the experimental results for the A0 mode at the given
frequencies (60 kHz to 240 kHz). This demonstrates the validity and effectiveness of using
Snell’s law to characterize the phase velocity dispersion curve of a CFRP composite plate.
The dispersion curves along the 45° and 90° propagation directions are also plotted in
Figures 2.16 and 2.17. The experimental and theoretical values along all propagation
directions match well, proving the legitimacy of the proposed method for characterizing the
dispersion curves for Lamb waves in anisotropic plates.
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Figure 2.13 Amplitudes of generated A0 mode at different center frequencies over the angle
of incidence along 0˚ propagation direction

Figure 2.14 Incident angle curve for generated A0 mode as a function of frequency along 0˚
propagation direction
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(a)

(b)

Figure 2.15 (a) Frequency wavenumber and (b) phase velocity dispersion curve for A0 mode
along 0° propagation direction

(a)

(b)

Figure 2.16 (a) Frequency wavenumber and (b) phase velocity dispersion curve for A0 mode
along 45° propagation direction
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(a)

(b)

Figure 2.17 (a) Frequency wavenumber and (b) phase velocity dispersion curve for A0 mode
along 90° propagation direction

To obtain the group velocity dispersion curve at a given wave propagation direction ϕ,
another technique is used based on the time-of-flight of the wave packets. This method has
been investigated previously by other researchers in metallic or composite structures
(Draudviliene & Mazeika, 2013; Garcia-Rodriguez et al., 2011), but in this study Morlet
wavelet transform (MWT) was used to automatically process the received Lamb wave
signals in order to enhance the precision of time-of-flight as described in the previous work
by the same research group (Wang & Yuan G, 2007).
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(a)

(b)

(c)

Figure 2.18 Group velocity dispersion curves for A0 mode along 0° (a), 45° (b)and 90° (d)
propagation directions found using Morlet wavelet transform (MWT)

The ACT is fixed at an angle for a given center frequency at a given stationary
location using the data in Figure 2.14 while the LDV takes a measurement at a point 100 mm
ahead of the ACT and another at 160 mm away. The two measurements are then called by
the Matlab script which stores the time instants of the peak associated with the arrival time of
the A0 Lamb wave mode using Morlet wavelet as the mother wavelet, and then the
propagation distance (60 mm) is divided by the arrival time, which is the time difference
between the first and second stored time instants from the MWT. Figure 2.18 shows
compared results between theoretical predictions and experimental measurements using
MWT at 0˚, 45˚, and 90˚ propagation directions where it can be seen that the experimental
results match well with the exact solutions.
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2.6.2 Polar curves
The anisotropic behavior of the A0 Lamb wave mode in the laminate [45/02]2S is
now presented experimentally and compared with the theoretical results. The experimental
procedure and signal processing technique used to obtain the incident angle and phase
velocity dispersion curves in the previous section is applied to determine the phase velocity
and group velocity polar curves for the composite plate with a 15° increment in the wave
propagation direction. The direction of wave propagation was controlled manually but finely
by orienting the plate using a mechanical screw apparatus.
Curves in Figure 2.19 show the characteristic phase velocity polar curves of the given
Lamb wave mode propagating in the composite at 80 kHz, 100 kHz, 200 kHz, and 240 kHz
center frequencies. It is clear that the velocity curve varies with the frequency due to
dispersive nature. In addition, the experimental date obtained for A0 Lamb wave mode
highlight the dependency of the phase velocity on the angle of propagation with a maximum
value in the 0° and 45°, because the laminas are oriented in the 0° and 45°, and slowest in the
90° direction. This is also supported with the phase velocity dispersion curves along the 0°
and 90° wave propagation direction shown in Figure 2.20.
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(a)

(b)

(c)

(d)

Figure 2.19 Phase velocity polar curves for A0 mode at different center frequencies (a) 80
kHz (b) 100 kHz (c) 200 kHz and (d) 240 kHz
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Figure 2.20 Phase velocity dispersion curves for A0 mode along 0° and 90° propagation
directions

Similarly, the group velocity polar curves (wave curves) were also obtained using the
MWT method along different propagation direction within the composite at 15° increments.
The characteristic wave curves of the laminate for A0 Lamb wave mode at different center
frequencies are shown in Figure 2.21. The results clearly represents the angular dependence
of A0 mode in the laminate with its maximum group velocity along the 0° and 45° directions.
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(a)

(b)

(c)

(d)

Figure 2.21 Group velocity polar curves for A0 mode at different center frequencies (a) 80
kHz (b) 100 kHz (c) 200 kHz and (d) 240 kHz using Morlet wavelet transform (MWT)
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2.7 Conclusions
A hybrid, fully non-contact method using air-coupled transducer (ACT) as an
actuation source and laser Doppler vibrometer (LDV) as a sensor was introduced and two
signal processing techniques were presented for characterizing the Lamb wave dispersion
curves in isotropic and anisotropic plates. The first method uses Snell’s law relating the bulk
velocity with incidence angle to the phase velocity of the Lamb waves. With the ACT
scanning from 0° to 25° with 0.25° increment, the optimum incident angle frequency
dependent curve can be obtained from the maximum amplitude of curves mapping the
velocities by sweeping the incident angle. The knowledge of the incident angle from this
curve and the given speed of sound in air, the phase velocity and frequency wavenumber
dispersion curves of a 6061-T6 aluminum plate and AS4/3502 graphite epoxy composite
laminate in air are found directly using Snell’s law. A relation between the Lamb wave group
velocity and the incident angle in isotopic material is also derived and implemented to plot
group velocity dispersion curve directly from the incident angle frequency dependent curve.
The second method is built upon the base from the curve relating critical angle versus
frequency. By exciting the ACT fixed at an angle for a given center frequency at a given
stationary location, the LDV scans a line ahead of the ACT, the contour of waves in the time
and scan distance domain can be obtained. By Fourier transforming spatial-time domain into
the frequency-wavenumber domain. A small region depicts the dispersion characteristic of
the Lamb can be shown. By sweeping the center frequencies, a region can be formed which
characterizes the Lamb wave dispersion. By selecting the peak values of the contour plot for
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each center frequency, the dispersion Lamb wave curve can be formed. The peak values can
be then used to construct the phase velocity dispersion curve. It is however concluded that
the phase velocity dispersion curve obtained using Snell’s law are more accurate than using
the peak values method.
In addition, the group velocity dispersion curves for the aluminum plate established
directly from Snell’s law results in comparison with Morlet wavelet transform (MWT)
method were more accurate and consistent with the theoretical data and thus, representing a
promising feasibility to generate phase velocity and group velocity dispersion curves for a
selected Lamb wave mode using Snell’s law.
However, the group velocity curves for the composite plate was investigated using
the time-of-flight method by applying Morlet wavelet transform (MWT). It was found that
the group velocity measurements are in good agreement with the theoretical predictions. The
proposed methodologies (Snell’s law and MWT) were also sensitive to the anisotropy of the
[45/02]2S composite laminate by providing simultaneous measurements of the in-plane
anisotropy for phase and group velocities.
The incident angles required to generate specific Lamb wave modes could be found
simply and rapidly using ACT angle scan procedure. Thus, using Snell’s law concept for
characterizing dispersion curves with the current non-contact method, the technique becomes
more attractive for non-destructive inspection. It is therefore: (1) single sided, where access
to only one side of the plate is required, (2) robust, since the ACT is rotating in place and
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thus partially fixed and the LDV is fixed at a point, (3) rapid, because only the incident angle
experimental data are required to obtain the dispersion curves.
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CHAPTER 3
DAMAGE IMAGING

3.1 Introduction
Monitoring the structural health of a component is of great importance in the civil,
mechanical and aerospace industries to insure safety during the component’s life by reducing
the uncertainty in its remaining useful life (RUL) estimation and enabling more accurate
component damage and failure predictions. A number of research efforts have been done in
the field of non-destructive inspection (NDI) and structural health monitoring (SHM) to
inspect and monitor different metallic and composite structures with either contact or noncontact techniques (Diamanti & Soutis, 2010). These techniques are of high interest in the
aerospace industry where new lightweight materials are being studied and used. Thus,
monitoring and inspecting those materials is a key element in understanding their behavior,
needed for research and development of better aerospace structural components. In addition,
different signal processing techniques and algorithms have been developed to analyze the
data obtained during inspection to localize and identify the size of different types of defects
and damages in components before its integrity is weakened.
In this chapter, a rapid imaging technique is proposed for imaging damage in metallic
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and composite plates by using a zero-lag cross-correlation (ZLCC) imaging condition in the
frequency domain. The fully non-contact, single-side access, hybrid inspection system
employing air-coupled transducer (ACT) for the generation of anti-symmetric Lamb wave
mode and laser Doppler vibrometer (LDV) for dynamic visualization of the Lamb wavefield
is used to experimentally verify the proposed technique on three identical aluminum plates
with same notch geometry but with various orientations at different locations. The notches
(10 mm × 5 mm) are grooved in the aluminum plates using electric discharge machining with
a maximum depth of 40% of plate’s thickness and with the following orientations 90°, 60°
and 45° with respect to the horizontal axis. A damage image is constructed by crosscorrelating the forward and backward propagating wavefields in the aluminum plates which
are separated by analyzing the actual LDV measured wavefield using a frequencywavenumber filtering post-processing technique.
In addition, the capability of the zero-lag cross-correlation (ZLCC) imaging condition
of an A0 Lamb wave mode in imaging a barely visible impact damage (BVID) in a carbon
fiber reinforced plastic (CFRP) using a fully non-contact Lamb wave based non-destructive
inspection (NDI) system was also investigated. A 16-ply [45/0/-45/90]2S CFRP laminate was
impacted at three different locations with different impact energies using a drop ball at three
drop heights causing three BVIDs with different dimensions, ~7 mm, ~12 mm and ~17.5 mm
in diameter.
This chapter presents a “History of Damage Imaging” Section with a short
background and description of the frequency-wavenumber filtering method used for
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decomposing the generated and propagating Lamb wave and the zero-lag cross-correlation
(ZLCC) imaging condition technique, and “NDI system and application” Section presents a
detailed explanation of the experimental configuration and setup. In Section “Experimental
results,” the feasibility of the proposed system, filtering and imaging technique is
demonstrated experimentally by visualizing the forward and backward propagating
wavefields as well as ZLCC final imaging results. Finally, the conclusions are summarized in
the “Conclusions” Section.

3.2 History of Damage Imaging
Some of the NDI techniques are based on: 1. ultrasonic methods, 2. acoustic emission
(Pappas & Kostopoulos, 2001) that could inspect impact damage and fracture behavior by
measuring released acoustic waves, 3. Thermography (Meola & Carlomagno, 2004), which
uses thermal imaging to detect defects that create high thermal impedance to the passage of
the heat, 4. Eddy current (Grimberg et al., 2006), used to visualize flaws in conductive
materials by correlating the measured impedance with calibrated defect dimensions, 5.
vibration methods (Cawley et al., 1985) that involve the measurement of modal parameters
and its effects on the physical properties of the structure. Ultrasonic techniques are among
those that can make measurements in different environments, in hard-to-access areas and in
relatively long distances when working with Lamb waves. Lamb waves could travel inside a
plate-like structure guided by the top and bottom surfaces of the structure and thus propagate
along its entire geometry delivering wealth information about its health condition. Lamb
waves are often generated and measured using piezoelectric, wedge, EMATs, air-coupled
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transducers, or laser devices. Different contact and non-contact methodologies could be
formed by combining one or two of the aforementioned devices. However, contact
mechanisms could interfere with the inspection procedure that requires a dense array of data
and thus placement of a large number of contact transducers and wiring and thus introducing
different challenges.
The interaction of the fundamental symmetric (S) and anti-symmetric (A) modes
with different types of damages has been previously investigated to better understand the
behavior of Lamb waves in damaged structures, i.e. reduction of amplitude, change in timeof-flight (TOF), mode conversion, and backscattered waves which would simplify the wave
analysis and lead to better damage detection and imaging. Kazys et al. (Kažys et al., 2006)
investigated numerically and experimentally the scattering of Lamb wave from an artificial
delamination in a honeycomb composite by measuring the signals generated right above the
inhomogeneities using a complete air-coupled non-contact method. A strong wave leakage
was detected over the damaged area that was estimated when plotted the amplitudes as a Cscan image. The same research group obtained similar results when testing square-shape
CFRP composite rods for defects (Raišutis et al., 2011). A study by Ramadas et al. (Ramadas
et al., 2010) was done to numerically and experimentally detect two artificial delaminations
of 40 mm and 50 mm in length in GFRP using TOF of A0 Lamb wave mode generated and
measured using ACTs in a pitch-catch mode and showed a close prediction of the actual
damage size. In another work, Ramadas et al. (Ramadas et al., 2011) studied the interaction
of A0 mode with structural discontinuity in a more complex composite, glass/epoxy T-joint.
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It was found that an S0 mode is formed from the propagating A0 due to the presence of a
discontinuity (spar web) where its location could be determined using TOF of both modes.

3.2.1 Theory of frequency-wavenumber filtering
The raw data collected by the scanning system contains information about the interior
of the inspected structure and could be studied in depth to characterize the health of the
structure. A propagating wave inside a plate-like structure could be easily seen by displaying
the recorded data in three-dimensional (3-D) space, two axes representing the scanning area
and the third is the time axis. As shown in Figure 3.1, an incident Lamb wave propagating
along the thickness of the plate interacts with a damage and is partially reflected and the rest
is transmitted through.
In order to understand and clearly observe the backscattered waves from the damage,
the recorded Lamb wave is decomposed into incident (forward) and reflected backscattered
(backward) waves, propagating along the plate in the positive and negative x directions,
respectively as seen in Figure 3.1. This separation can be performed using a simple fast
frequency-wavenumber filtering technique, which was proposed by Ruzzene (Ruzzene,
2007) for the visualization of damage reflections in plate structures and later was used for the
characterization of guided wavefields as well as detection, localization and quantification of
structural damage by Michaels et al. (Michaels et al., 2011) In addition, it has been applied
previously for the analysis of multi-mode Lamb wave signal processing at high frequencies
for the characterization of dispersion relations and the separation of various modes (D.
Alleyne & Cawley, 1991). Tian and Yu(Tian & Yu, 2014) have also analyzed Lamb waves

59

and its propagation characteristics using frequency wavenumber filtering and advanced
wavenumber analysis as well as space-frequency-wavenumber analysis for crack detection in
an aluminum plate(Yu & Tian, 2013).

Figure 3.1 Schematic diagram of Lamb wave generation and propagation in an isotropic
aluminum plate and its interaction with damage

In this study, the frequency-wavenumber filtering technique is applied in the case of
2-D and 3-D domains, (x, t) and (x, y, t) respectively. In the case of 2-D domain, a 2-D data
matrix is obtained from a single line scan on the inspected plate. The captured propagating
wave has a wavefield v(x, t) in terms of the time variable t and spatial variable x. Each data
point is individually transformed into V(kx, ω) domain by applying the 2-D temporal and
spatial Fourier transform with respect to x and t and is expressed as follows,
V (k x ,  )  FFT2 D (v( x, t )) 

 

  v ( x , t )e

i ( k x x t )

dxdt

(3.1)
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and the inverse Fourier transform of equation (1) gives
v( x, t )  FFT2D1 (V (k x ,  )) 

 

1
4

2

  V ( k x ,  )e

i ( k x x t )

dk x d

(3.2)

 

where FFT2D represents the 2-D fast Fourier transform procedure transforming time-spatial
domain into frequency-wavenumber domain and

is the inverse procedure. For

example, a fundamental A0 Lamb wave mode propagating in an isotropic plate is acquired
using multiple measurements from a line scan and shown in the time-space domain in Figure
3.2(a) and transformed using FFT2D into the frequency-wavenumber domain as shown in
Figure 3.2(b). The incident A0 mode is shown in Figure 3.2(a) between 280 µs and 330 µs
and a wave reflected back from the edge of the isotopic plate is shown between 400 µs and
440 µs. The forward propagating wave appears in the frequency-wavenumber domain in
Figure 3.2(b) in the kx > 0 region and the reflected wave in the kx < 0 region with much lower
amplitude. Separating the positive and negative wavenumber values will effectively filter the
forward incident and backward reflected propagating waves.
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(a)

(b)

Figure 3.2 (a) A0 mode wavefield in time-spatial domain and (b) its frequency-wavenumber
spectrum

In the case of 3-D domain, a 3-D data matrix is obtained from an area scan on the
plate to be inspected. The captured propagating wave has a wavefield v(x, y, t) in terms of the
time variable t and spatial variables x and y. Each data point is individually transformed into
V(kx, ky, ω) domain by applying the 3-D temporal and spatial Fourier transform with respect
to x, y and t and is expressed as follows,
V (k x , k y ,  )  FFT3D (v( x, y, t )) 

  

   v( x, y, t )e

i ( k x x  k y y t )

dxdydt

(3.3)

  

and the inverse Fourier transform of equation (3) gives

v( x, y, t ) 

1
FFT3D
(V (k x , k y ,  ))



  

1
8

3

   V ( x, y, t )e

i ( k x x  k y y t )

dk x dk y d 

(3.4)
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3.2.2 Cross-correlation imaging condition
Different signal processing methods have been previously proposed for the detection
and imaging of damages in isotropic and composite structures including wave energy
trapping and localization (Glushkov et al., 2012), wavelet-transformed ultrasonic propagation
imaging (Lee et al., 2011), standing waves (Sohn et al., 2011), cumulative total wave energy
(CTWE) and cumulative standing wave energy (CSWE) (An et al., 2013). Time-reversal is
another technique that has been successfully used in structural health monitoring for
quantitative imaging of damage; however, when implemented in time domain it is very timeconsuming. Thus, it has been studied in frequency-wavenumber domain for rapid detection
of damages in plate-like structures using flexural plate waves and cross-correlation imaging
condition in the frequency-domain and damage images were obtained (Zhu et al., 2013). The
key idea by which the imaging condition is defined is based on the concept that a damage
exists at locations where forward propagating wavefield and backward propagating wavefield
are in phase.
A conventional cross-correlation imaging condition based on the reconstructed
wavefields can be formulated in the time (t) or frequency (ω) domain as the zero-lag of the
cross-correlation between a “source” wavefield (Ws) and a “receiver” wavefields (Wr) (Sava
& Vlad, 2011). This method was first illustrated and applied in the context of reverse-time
migration by Chang and McMechan (Chang & McMechan, 1986) which is a generalization
of time-coincidence imaging condition by Claerbout (Claerbout, 1971). In the case of
structural health monitoring (SHM) and NDI, the “source” wavefield originates as the
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forward wavefield (VF) propagating in the medium prior to any interaction with
discontinuities, and the “receiver” wavefield originates as the backward propagating
wavefield (VB) from any damages or structural boundaries. In this study, cross-correlation
imaging condition is employed in the frequency domain and the image of the inspected area
is visualized by taking the zero-lag cross-correlation value of the two former wavefields at all
scanned points as follows,
I ( x, y )  WF ( x, y,  )WB* ( x, y,  )

(3.5)



where I (x, y) is the ZLCC value at point (x, y). The subscripts ‘F’ and ‘B’ represent the
forward and backward wavefields, respectively, and the subscript ‘*’ symbolizes the
complex conjugation. The two wavefields kinematically coincide at the discontinuities and
the cross-correlation value (I) will be relatively large at the damage domain compared to the
pristine region where it will be small or near zero and can be visualized by plotting the
discrete values of I in a contour map.

3.3 Damage imaging in isotropic plate
3.3.1 Experimental Setup
The ACT/LDV system consists of a non-contact air-coupled ultrasonic transducer
(ACT), a Tektronix 3022B function generator, an Agilent 33502A isolated amplifier and
Krohn-Hite 7602 wideband amplifier, an IAI bi-axial translation stage and a rotary stage, a
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Polytec laser Doppler vibrometer (LDV) with velocity decoder and data management system,
and a computer for hardware control and signal processing
The ACT used in this setup is a piezoelectric ceramic-based non-contact circular
transducer (NCG200-D25) with 200 kHz center frequency and 25 mm active diameter
manufactured by Ultran Group and placed on the IAI motorized rotary stage. The LDV
(Polytec OFV-500) is placed on the IAI bi-axial translation stage, which maneuvers the LDV
head rapidly within a 2-D scan field. The LDV scans horizontally to the right, step vertically
upward, and then scans horizontally to the left.
The 1-D time domain signal carried out from the LDV per measured point is fed to an
in-house developed Matlab script that generates a 3-D (x, y, t) matrix for the scanned area. At
the end of the scan, the matrix could be sliced along the time axis and plotted as a snapshot of
the propagating wavefield in the plate. A wave propagation video could be also generated by
merging and presenting the snapshots in succession. The script also converts the measured
spatial-time domain data into a frequency-wavenumber domain that assists in separating the
forward propagating waves from the backward propagating waves due to any damage,
discontinuity or boundary in the inspected structure by applying the frequency-wavenumber
filtering process discussed in the previous section.
Three 6061-T6 aluminum plates are used in this study for damage detection with the
following dimensions 304 mm × 304 mm × 2.28 mm each and the materials properties are
elastic modulus E = 68.9 GPa, Poisson’s ratio ν = 0.33 and density ρ = 2700 kg/m3. The
considered damages are 10 mm × 5 mm notches with maximum depth of 1 mm grooved in
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each plate using electric discharge machining placed approximately in the center or few
millimeters away from the center of the plate on the backside and thus assumed to be hidden.

Figure 3.3 Experimental setup for ACT/LDV system during scanning of a region with hidden
damage in an aluminum plate

Each notch is orientated at a different angle with respect to the horizontal axis 90°,
60° and 45° so that the sensitivity of the proposed technique with respect to the damage
orientation can be evaluated. The plate is mounted on a vertical stand and impinged by an
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acoustic wave excited by an air-coupled transducer (ACT), which is oriented at 10° with
respect to the plate normal vector as shown in Figure 3.3. This will generate a dominant
propagating A0 Lamb wave mode in the plate in agreement with the phase matching
phenomenon, well known as Snell’s law (Jitsumori et al., 1986). The input signal used is a
narrowband five-cycle Hanning windowed toneburst with 200 kHz center frequency
generated by the Tektronix function generator and governed by

2 fct
N 
V (t )  S  H (t )  H (t  )  (1  cos
)sin(2 f ct )
fc 
N


(3.6)

where peak number N = 5, S = 10 is the signal intensity, H(t) is the Heaviside step function
and fc is the center frequency of the signal. It is found through frequency spectrum that the
frequency components of this excitation are mainly concentrated in a narrow range around
the central frequency which significantly reduces the dispersive effect for the generated
Lamb wave mode. The input signal is then amplified to a maximum peak-to-peak voltage of
150 V using the Agilent and Krohn-Hite amplifiers and then fed to the ACT.
A 35 mm × 70 mm area is scanned using the LDV around the implanted damage for
each plate with scanning resolution of 1 mm in the x and y directions, shown in Figure 3.3. In
order to improve the captured sensor signal quality and thus increase the signal to noise ratio
(SNR), a retroreflective tape is attached covering the area to be scanned in order to enhance
the surface reflection while averaging the measurement at each scanned point five times.
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3.3.2 Experimental results
When a Lamb wave, guided by the upper and lower surfaces of a plate, is in contact
with a discontinuity or any boundary in the plate portion of the wave energy is scattered
back, some part of it is trapped within the damage and the rest propagates through. The
frequency-wavenumber filtering technique is used to develop simple filtering strategy, which
enables the separation of the forward propagating wave from any backward reflected waves
along the wave path. In this work, the filtering technique is applied to a 1-D propagating
wave as well as 2-D propagating waves to study its liability in detecting damage in an
isotopic material.
The frequency-wavenumber filtering technique is first applied to the 1-D wave propagating
along the x-axis and measured by scanning along horizontal line passing through the damage
and some distance away from the damage. The first scanned line L1 is 24 mm away from the
center of the damage (y = 24 mm) and the other line L2 passes through the middle of the
damage (y = 0 mm) are represented in Figure 3.4(a). The waveform in the time-space domain
measured along the two 60 mm horizontal paths, L1 and L2, are plotted as out-of-plane
velocity against time and scanning distance in Figure 3.4(b) and (c).
Separation of the forward propagating waves from any backward propagating waves is
clearly seen in Figure 3.4(d) to (g). Since the line scan along L1 is away from the damage, no
backscattered wave is noticed except for the one reflecting from the right edge of the plate
perceived between 400 and 450 µs (Figure 3.4(f)). However, the scan along L2 has shown
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two backscattered waves visible in Figure 3.4(g). The first happening between 300 and 350
µs and starting at x = 35 mm where the right edge of the notch is and the second noticed

(a)

(b)

(d)

(f)

(c)

(e)

(g)

Figure 3.4 (a) Line scanning schematic representation for an aluminum plate with a 90˚ notch
using ACT/LDV system. Spatial-time wavefield for A0 Lamb wave mode propagating along
the plate measured along L1 (b) and L2 (c). Absolute values for the forward propagating
waves along L1 (d) and L2 (e) and the backward propagating waves along L1 (f) and L2 (g).
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between 400 and 450 µs after reaching the right boundary of the plate. Another thing to
notice here is the increase of the out-of-plane velocity amplitude between x = 28 and 35 mm
in Figure 3.4(e) and (g) of the incident and reflected waves, respectively. This gives a good
indication where the damage is located but not its shape and exact size.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.5 Snapshots in xy domain of the incident A0 Lamb wave mode propagating along an
aluminum plate with 90˚ notch at (a) 298 μs, (b) 305 μs and (c) 314 μs and the filtered
backward propagating wavefield due to the incident A0 mode interaction with the notch at (e)
298 μs, (f) 305 μs and (g) 314 μs.
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(a)

(b)

(c)

Figure 3.6 Schematic diagram for an aluminum plate with a 60˚ notch (a) and the filtered
backward propagating wavefield from the damage at (b) 310 μs and (c) 315 μs.

When the filtering technique is applied to the 2-D propagating wave, more
information of the plate’s health and damages could be extracted. A snapshot for a
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propagating Lamb wave in the aluminum plate with a 90° notch generated using non-contact
ACT is shown in Figure 3.5(a) at 298 µs, Figure 3.5(b) at 305 µs and Figure 3.5(c) at 314 µs.
After separating the forward propagating and reflected waves using the frequencywavenumber technique, the snapshots at similar times are also plotted for the backscattered
waves in Figure 3.5(d) to (f). The backscattered waves from the notch are clearly noticed as
the Lamb wave propagates through it. Figure 3.5(d) gives an idea of size of the notch, where
the Lamb wave reaches the damaged area and part of the wave is reflected back from the left
and the right edges of the notch shown with high amplitudes between y = 20 mm and 30 mm
and x = 35 mm and 40 mm.
As the Lamb wave propagates through, more waves are reflected back as shown in
Figure 3.5(e) and (f) and thus confirms the location and orientation of the damage. This
analysis was also applied to the plate with the 60° notch (Figure 3.6(a)), the propagating
wave is decomposed in the frequency-wavenumber domain and the resultant reflected waves
from the tilted notch are clearly shown in Figure 3.6(b) and (c). In this case, the reflected
waves from the notch are propagating backwards along a slanted direction, about 150° with
respect to the x-axis.
Even though some approximation of the damage size and location could be deduced
from the frequency-wavenumber post-processing filtering technique, a viable method is
needed to accurately determine the geometry, location and orientation of small damages.
Instead of using the backscattered wavefield in the time domain, a cross-correlation imaging
between the forward wavefield and the backward wavefield is employed in the frequency
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domain as mentioned in Section 2.2. Figure 3.7(b) shows the generated damage image using
ZLCC imaging condition technique where the actual damage, highlighted by white dashed
lines, is simulated by a notch on the backside of the aluminum plate centered at x = 40 mm
and y = 25 mm. The hidden notch at 90° with respect to the x-axis is also displayed in the 3D cross-correlated image in Figure 3.7(a) where the noise amplitude is noticed to be in the
15% range of the maximum amplitude in the damaged area. Thus, to enhance the visibility of
the damage area and damage sizing, the 2-D ZLCC image in Figure 3.7(b) was optimized
and reproduced using noise threshold value as minimum value shown in Figure 3.7(c), with
the minimum amplitude visible as blue plane being 15% of the maximum amplitude. Figure
3.7(c) represents an accurate image showing the actual size, location and the orientation of
the 90˚ notch.
For 60° rectangular notch, similar result is also obtained. The actual ZLCC damage
image is first shown in Figure 3.8(a) displaying a good representation of the notch size,
location and skewed orientation of the actual damage, highlighted by white dashed lines for
comparison and centered at x = 35 mm and y = 28 mm. This skewed image may be attributed
to the reflected waves which are not captured from the LDV. This figure is also optimized
using the noise threshold value as the minimum value in the plot in Figure 3.8(b). Finally, the
ZLCC imaging condition technique is also employed to generate an image for the 35 mm ×
70 mm area scanned around the 45° grooved notch in the aluminum plate, as shown in Figure
3.9(a) and (b). From the figures, the location (centered at x = 35 mm and y = 21 mm) and size
of the notch (10 mm × 5 mm) can be quantitatively identified and its orientation is clearly
detected. The following results demonstrate the capability of the ZLCC imaging condition
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technique in detecting small damages in isotropic materials while obtaining their locations,
geometries and orientations.

(a)

(b)

(c)

Figure 3.7 Image obtained experimentally using ZLCC imaging condition for aluminum plate
with 90˚ notch shown as dotted area: (a) 3-D image with noise and damage threshold
amplitudes; (b) actual 2-D image and (c) optimized image with noise threshold.
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(a)

(b)

Figure 3.8 Image obtained experimentally using ZLCC imaging condition for aluminum plate
with 60˚ notch shown as dotted area: (a) actual image and (b) optimized image with noise
threshold.

(a)

(b)

Figure 3.9 Image obtained experimentally using ZLCC imaging condition for aluminum plate
with 45˚ notch shown as dotted area: (a) actual image (b) optimized image with noise
threshold.
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Finally, the ZLCC images of the grooved notches also highlight the high sensitivity of
the following approach in detecting the exact damage location. These figures accurately
locate the actual location of the damages, which further proves the robustness of the
employed NDI system and imaging technique.

3.4 BVID imaging in anisotropic plate
3.4.1 Experimental setup
The ACT/LDV system described in the previous section is also used for detecting
BVID in a composite plate. The experimental setup is shown in Figure 3.10. A 200 kHz
center frequency ACT with 25mm active diameter is used. The ACT is oriented at 14˚, which
was found experimentally to give the highest amplitude for the A0 mode of interest (Jitsumori
et al., 1986). The generated ultrasonic wave propagates along the 0˚ direction with respect to
the fiber orientation. Using Snell’s law it is found that the phase velocity (cp) of propagating
A0 mode along the 0˚ is ~1420 m/s and the wavelength (λ) is 7.09 mm for the given
excitation signal.. The separation distance between the ACT front membrane and the
inspected plate is fixed at approximately 80 mm. The inspected plate is vertically placed on a
vertical mount on an optical table.
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Figure 3.10 Actual experimental setup for damage imaging in a composite plate.

The LDV scans horizontally to the right, step vertically upward, and then scans
horizontally to the left and the distance between the front lens of the LDV and the plate is
fixed at approximately 642 mm for ultimate laser beam focusing, which is found using a
laser-target distance equation recommended by the manufacturer. The shortest distance
between the inspected scanned region and the center of the excited region is kept at
approximately 75 mm. In order to improve the captured signal quality and thus increase the
signal to noise ratio, a retroreflective tape is applied to the area to be scanned which enhance
the surface reflection, in addition the measurement at each scanned point was averaged 25
times.
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Figure 3.11 Composite laminate used in this study with different sizes of BVID. Three
different cases (I, II and III) represent the experimental setups for each damage imaging
procedure.

The composite material used in this study is T800/3900-2 carbon/epoxy. One
laminate [45/0/-45/90]2s is prepared for all the tests with the following dimensions 304 mm x
304 mm x 2.4 mm. The laminate was then impacted using a drop ball impactor at three
different locations as shown in Figure 3.11 at three different drop heights causing BVIDs.
The defects shown in Figure 3.11 represented by Damage I, Damage II, and Damage III were
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made by impact energies of 13.56, 19, and 27 Joule, respectively, and the damaged areas
were then C-scanned.
The one-dimensional time domain signal carried out from the LDV per measured
point is fed to a Matlab script that generates a three-dimensional matrix for the scanned area.
At the end of the scan, the 3-D matrix could be sliced along the time axis and plotted as a
snapshot of the propagating wavefield in the plate. A wave propagation video could be also
generated by merging and presenting the snapshots in succession. The script also converts the
measured spatial-time domain data into a frequency-wavenumber domain that helps in
separating the forward propagating waves from the backward propagating waves due to any
damage, discontinuity or boundary in the inspected structure by applying the frequencywavenumber filtering process.
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(a)

(b)

(c)

(d)

Figure 3.12 Incident A0 mode propagating along the laminate captured at (a) 275 μs and (b)
279 μs with damage region in Case I represented with the red dotted circle. The backward
wavefield obtained using frequency-wavenumber filtering technique shown in (c) at 275 μs
and in (d) at 279 μs.
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3.4.2 Barely visible impact damage (BVID) imaging results

(a)

(b)

Figure 3.13 Case I: (a) Cumulative ZLCC image for damage I and (b) C-scan image.

The propagating A0 Lamb wave mode is guided by the upper and lower surfaces of
the composite plate and when in contact with a discontinuity, part of the wave is scattered
back, part is trapped within the damage and the rest propagates through. The frequencywavenumber (ω-k) filtering technique is therefore used to separate the forward propagating
wave from any backward reflected waves along the wave path. The ω-k filtering technique
used in the following study is applied to propagating waves in the regions of the three BVIDs
with different dimensions. The first scanned region is a 35 mm x 17 mm area with 1 mm
resolution including damage I, shown in Figure 3.11 as Case I. An ACT/LDV-scan for the
following region is shown in Figure 3.12(a) and 3.12(b) at two different times (275 and 279
µs) where the generated A0 mode is visible. An interaction between the propagating mode
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and the damage could be noticed inside the red dashed region. Furthermore, the wavefield is
also seen distorted to the right of the damaged region. When the ω-k filtering technique is
applied to the detected wavefield, more information of the region’s health could be extracted.
The snapshots at 275 µs and 279 µs are also plotted for the backscattered waves in Figure
3.12(c) and 3.12(d). The backward waves from the BVID are visible as the Lamb wave
propagates through it.
Instead of using the backward wavefield in the time domain, a cross-correlation
imaging between the forward wavefield and the backward wavefield is employed in the
frequency domain as stated in Section 2. Figure 3.13(a) shows the generated image using
ZLCC imaging condition technique where the whole region of the BVID is highlighted by
the dashed red region and the C-scan image is provided in Figure 3.13(b). The delamination
part of the damage is also displayed by the smaller dashed white region in both figures. It is
obvious that the resultant image mainly highlights the delaminated part with high ZLCC
value representing a slightly larger region than the actual delamination.
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(a)

(b)

(c)

(d)

Figure 3.14 Case II: Incident A0 mode propagating along the laminate captured at (a) 229 μs
shows the incident wave direction (0˚). The backward wavefield from damage II obtained
using ω-k filtering technique shown in (b) at 244 μs and in (c) at 248 μs. The ZLCC image
for damage II when incident wave is traveling in the 0˚ direction.
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(a)

(b)

(c)

(d)

Figure 3.15 Case II: Incident A0 mode propagating along the laminate captured at (a) 229 μs
shows the incident wave direction (-0˚). The backward wavefield from damage II obtained
using ω-k filtering technique shown in (b) at 225 μs and in (c) at 232 μs. The ZLCC image
for damage II when incident wave is traveling in the -0˚ direction.

Another 35 mm x 35 mm area including damage II is scanned by the LDV with a 1
mm resolution shown in Figure 3.11 as Case II. The region is first scanned with the ACT
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placed to the left of it and thus the excited wave propagates left to right as demonstrated in
Figure 3.14(a). The backscattered waves from the damage II is extracted from the measured
wavefield by applying the ω-k filter. Figure 3.14(b) and 3.14(c) display the backward field
from the damage at 275 µs and 279 µs, respectively, with the actual damage represented by a
red dashed region. Back propagating waves are noticed coming from inside and along the
borders of circle. However, the damage is better observed when plotting the ZLCC value for
the forward and backward wavefields and shown in Figure 3.14(d). However, when
comparing the ZLCC image to the C-scan, it is noticed that only part of the delamination is
captured by this method. This may result from the interaction of the incident wave with the
first delamination it encounters and thus any delamination behind that will be obstructed.

(a)

(b)

Figure 3.16 Case II: (a) Cumulative ZLCC image for damage II and (b) C-scan image.
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In order to visualize the whole damage, the area was then scanned again with the
ACT placed to the right of this area as seen in Figure 3.11 Case II, where the generated mode
will travel from left to right and demonstrated in Figure 3.15(a). As the Lamb wave
propagates through, waves are reflected back from any discontinuity as shown in Figure
3.15(b) and 3.15(c) and thus confirms the existence of a damage. The ZLCC imaging
condition analysis was also applied and the resultant values are plotted in Figure 3.15(d),
where another delamination not captured by the first scan in Figure 3.14(d) is now noticed. In
addition, the delamination to the left side of damage II are also hidden in this case because
the incident wave is traveling from right to left.
The ZLCC images for damage II from both scans are then merged together and the
resultant is presented in Figure 3.16(a). When comparing the final image to the C-scan in
Figure 3.16(b), a good agreement is noticed between the actual damaged area and the
experimentally determined area. With the actual delaminations represented by white dashed
regions, the ZLCC image in Figure 3.16(a) does not highlight the whole delaminated regions
but it does provide good quantitative information of the damaged regions. It is therefore
found that with certain damages a double scan is needed in order to characterize the whole
damage.
Finally, the ZLCC imaging condition technique is also employed to generate an
image for the third BVID, damage III, shown in Figure 3.11 as Case III. Figure 3.17 shows
the images of propagating ultrasonic waves obtained over the inspection region, 50 mm x 35
mm, of the laminate at 244 µs, 262 µs, and 268 µs. The interaction between the incident
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wave and the damaged area (red dashed region) is observed in Figure 3.17(b) where lower
amplitude of the wave is seen inside the circle with a slight change in the wave direction after
the wave crosses the damage. Residual wave and trapped energy is also noticed in the
damaged area after the ultrasonic wave has propagated through as could be seen in Figure
3.17(c).

(a)

(b)

(c)

Figure 3.17 Case III: Incident A0 mode propagating along the laminate captured at (a) 244 μs,
(b) 262 μs and (c) 268 μs show the interaction of the wave with damage III represented by a
red circle.

Because of multiple reflections and scattering near the damage and specifically
around the delimantions, increased values of the ZLCC value are expected in the regions of
and around delaminations. As predicted, the ZLCC imaging condition plot for the forward
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against the backward wavefield in Figure 3.18(a) shows higher amplitudes inside and around
damage III.

(a)

(b)

Figure 3.18 Case III: (a) Cumulative ZLCC image for damage III and (b) C-scan image.
However, due to the complex shape of the damage and the presence of delaminations
as well as an indentation area in the middle of the damage where the drop ball hit the plate,
the experimental image shows much higher amplitudes at certain regions inside the damage
which are good representations of the actual delaminations shown in Figure 3.18(b). Mostly,
the damage location and size is highlighted and thus enables the characterization of the BVID
in the composite plate.

3.5 Conclusions
Inspecting the health of a structure is of great importance to eliminate or reduce any
catastrophic incidence in civil, mechanical or aerospace industries. These inspections need to
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be rapid, inexpensive, reliable and accurate. A non-contact ultrasonic Lamb wave-based
technique is among those testing methods that has overcome different challenges in nondestructive inspection (NDI) and is found to be rapid, repeatable and accurate. Using this
technique with fast signal processing and imaging approaches it is possible to provide an
efficient solution for fast and accurate damage detection and characterization.
A zero-lag cross-correlation (ZLCC) imaging condition technique in the frequency
domain was applied by cross-correlating the forward and backward propagating wavefields
separated from the actual measured wavefield using frequency-wavenumber filtering
technique.
First, the non-contact hybrid ACT/LDV system and the ZLCC imaging condition
technique have been verified in three experimental case studies investigating their capability
in detecting and sizing small damages at different locations and orientations. Three identical
isotropic aluminum plates with same size grooved notches (10 mm × 5 mm) but with various
orientations with respect to the horizontal axes (90°, 60° and 45°) and at different locations
were used for this study. The results of the frequency-wavenumber filtering technique have
shown the validity of the hybrid system in exciting and measuring a full propagating
wavefield including any backscattered waves from relatively small damages and structural
boundaries. Backscattered waves were clearly shown being reflected from different edges of
the damages and at different propagating angles depending on the damage orientation. In
addition, the constructed ZLCC images for all three cases were able to accurately predict
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damage location, provide a good estimation of the damage area for relatively small damages,
and detect the exact orientation of the damages clearly.
Second, the hybrid non-contact ACT/LDV system and the ZLCC imaging condition
technique have been also verified in three experimental case studies investigating their
capability in detecting and sizing different delaminations with different sizes and at different
locations in a T800/3900-2 carbon fiber reinforced plastic (CFRP), [45/0/-45/90]2S laminate.
The experimental ZLCC images highlight the three damaged regions with higher
ZLCC values in and around the delaminations compared to other parts of the inspected
region of the composite. However, it was found that certain delaminations could be hard to
detect. This is a result of the generated wavefield interacting with a large delamination it first
sees and any smaller delamination right behind it could be hard to detect. Thus, it would be
more beneficial to scan the region of interest with the incident wave propagating in one
direction and then reversing the propagation direction and scanning it again. Overlapping the
resultant images would give a good approximation of the actual damaged area. The
Experimental investigation for all three BVIDs has shown a good correlation between the
ZLCC imaging condition and C-scan images. In summary, this work illustrates the feasibility
of using the hybrid system and the guided wave ZLCC imaging condition in characterizing
barely visible impact damages (BVIDs) in CFRP panels.
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CHAPTER 4
THEORETICAL MODEL OF AIR-COUPLED
NDI SYSTEM

4.1 Introduction
The following chapter is devoted to theoretically model a complete non-contact aircoupled nondestructive inspection (NDI) system for isotropic materials. There are three
subsystems that need to be modeled: (1) transmission phase: emitting pressure toward the
plate through coupling with piezoelectric transducer by exciting short pulse voltage; (2)
elastic wave propagation phase: Lamb waves traveling in the plate; and (3) reception phase:
receiving voltage coupled with piezoelectric sensing element from leaky Lamb wavefield.
It begins by presenting a generalized 2-D model to compute the acoustic pressure
distribution of the wavefield radiated from an ultrasonic single element source (PZT based
transducer) in the first Section. This analysis models the excitation subsystem of the noncontact NDI system. The next Section is devoted to the modeling of Lamb wave propagation
in an isotropic solid caused by the excitation pressure exerted by the air-coupled transducer
and it represents the Lamb wave propagation subsystem. The reception subsystem is then
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proposed to calculate the plate radiated acoustic field and imitate the electric signal in the
single element receiver, also a PZT based transducer.

4.2 Transmission Phase
4.2.1 Fundamental equations
A single element vibrating source can be estimated as an assembly of infinite series of
simple parallel line sources with small spacing between them. The line source is defined as
an infinitely long cylinder radiating radially to generate cylindrical waves with a radius that
is much smaller than the wavelength of the generated wave (Schmerr, 1998). Assuming all
the simple line sources have the same excitation strength and radiate waves with the same
phase, then the nth source generates an acoustic pressure wave of the form (Wooh & Shi,
1998; Wooh & Shi, 1999),

p
p( r , t )  ( 0 )1/ 2 ei( k rn t )
rn

(4.1)

where k is the wavenumber, ω is the angular frequency, rn is the distance from the nth source
to the point with coordinates (r, θ), and p0 is the acoustic pressure at the surface of the
source.
When considering a line array of N simple line sources with neighboring lines
separated by a finite distance d as shown in Figure 4.1, the resultant pressure at an arbitrary
field point is the summation
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N

p( r , t )   (
n1

p0 1/ 2 i( k rn t )
) e
rn

(4.2)

Figure 4.1 Acoustic field at (r,θ) of a linear array of N in-phase simple line sources.

If a time delay Δτ is inserted into the signal for the nth element, the pressure at the
field point can be obtained by substituting t by [t – (n – 1) Δτ)] and Eq. (4.2) becomes
N

p( r , t )   (
n1

p0 1/ 2 i{ k rn [t ( n1) ]}
) e
rn

(4.3)

with r being the distance from an arbitrary field point to the center of the array and being
much larger than the spacing d, the distance rn can be approximated as
rn  r  (n  1) d sin

(4.4)
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The denominator rn in Eq. (4.3) can be replaced by its approximate value r and
substituting Eq. (4.4) into Eq. (4.3) then the pressure can be written in terms of r as
N

p( r , t )   (
n1

p0 1/ 2 i( kr t ) i[ k ( n1)d sin  ( n1) ]
) e
e
r
(4.5)

N
p
 ( 0 )1/ 2 ei( kr t )  ei ( kd sin  )( n1)
r
n1

using the following trigonometric identity for exponential summation
N

1  eiNx

n1

1  eix

 ei(n1) x 



eiNx (eiNx /2  eiNx/2 )
eiNx (eix /2  eix /2 )



sin( Nx / 2) i ( N 1) x /2
e
sin( x / 2)

(4.6)

results in the following total pressure
 N sin[(kd sin    ) / 2]  i[( kd sin   )/2]( N 1) i ( kr t )
p
p(r , , t )  ( 0 )1/2 
e
e
r
 sin[(kd sin    ) / 2] 

(4.7)
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Figure 4.2 Acoustic field at (r,θ) of a single element source of length D.

However when assuming a single element source, the simple line sources are arranged
very close to each other where the separating distance d between the neighboring sources are
considered infinitely small (Drinkwater & Wilcox, 2006) and the total pressure is found by
integrating the pressure exerted by an infinitesimal source dp
D

D

p( r , , t )   dp   (
0

0

p0 1/ 2 i( k rn t )
) e
dx
rn

(4.8)

where rn in this case is closely approximated from the law of cosines as
rn  r 2  x 2  2rx cos(


2

 )

r  x sin 

(4.9)

and the integral takes the form
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p( r ,  , t )  (

D

p0 1/ 2 i( k r t ) i k x sin
) e
dx
e
r

(4.10)

0

where
D

i k x sin
dx 
e
0

1
ei k x sin
ik sin

D
0



ei k D sin  1
ik sin

ei k D sin  1 ei k D sin / 2  ei k D sin / 2 i k D sin / 2

e
ik sin
ik sin


2sin( k Dsin / 2) i( k Dsin / 2)
e
ksin

(4.11)

(4.12)

then substituting in Eq. (4.10) leads to the following acoustic pressure amplitude
p0 1/2 ei k D sin  1 i ( kr t )
)
e
r
ik sin
p
sin(k D sin  / 2) i ( k D sin  /2) i ( kr t )
 ( 0 )1/2
e
e
r
k sin  / 2

p(r ,  , t )  (

(4.13)

4.2.2 Simulation of single element source
This section describes in detail the model that has been used to simulate the excitation
subsystem. The geometry used for the modelling is that of a single element source taken from
a linear array, which is approximated as an assembly of infinite number of simple line
sources as shown in Figure 4.2. The element is assumed to be long in the y-direction and so
the model is reduced to two-dimensions with wave propagating in the x-z plane only and thus
under plane strain condition (Azar et al., 2000; Holmes et al., 2005).
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A 2-D simulation program written using Matlab was used to generate the acoustic field
and thus extrapolate the acoustic pressure exerted by the simulated transducer on a given
field in the surrounding medium. The medium is assumed non-dissipative, non-dispersive,
homogenous, and isotropic with a wave propagating velocity of c (m/s) and density ρ
(kg/m3). The operation of a typical single element piezoelectric material, PZT-5A4, is
modeled and the output of the element is a five-cycle Hanning windowed toneburst signal.
The PZT has a piezoelectric strain constant d33 = 460 pm/V with no externally applied force
and thus F = 0, then the displacement at the surface of the PZT element induced by the
electric field is directly proportional to the applied voltage shown by d33. Figure 4.3 presents
an example of the input signal used with a center frequency fc = 100 kHz. The out-of-plane
velocity at the surface of the PZT element is found by differentiating the induced
displacement and thus the pressure at the surface is found using the velocity and the given
properties of the surrounding medium.
It is also considered that the single element is vibrating with a uniform amplitude
distribution along the entire surface. The five-cycle Hanning windowed toneburst signal from
Figure 4.3(a) fed to the PZT element with length D = 25 mm shown in Figure 4.2 causes the
element’s membrane to vibrate with a time dependent velocity as shown in Figure 4.4(a) and
induces an acoustic pressure at the surface of the element represented in Figure 4.4(b).
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(a)

(b)

Figure 4.3 (a) Five-cycle Hanning windowed toneburst input signal with a center frequency
of 100 kHz and its frequency spectrum presented in (b).

(a)

(b)

Figure 4.4 (a) Velocity of the vibrating particles for the element source and (b) the
corresponding pressure at the surface of the element.
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The initial pressure (p0) is then substituted in Eq. (4.13) to find the acoustic pressure
in the surrounding medium due to the vibrating single element. The acoustic pressure in air (c
= 343 m/s and ρ = 1.225 kg/m3) is thus calculated using the Matlab code generated and
plotted in Figure 4.5 with the transducer placed horizontal along the x-axis with the input
signal having fc = 100 kHz. As expected, the energy in the acoustic pressure beam does not
remain in a cylinder, but instead spreads out as it propagates in air away from the source. The
following phenomenon is referred to as beam spread or ultrasonic diffraction. This must be
considered when performing ultrasonic inspection, especially when working with air-coupled
nondestructive inspection. However, the maximum radiating sound pressure is always found
along the acoustic axis or the centerline of the transducer and the beam strength diminishes
as it spreads out.

Figure 4.5 Acoustic pressure in air in front of a single element transducer excited by a fivecycle Hanning windowed toneburst signal at fc = 100 kHz.
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With the element source placed at θi = 14˚ with respect to the z-axis and the input
signal having a center frequency fc = 100 kHz, the resultant pressure plotted in Figure 4.6
shows the beam spreading phenomenon and the whole beam skewed at 14˚ with respect to
the vertical axis. The acoustic pressure of the particles along the x-axis with z = 78 mm are
then extrapolated from the following figure and their maximum values are then plotted as
shown in Figure 4.7(a). It is noticed that the maximum pressure (~ 35 Pa) appears to be at the
centerline of the transducer at x = 80 mm and dissipates quickly going away from the
centerline. The beam spread phenomenon is very well noticed in this figure as the region of
high acoustic pressure, the signal is at least 50% of the maximum strength ~ 17.5 Pa) is
noticed to be between x = 91 mm and 116.5 mm and thus excites a region of about 25.5 mm
at a distance 80 mm from the transducer. The excitation region could be also found
theoretically using the beam spread angle phenomenon. The angle of divergence (α) as
shown in Figure 4.7(b) is found using the well-known equation

sin   1.2


D

(4.14)

where λ is the wavelength of the propagating wave and D is the diameter of the transducer.
For our modelled transducer where D = 25 mm and λ = c/fc with fc = 100 kHz, the divergence
angle according to Eq. (4.14) will be α = 9.4˚. At a distance 80 mm in front of the transducer,
the excited region (L) is found to be

L  2(80  tan  )  160 tan(9.4)  26.5mm

(4.15)
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The excitation region found using the beam spread angle equation gives a very close
result (26.5 mm) to the excitation angle found using the numerical model results (25.5 mm).

Figure 4.6 Acoustic pressure in air in front of a single element transducer excited by a fivecycled Hanning windowed toneburst signal at fc = 100 kHz oriented at 14˚ with respect to the
z-axis.
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(b)
(a)

Figure 4.7 (a) Acoustic pressure along a line z = 80 mm from the center of the source
orriented at 14˚ with respect to the z-axis and (b) a cartoon demonstrating the transducer
beam spread phenomenon.

4.3 Elastic Wave Propagation Phase
The goal of this section is to determine the out-of-plane amplitude of a propagating
Lamb wave mode in an isotropic thin material due to an applied surface traction and to study
the dependency of the generated modes on the properties of the tractions applied to excite
them.
For elastic wave propagation in elastic plate, point or line load problems are usually
solved by an application of the spatial Fourier transform, i.e., using Hankel transform for 2-D
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waves. Then evaluation of the inverse spatial transform is performed by contour integration
and residue calculus. However, employing the elastodynamic reciprocity theorem (Ditri J &
Rose L, 1994; Ditri & Rajana, 1997)with the normal mode expansion technique (Jia, 1997;
Moulin et al., 2000), the displacement waves generated by point or line loads can be obtained
in a relatively simple way, without performing both the spatial Fourier transform and the
corresponding inverse spatial transform. This is to be addressed in this section.
The problem to be addressed is shown in Figure 4.8, which is an idealized model of the
actual experimental method using air-coupled ultrasonic transducer to generate guided wave
modes in thin plates for non-destructive inspection. The piezoelectric transducer used has a
given center frequency and bandwidth which is assumed to behave as a single element source
with uniform pressure amplitude across its face and vibrates at a single frequency. The model
reduces the experimental setup into a two-dimensional problem and presents in simplified
formulation the Lamb wave propagation generated by the acoustic pressure exerted on the
surface of the plate using normal mode expansion technique and elastodynamic reciprocity
theorem. This implies that the problem is plain strain in the x-z plane and extending infinitely
in the y direction.
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Figure 4.8 Simplified configuration of the air-coupled NDI technique.

4.3.1 Complex Reciprocity Relation and Mode Orthogonality
Guided waves in plates can be excited by either, body forces F or surface traction
fields T. The complex reciprocity relation can be written as
div( v 2  T1  v1  T2 )   v 2  F1  v1  F2

(4.16)

with

div( v 2  T1  v1  T2 ) 

 2 1

(vx Txx  vz2Txz1  v1xTxx2  v1zTxz2 )  (vx2Txx1  vz2Txz1  v1xTxx2  v1zTxz2 )
x
z

where ( v1 , T1 ) and ( v 2 , T2 ) are two acoustic fields with velocity v and stress T, and the over
bar “ ¯ ” denotes complex conjugation.
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In what follows steady-state time-harmonic solutions are discussed, and the factor eiωt

is omitted. Letting solutions “1” and “2” be free wave modes with wavenumbers km and kn

respectively,
v1  eikm x v m ( z )
v 2  eikn x v n ( z )

(4.17)

Substituting the equations into the complex reciprocity relation and integrating with
respect to z across the waveguide cross section, the reciprocity relation Eq. (4.16) becomes
i(km  kn ) Pm,n  0

(4.18)

where

Pm,n  

1 1
( v n  Tm  v m  Tn )dz
4 1

(4.19)

and represents the time average power carried by the Lamb wave mode per unit width of the
structure. Then an orthogonality relation for the waveguide modes is
Pm,n  0,

for kn  km

(4.20)

It is seen from Eq. (4.18) that there is always some value of n for which Pm,n is
nonzero. The nonzero term is Pm ,n for kn  km and can be expressed as
Pm ,m  

1 1
( v m  Tm  v m  Tm )dz
4 1

h /2
1
  km  ( v 0m Tm0  v 0m Tm0 )dz

h /2
4

(4.21)
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where indexes m, n, -m, m,  m, …, represent the wave modes with the wavenumbers,
k  km , kn ,  km , km ,  km , …, respectively. Eq. (4.21) is a general expression for the nonzero

Pm,n. It follows, then, from Eq. (4.21) that for complex wavenumbers km, the value of the
integral is complex, and

P m, m   P m , m
Pm,m  Pm,m

(4.22)

This provides two useful relations, the first one means changing direction of wave
propagation or decay, and the second two-mode indexes exchange position. Two special
cases exists in this case, km is real or pure imaginary.
For propagating modes, km is real and thus km  km . Therefore Eqs. (1.21) and (1.22) become
1
1
Pmm   Re[  v m  Tm dz ]

1
2
h /2
1
  km Re[  v 0m Tm0 dz ]
 h /2
2

(4.23)

P m, m   Pm,m

(4.24)

with Pm,m being real and µ being the Lamé constant of the plate and ω is the angular
frequency.
For non-propagating (or cutoff) modes, km is pure imaginary, km  km and the
nonzero Pmn becomes
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Pm , m  

1 1
( v  m  Tm  v m  T m )dz
4 1

h
1
  km Re[  v 0m Tm0 dz ]
h
2

P m,m  Pm, m

(4.25)

(4.26)

and Pm,-m is pure imaginary.

4.3.2 Normal Mode Expansion Technique
This expansion includes propagating wave modes. The acoustic field in the plate
generated by volume and surface sources can be represented by the Lamb wave modes
v( x, z )   am ( x)v m ( z )
m

T( x, z )   am ( x)Tm ( z )

(4.27)

m

where am is the mode amplitude to be determined. To evaluate the mode amplitudes am(x),
the solution “1” and “2” in the reciprocity relation are taken to be
v1  v( x, z )
v 2  eikn x v n ( z )

where solution “1” is the field excited by the sources, and solution “2” is homogenous
solution representing a single mode. Integrating Eq. (4.16), the complex reciprocity relation,
with respect to z across the waveguide gives
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h /2 
h /2

( v 2  T1  v1  T2 )dz  
( v 2  T1  v1  T2 )dz    v 2  F1 dz
 h /2 x
 h /2 z
 h /2
h /2 
h /2
h /2
 h/2 x ( v 2  T1  v1  T2 )dz  ( v 2  T1 )  h/2    h/2 v 2  F1 dz



h /2

or
h /2
h /2

( v n  T  v  Tn )e  ikn x  dz  ( v n  T)
e  ikn x    v n  Fe ikn x dz



h
/2
 h /2 x
 h /2
h /2
h /2
h /2
   ikn x

e  am ( x)  ( v n  Tm  v m  Tn )dz   ( v n  T)
e ikn x   e ikn x  v n  Fdz

 h /2
 h /2
 h /2
x 
m




h /2

(4.28)
thus,

4

h /2
h /2
 ikn x
[e  am ( x) Pm,n ]  ( v n  T)
eikn x  eikn x  v n  Fdz
 h /2
 h /2
x
m

(4.29)

For given kn, according to the orthogonality relation, the summation on the left-hand
side of Eq. (4.29) has only a single nonzero term, Pm,n  0 with kn  km and the above equation
becomes

4

(

h /2
h /2
 ikm x
[e am ( x) Pm,m ]  ( v m  T)
eikm x  eikm x  v m  Fdz,
 h /2
 h /2
x

h /2
h /2

1 
 ikm )am ( x) 
( v m  T)
  v m  Fdz 

h
/2
 h /2

x
4 Pm,m 

(4.30)

(4.31)

where m and m represent the modes with wavenumber km and km , respectively.
Eq. (4.31) is the normal mode equation governing the amplitude in the mode
expansion, and the first-order differential equation can be solved with different methods.
Here the method used by (Auld, 1990) is adopted in this paper and the amplitudes for
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propagating modes are determined. Since the guided waves always occur in pairs having
equal and opposite wavenumbers then the expression ei (  km xt ) is used to represent a mode
pair of the time-harmonic motion which carries energy or decays exponentially in +x and –x
directions, respectively. Then the normal mode equation, Eq. (4.31), can be written as

(

h /2
h /2

1 
 ikm )am ( x) 
( v m  T)
  v m  Fdz 
 h /2
 h /2

x
4 Pm,m 


1
(  ikm )a m ( x) 
x
4 P m, m

( v  T) h /2  h /2 v  Fdz 
 h  m 
 h /2
  m

(4.32)

where am ( x) and a m ( x) are the amplitudes corresponding to waves propagating, or decaying
along +x and –x, respectively. Expressing the amplitudes as
am ( x)  d m ( x)eikm x

(4.33)

a m ( x)  d  m ( x)eikm x

and the normal mode equation is converted to

d m eikm x
 f s ,m ( x)  f v ,m ( x) 

x 4 Pm,m 
d  m
eikm x
 f s , m ( x)  f v , m ( x) 

x
4 P m, m 
f s ,m  ( v m  T)

h /2
 h /2

f s , m  ( v  m  T)

f v ,m  

,

h /2
 h /2

h /2

 h /2

,

f v , m  

v m  Fdz

h /2

 h /2

(4.34)

(4.35)

v  m  Fdz

These are very easily integrated, and
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d m ( x)  d m ( x1 ) 

1
4 Pm,m

d  m ( x2 )  d  m ( x) 

1



x

x1

4 P m, m

e ikm  ( f s ,m  f v ,m )d  ,

x  L

(4.36)



x

x1

e

ikm 

( f s , m  f v , m )d ,

x  L

or

am ( x) 

eikm x
4 Pm,m



x

x1

eikm x
a m ( x) 
4 P m, m

eikm  ( f s ,m  f v ,m )d   am ( x1 )eikm ( x  x1 ) ,

x  L
(4.37)



x2

x

e

ikm 

( f s , m  f v , m )d  a m ( x2 )e

 ikm ( x  x2 )

, x  L

The integrals in the above integrations represent the wave amplitudes excited by the
sources and the other terms are waves propagating into the source region from the outside.
The solutions of the mode amplitudes found using the normal mode expansion can be
applied for any wave source, body forces (F1, F3), or surface tractions (T1, T3), and for any
region, near field (close to the source), or far field. For example, for an infinite waveguide
with sources in the region L  x   L , the acoustic wave field for the light region, x   L ,
there are only waves propagating or decaying along -x,
v( x, z )   a m ( x) v  m ( z ), T( x, z )   a m ( x)T m ( z ),
m

for x   L

(4.38)

m

For the middle region, L  x   L , there are two waves propagating or decaying
along +L and –L respectively,
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v( x, z )   a m ( x) v  m ( z )   am ( x) v m ( z )
m

for  L  x   L

m

T( x, z )   a m ( x)T m ( z )   am ( x)Tm ( z )
m

(4.39)

m

For the right region, x   L , there are only waves propagating or decaying along +x,
v( x, z )   am ( x) v m ( z ), T( x, z )   am ( x)Tm ( z )
m

(4.40)

m

Now in this special case when the body forces F = 0 and surface traction T = (Tx, Tz)
are applied to the top surface of the plate z = h/2 and the wave field of interest is to the right
of the excited region x   L then the normal mode expansion can be expressed as
v( x, z )   am ( x) v m ( z ),
m

T( x, z )   am ( x)Tm ( z )

for x   L

(4.41)

x  L

(4.42)

m

with

am ( x) 

eikm x
4 Pm,m

eikm x

4 Pm,m



L

L



eikm ( v m  T)

L

L

h /2
 h /2

d
for

e

 ikm

(v xm Tx  v zm Tz )

z  h /2

d

and if Tx  0 , then
v zm (h / 2) eikm x
am ( x) 
4 Pm,m



L

L

eikm Tz d

for

x  L

(4.43)
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With the assumption of time-harmonic factor e-iωt for the wave propagating or
decaying exponentially in the positive and negative x direction, the field distribution of
velocity are,
For Symmetric modes
vx  i kvx0ei (  kx t )

(4.44)

vz   vz0ei (  kx t )
q 2 cos p
v  cos pz  (1  2 )
cos qz
k 2 cos q
0
x

q 2 cos p 2
v  p sin pz  (1  2 )
k sin qz
k 2q cos q

(4.45)

0
z

For Antisymmetric modes
vx  i kvx0ei (  kx t )

(4.46)

vz   vz0ei (  kx t )
vx0   sin pz  (1 

q 2 sin p
)
sin qz
k 2 2sin q

q 2 sin p 2
v   p cos pz  (1  2 )
k cos qz
k 2q sin q

(4.47)

0
z

where p 
2

2
2
L

c

k , q 
2

2

2
2
T

c

 k2,

and

are longitudinal and transverse velocities of the

bulk material, respectively.
As mentioned in Eq. (4.41), the fields in the plate are the summations of all the
propagating normal modes multiplied by an x dependent variable, am(x). In the case of aircoupled NDI technique as presented in Figure 4.8, an acoustic pressure radiating out of the
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transducer propagates in air and impacts a finite region of the top surface of the inspected
plate. Air being the coupling medium is considered a non-viscous fluid and thus at the fluidsolid interface, the boundary conditions require:
1. Continuity of displacements normal to the surface
2. Continuity of normal stress
3. Shear stress must vanish at the interface since the shear modulus of the fluid is
assumed zero.
With the following conditions, it is assumed that the effect of the radiating acoustic
pressure on the plate is equivalent to a system of normal stress applied to the upper surface of
the plate and thus could be modelled in the previously stated case when the body forces F = 0
and surface traction T = (Tx=0, Tz) are applied to the top surface of the plate z = h/2 and thus
the mode amplitude is found using Eq. (4.43). To proceed further, the normal stress applied,
due to a given acoustic wavefield with a specified center frequency, is predicted using the
acoustic pressure field model in the previous section which could be then substituted into the
equation of am to predict the excitation amplitude of the propagating Lamb wave mode given
the material properties of the guided medium (isotropic plate). However, for a given
frequency, there is a finite number of real wavenumbers corresponding to different Lamb
wave modes which satisfies the dispersion relation for the symmetric or antisymmetric
modes. The frequency wavenumber dispersion curve for the modelled 2.28 mm thick
aluminum plate with elastic modulus E = 68.9 GPa, Poisson’s ratio ν = 0.33 and density ρ =
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2700 kg/m3 is plotted in Figure 4.9 and found using an in-house Matlab code previously
investigated and studied by the same research group.

Figure 4.9 Frequency wavenumber dispersion curve for the modelled aluminum plate.

With the results of the following dispersion relation, the first study using the
following model was the dependency of the first order symmetric (S0) and antisymmetric
(A0) Lamb wave modes on the incident angle. An incident wave of unit amplitude is used as
the input excitation pressure over a fixed excitation region of 25 mm (2L = 25 mm in Figure
4.8) with a center frequency fc = 100 kHz and the out-of-plane velocity of S0 and A0 were
recorded at 100 mm away from the center point of the excitation region along different
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incident angles ranging from 1˚ to 30˚ with 0.1˚ increment. The maximum values for the
recorded values are plotted in Figure 4.10 showing a clear dependency of the excited mode
amplitude on the angle of incidence. The S0 mode is excited at much smaller angles than A0,
and is dominant at angles between 1˚ and 7˚ with a maximum amplitude at 3.4˚, while A0 is
mostly dominant between 10˚ and 22˚ with a maxima at 14.4˚. The following observation
indicates that each propagating mode could be excited along a range of angles for this
excitation region but have a maximum at certain angle which should agree with Snell’s law
phase matching angle. For the 100 kHz frequency, the phase velocities for S0 and A0 in the
mentioned aluminum plate are 5313 m/s and 1412 m/s, respectively. Applying Snell’s law,
the phase matching angle for S0 is 3.7˚ and 14.1˚ for the A0 mode, which are very close to the
values found in Figure 4.10.
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Figure 4.10 Theoretically predicted out-of-plane velocity amplitudes for the S0 and A0 Lamb
wave modes in an aluminum plate excited by an air-coupled source at fc = 100 kHz with
excitation region 2L = 25 mm.

According to Snell’s law, ideally there should be a single incident angle where a
specific mode could be excited. However, it is shown here that even though the maximum
amplitude does happen at the Snell’s law angle, a mode could be generated at a bandwidth of
angles and thus giving the rise to an incident angle range for each mode. The angle range on
the other hand is dependent of the excitation region. Figure 4.11 presents the curves obtained
for the S0 and A0 amplitudes as a function of incident angle with different excitation region
sizes (2L = 25, 50, 100 and 250 mm). One can observe that the angle range for both modes in
Figure 4.11(a) and (b) decreases tremendously as the size of the excitation region increases.
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One feature to note here is that the size of the excitation region could be controlled by
controlling the size of the air-coupled excitation source or the distance between the inspected
plate and the source if a non-focused transducer is used due to the beam spread or divergence
angle phenomenon.

(a)

(b)

Figure 4.11 Predicted out-of-plane velocity amplitudes for the (a) S0 and (b) A0 Lamb wave
modes in an aluminum plate excited by an air-coupled source at fc = 100 kHz with different
excitation region dimensions.

Another feature to mention is that the angle range decreases with the increase of the
center frequency of the excitation signal with a fixed excitation region size. This is clearly
noticed in Figure 4.12 where the maximum amplitude for the out-of-plane velocity of the A0
Lamb wave mode is plotted against the incident angle at different frequencies while the
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excitation region is fixed at 25 mm. As the center frequency increases from 170 kHz in
Figure 4.12(a) to 3.67 MHz in Figure 4.12(f), the angle range decreases from a 10˚ range to
less than 1˚ range, respectively.
Based on the above feature, it is concluded that the amplitude of an excited Lamb
wave mode is maximum at the angle that satisfies Snell’s law but a range of angles is found
to be sufficient to excite the desired mode but at lower amplitudes. The angle range is very
large at low frequencies and small excitation regions but decreases as the size of the
excitation region increases. It is however noticed that at high frequencies, Figure 4.12 (e) and
(f), the angle range is very small (< 1˚) and becomes loosely dependent on the size of the
excitation region.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.12 Theoretically predicted out-of-plane velocity amplitudes for the A0 Lamb wave
modes in an aluminum plate excited by an air-coupled source with an excitation region of 25
mm at different center frequencies.
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Figure 4.13 Schematic illustration of the air-coupled NDI model with the generated acoustic
pressure from a 25 mm single element source. The boxed figure represents the pressure
exerted on the plate between x = -20 and x = 20 mm.

The problem of an isotropic layer excited by a time harmonic signal exerting pressure
over a finite line region as represented in Figure 4.13 is now investigated and the out-of120

plane velocities (z-direction) for the A0 Lamb wave mode at z = +h/2 is found along the plate
starting some distance away from the excitation region. The time harmonic input signals
exerted on the top surface of the plate for -20 mm < x < 20 mm are shown in Figure 4.13
within the dotted box while the maximum values for every signal are found in Figure 4.7(a).
Temporal Fourier transform is first performed on the excitation signals which are
applied at z = +h/2,

Tz ( x,  ) 



 T ( x, )e

 it

z

(4.48)

dt



where the over bar “

” denotes Fourier transform. With the following excitation pressure at

a center frequency of 100 kHz and incident angle of 14˚ and using the same aluminum plate
modeled earlier, the A0 mode amplitude is first calculated using Eq. (4.43). The obtained
result is then fed to the following equation of normal mode expansion
v( x, z )   am ( x) v m ( z ),

for x   L

(4.49)

m

in order to find the out-of-plane velocity (vz) along the plate. Once the transformed solutions
are available, the total plate response can be obtained by superposing all the time harmonic
solutions by applying the inverse Fourier transform

1
v( x, z, t ) 
2



 v( x, z, )e

 it

d

(4.50)



Along the x direction and at the top surface of the plate (z = +h/2), the out-of-plane
velocities for the A0 mode were then found using Eq. (4.49) and (4.50). The results at x = 80,
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130, 180, and 280 mm from the origin of the excitation region are plotted in Figure 4.14 and
4.15. The coordinates for the velocity maxims is also presented in both figures. The
maximum amplitude of the velocity decreases as x increases, where vz = 14.91 m/s at x = 80
mm and drops to 13.04 m/s at x = 280 mm which is expected due to the dissipation of energy
during wave propagation.
Using the following plots, the group velocity (cg) for the A0 mode could be easily
calculated at the given frequency (100 kHz) where cg is equal to the distance traveled (Δx)
divided by the time of flight (Δt). From Figure 4.14 with Δx = 100 mm and Δt = 41.2 μs, the
group velocity cg = 2427 m/s and from Figure 4.15 with Δx = 150 mm and Δt = 62 μs, the
group velocity cg = 2419 m/s. Those two values are in good agreement with the group
velocity value (2420 m/s) predicted using the dispersion relations solved by the in-house
written code by Liu mentioned earlier in this section.
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Figure 4.14 Theoretical prediction for the Out-of-plane velocity (vz) signal for A0 mode at
different distances (x) from the excitation region on the top surface of an aluminum plate.

Figure 4.15 Theoretical prediction for the Out-of-plane velocity (vz) signal for A0 mode at
different distances (x) from the excitation region on the top surface of an aluminum plate.
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Figure 4.16 Schematic illustration of the air-coupled NDI model with the time harmonic
excitation pressure on the top surface of the plate (bottom boxed in plot) and the out-of-plane
velocities obtained at z = +h/2 between 150 and 250 mm along the x direction of the plate
(top boxed in plot) with Δx = 1 mm.
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The out-of-plane velocities along the top surface of the plate between x = 150 mm
and 250 mm with 1 mm increment are all evaluated and plotted in the red boxed graph in
Figure 4.16 representing the time harmonic out-of-plane velocity signals. The obtained
values are then used as input signal for the reception phase: receiving voltage coupled with
piezoelectric sensing element from Leaky Lamb wave model in the next section.

4.4 Reception Phase
This section calculates the plate radiated acoustic field and imitate the electric signal
in a single element receiver, a PZT based transducer. Once the out-of-plane velocities for a
desired region on the plate are obtained, the radiated field from that region into the
surrounding air are calculated using the model of a linear array of N in-phase simple line
sources with a separation distance between them equal to Δx as in Figure 4.16.
The obtained signals from the previous phase could be used as input signals in Eq.
(4.7), which is also shown as follows
 N sin[(kd sin    ) / 2]  i[( kd sin   )/2]( N 1) i ( kr t )
p
p(r , , t )  ( 0 )1/2 
e
e
r
 sin[(kd sin    ) / 2] 

(4.51)
However, since each signal is calculated at a separate point on the surface of the plate
they each have a different amplitude and thus Eq. 4.51 would not be sufficient to use in this
case unless the specified radiating region is assumed to have one single vibrating amplitude
by integrating the signals along the region. On the other hand, each vibrating element of the
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radiating region is assumed to be a simple line source and thus using Eq. (4.5) without the
summation would be used to study the effect of each line source on the receiving transducer.
Where, the radiating pressure p(r,θ,t) at a point on the front surface of the receiver is found
by
p( r ,  , t )  (

p0 1/ 2 i( kr t ) i[k ( n p 1)d sin  ( n p 1) ]
) e
e
r

(4.52)

The air-coupled receiver is placed at some distance from the plate and oriented at an
angle θr = - θi with respect to the z-axis as shown in Figure 4.17. The receiver is 25 mm long
and assumed to be a single element receiver similar to the single element source modeled in
the transmission phase in first section of this chapter where dR = 0.2 mm and N = 125 in
shown in Figure 4.17. The response of the receiver is found by integrating the response of all
the sensing elements along its front surface.
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Figure 4.17 Schematic view of the reception phase of the air-coupled NDI system.

The radiating pressure from the plate of a 25 mm region (Np = 25 mm) is first found
along the first sensor (sensor #1) on the surface of the receiver. The overall pressure on
sensor #1 due to the radiating region is obtained by the summation of each radiating effect
from each vibrating element of the plate. The resultant pressure on sensing elements #1, 75
and 110 are plotted in Figure 4.18 when r = 50 mm and θr = 14˚. The overall pressure along
the receiver is also calculated and presented in Figure 4.19. With the receiver modelled being
a PZT-5A4 where d33 = 460x10-12 m/V, the output voltage by the receiver is evaluated and
plotted in Figure 4.20. The results clearly shows the dissipation of energy between the
excitation source and the reception source. The main energy loss is found as the interface
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between the fluid which is air in this case and the solid being the aluminum plate due to the
huge impedance mismatch between the mediums.

Figure 4.18 Radiating acoustic pressure from the plate due to the leaky Lamb field on some
elements along the surface of an air-coupled receiver placed at r = 50 mm and θr = 14˚.

128

Figure 4.19 Cumulative pressure exerted on the front surface of the receiver, placed at r = 50
mm and θr = 14˚, due to the leaky Lamb field from the plate.

Figure 4.20 Output voltage of the receiver placed 200 mm away from the center of the
excitation region oriented at -14 with respect to the z-axis with its center being 45 mm away
from the top surface of the plate.
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4.5 Conclusions
A new model was developed to theoretically exemplify a complete non-contact aircoupled nondestructive inspection (NDI) system for isotropic materials. The model was
divided into three subsystems: (1) transmission phase, which characterize the emitting
pressure toward the plate through coupling with piezoelectric transducer by exciting short
pulse voltage; (2) elastic wave propagation phase that replicates the Lamb waves traveling in
the plate; and (3) reception phase that predict the receiving voltage coupled with
piezoelectric sensing element from leaky Lamb waves.
The current model have shown some promising results which will be further tested
and compared to a finite element method (FEM) model and in depth investigation for the
validity of the theoretical model will be presented in the next chapter.
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CHAPTER 5
FEM MODEL OF AIR-COUPLED NDI
SYSTEM

5.1 Introduction
The physics behind wave propagation in materials can be represented in partial
differential equations (PDEs). Solving those equations give a better understanding of the
propagating waves and could be analyzed to extract needed information. Finite element
method (FEM) is a numerical approach that is widely used to solve PDEs by approximation.
Engineers and scientists around the world are using the FEM routinely to solve
different problems and closely predict their solutions and thus loads of books have been
published on this subject (Barbero, 2014; Khoei, 2015). In this section a short introduction
and basic concepts of the FEM is presented in addition to the software package COMSOL
Multiphysics, which is a commercially available finite element based program for simulating
multi-physics and single-physics applications. The NDI air-coupled system theoretically
studied in the previous chapter is verified using FEM.
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In general, solving a problem using FEM always follows certain steps (Zimmerman,
2006). The computational region should be divide into an equivalent system of finite
elements with associated nodes. The number of elements used and their variation in size and
type depends on the problem that needs to be solved. The elements must be made small
enough to obtain a reasonably accurate solution and large enough to reduce computational
effort. In FEM, the values at any point inside the domain other than the nodes are found by
interpolation between the nodal values. The interpolation functions are often chosen such that
the approximated solution becomes infinitely close to the exact solution as the finite element
size goes to zero.
Once the finite elements and their interpolation functions have been selected, the
matrix equations expressing the properties of the individual elements are to be determined.
After the matrices for the individual elements have been computed, they are assembled into a
global system of equations to find the properties of the overall system. In other words, the
matrix equations expressing the behavior of the finite elements are combined, forming the
matrix equations for the entire system. After the element equations are assembled, they need
to be modified to account for the boundary conditions of the entire domain. These boundary
conditions are introduced via nodal forces or known nodal values.
Finally, the assembly process results in a set of simultaneous algebraic equations that
can be solved to obtain the unknown nodal values of the problem. To obtain an accurate
solution, many nodes are usually needed. Consequently, computers are essential in solving
these equations. Generally, the accuracy of the solution improves as the number of elements
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increases, but also the computing time increases. The system of equations can be solved
either by using Gaussian elimination or by using an iterative method.
After the software had calculated the nodal values, interior values of the field quantity
can be found inside each element by interpolation. Often, the solution of the system of
equations is used to calculate other important parameters and the final goal is to interpret and
analyze the results.
Many software packages based on the FEM have been developed to solve the large
set of equations established by this method. One of these software packages is COMSOL
Multiphysics, a powerful tool for modelling and solving various kinds of problems based on
partial differential equations. A number of predefined modelling interfaces (physics modes)
built in COMSOL make it possible to build models by simply defining the relevant physical
quantities, such as material properties, loads, constraints, and sources rather than defining the
underlying equations. COMSOL Multiphysics automatically forms one or several PDEs and
boundary conditions from these settings. The physics modes and the PDE modes can also be
combined for multiphysics modelling.
In this chapter, COMSOL Multiphysics will be used for the simulation of an aircoupled nondestructive system for isotropic materials and the acoustic piezoelectric
interaction module have been used. The Acoustic-Piezoelectric Interaction module is a new
multiphysics interface for acoustic-piezoelectric coupling in the frequency domain and the
time domain, which combine features from the Pressure Acoustics, Solid Mechanics,
Electrostatics, and Piezoelectric Devices interfaces. The module was specially developed for
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those who work with devices that produce, measure, and utilize acoustic waves and their
interaction with piezoelectric and solid structures. Straightforward user interfaces provide
tools for modeling acoustic pressure wave propagation in air, water, and other fluids. It can
be also used to model vibrations and elastic waves in different solids.
In order to ensure the validity of acoustic and wave propagation data obtained from the
developed model in the previous chapter, each phase is checked against its similar section
from the FEM model and the final results are also compared.

5.2 FEM Model
The problem is assumed to be plain strain and thus a 2-D model is used to represent
the experimental setup of the air-coupled NDI system divided into three different phases as
mentioned in the earlier chapter: (1) transmission phase: emitting pressure toward the plate
through coupling with piezoelectric transducer by exciting short pulse voltage; (2) elastic
wave propagation phase: Lamb waves traveling in the plate; and (3) reception phase:
receiving voltage coupled with piezoelectric sensing element from Leaky Lamb wave.
First the physics and the module needed to solve the plain strain problem are defined
then the geometry of the problem is setup using a simple 2-D representation for the
transmitter, receiver, plate and the surrounding mediums, air in this case. The materials are
then specified as well as the boundary conditions for each material or geometry and between
different phases and subdomains. Then the problem is meshed into small enough elements in
order to get an accurate solution.
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5.2.1 Module
The air-coupled NDI system consists of air-coupled ultrasonic transducer PZT based,
isotropic solid structure to be inspected and air as the coupling medium. The module to be
used here need to simulate the actual experimental setup as closely as possible and the
Acoustic-Piezoelectric Interaction module is chosen for this setup. This module was
specifically developed to investigate and utilize acoustic waves and their interaction with
piezoelectric and solid structures that is the core of this NDI system.

5.2.2 Geometry and materials
The modelled 2-D system is shown in Figure 5.1. The aluminum plate is represented
with a 200 mm long and 2.28 mm thick rectangular domain shown at the bottom of the
geometry which is specified as Aluminum 6061-T6. Two thin rectangular layers of air are
then considered above and below the plate which are 200 mm long and 1 mm thick. On the
top of these domains, two large regions of air separated by vacuum are considered. The left
region contains the transmitter and the right region encompasses the receiver. The transmitter
and receiver are demonstrated with two thin rectangles that are 25 mm long and 2 mm in
thickness and specified as PZT-5A. The transmitter and receiver are oriented at 14˚ and -14˚
with respect to the z-axis, respectively.
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Figure 5.1 Configuration of the geometry of the air-coupled NDI system used in the
COMSOL simulation.

5.2.3 Boundary conditions
In COMSOL, the acoustic-structure boundary is considered at all the interfaces
between the solid materials and air (PZT/Air and Aluminum/Air). This boundary assumes a
continuity of normal displacement and normal stress while tangential stress vanishes at the
interface. The boundary between air and vacuum is considered to be a plane wave radiation
condition. This condition replaces any absorbing material or perfectly matching layer around
the air domains. This approximation of infinite space using the plane wave radiation
condition will not reflect any normally incident plane wave at the specified boundary which
should be sufficient for this purpose.

136

The four vertices of the plate, defined as a linear elastic material, are considered to be
fixed and thus representing a clamped plate similar to the experimental setup. At the
transmitter, defined as a piezoelectric material, the bottom side is considered to have an
electric potential condition that is equal to a five-cycle Hanning windowed toneburst input
signal with a center frequency of 100 kHz.

5.2.4 Meshing
In meshing, the elements must be chosen small enough to obtain a reasonably
accurate solution and large enough to reduce computational effort. In this study, the element
sizes are chosen to be 1/10th of the minimal wavelength for each domain for an accurate
solution at the specified frequency. Mapped square elements were first used to mesh the
plate, transmitter and receiver with an element size of 0.4 mm (< λplate/ 10 and < λPZT/10 at
100 kHz center frequency). Similar elements were also used for the thin rectangular air
domains above and below and the plate as well as the large rectangular air domains above the
plate with an element size of 0.3 mm (< λair/ 10). However, in order to have a good quality
mesh and keep the average element quality high enough, the elements used for the
trapezoidal air domains, connecting the transducers with the large rectangular air domains,
are meshed with triangular elements that are 0.3 mm in size and the overall average element
quality was 0.982.
After defining the mesh, the model is solved in time domain for a time interval of 550
μs which is enough time for the radiating wave from the transmitter to travel in air and hit the
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top surface of the plate generating a propagating Lamb wave that leaks into the surrounding
air and reach the receiver.

5.3 Validation of Theoretical Model
In the following section, the feasibility of the theoretical model investigated in the
previous chapter is studied and checked against the results obtained from the FEM simulation
presented above. The first comparison made is for the transmission phase where the emitting
transducers from both models are excited with a five-cycle Hanning windowed toneburst
input signal with a center frequency of 100 kHz and generating a uniform excitation pressure
along the surface of the transducer plotted in Figure 5.2. A good agreement of the transducer
surface pressure is shown between both models with a slight change in approximated
pressure using COMSOL. This could be due to the defined boundary conditions of the
transducer which have generated minor reflections from its back surface causing an
interaction with the vibrations at the front surface.
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Figure 5.2 Pressure measured at the surface of the emitting transducer in the theoretical and
COMSOL model.

The pressure beams formed by the emitting transducers are also compared by plotting
the maximum acoustic pressure at different point in the region in front of each transmitter.
The maximum recorded pressures in front of the 25 mm wide transducers, oriented at 14˚
with respect to the z-axis are found in Figure 5.3. The two figures show very close results for
the pressure beam from both models. It is noticed that the pressure beam in both figures
exerts maximum pressure on the plate at z = 0 between 40 mm at 60 mm. The overall width
of the beam is shown to be the same except for the region between z = 10 and 40 mm. At this
region, the area of the beam where pressure is greater than 80 Pa (dark red area) is smaller in
Figure 5.3(b) than it is in (a) which could be explained due the attenuation of the wave
energy in air which is accounted for in the COMSOL model but not in the theoretical model.

139

(a)

(b)

Figure 5.3 Maximum recorded pressure (Pa) in front of the modelled transducers from (a)
theoretical model and (b) FEM model (COMSOL).

Another comparison between the two models is also drawn at the air/solid interface
where the exerted pressures on the top of the plate found theoretically and numerically are
plotted on the same graph as shown in Figure 5.4. The two curves show the same pressure
distribution along the plate’s surface with the COMSOL model exerting a slightly weaker
pressure values due to the attenuation of energy in air which is accounted for in the
COMSOL model but not in the theoretical model. The maximum pressure from the
theoretical model is 163 Pa compared to 146 Pa from COMSOL.
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Figure 5.4 Exerted pressure on the top surface of the plate recorded from theoretical and
COMSOL model.

With the following acoustic pressures in Figure 5.4 impinging the upper surface of
the plate in the theoretical and FEM model and the emitting transducer centered at x = 27
mm, the out-of-plane velocities at z = h/2 and along the x-axis are calculated. Using the
Elastic wave propagation phase discussed in detail in the previous chapter, the out-of-plane
velocities for the A0 Lamb wave mode generated due to the pressure exerted on the plate at a
14˚ incident angle are plotted against the results obtained from the FEM model.
Figure 5.5 presents the calculated out-of-plane velocities for the A0 mode at x = 100
mm which is about 45 mm from the center of the excitation region on the top of the plate.
The plot shows a good match between the theoretical and FEM model regarding the
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amplitude, time-of-arrival and the shape of the wave packet. A zoomed-in graph is also
plotted in Figure 5.6 showing a better visualization of the wave packets.

Figure 5.5 Predictions for the Out-of-plane velocity (vz) signal for A0 mode at x = 100 mm
on the top surface of an aluminum plate.

There are few features to point out in this figure. The difference in the out-of-plane
velocity noticed, 127 Pa from theory as compared to 118 Pa from COMSOL, is expected due
to the loss of energy that is more accounted for in the FEM model than in the theoretical
model. The attenuation of the wave as it propagates through the plate causes a slight change
to the shape of the wave packet. The second wave packet shown in the COMSOL result with
a maximum amplitude of about 10 μm/s, is due to the second wave packet from the acoustic
pressure exerted on the plate as shown in Figure 5.7 as the late weaker wave.
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Figure 5.6 Predictions for the Out-of-plane velocity (vz) for A0 mode at x = 100 mm on the
top surface of an aluminum plate.

Figure 5.7 Acoustic pressure radiating from the transducer before it reaches the plate
showing a strong wave packet in the front and a much weaker packet right behind it.
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The out-of-plane velocity is also compared between the theoretical and FEM model at
different point along the surface of the plate as shown in Figure 5.8.

(a)

(b)

(c)

(d)

Figure 5.8 Predictions for the Out-of-plane velocity (vz) for A0 mode on the top surface of an
aluminum plate along the x-axis.
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The propagating Lamb wave mode in the plate leaks into the surrounding medium as
leaky Lamb field generating an acoustic wave in the medium above and below the plate. The
leaky field is captured by a receiving transducer sitting 50 mm above the plate at an angle of
-14˚ with respect to the z-axis. In the theoretical model, the radiating pressure from the plate
is calculated using the model of a linear array of N in-phase simple line sources with a
separation distance between them equal to Δx ( 1 mm in this case).
In the reception phase, the pressure exerted on the front face of the receiving
transducer are also approximated using the theoretical and FEM model. Since the modelled
receiver is 25 mm long, the measured radiating pressure from the plate is assumed to radiate
along a 25 mm region on the plate between x = 120 mm and 145 mm. The resultant pressure
on the surface of the transducer and the output voltage from the transducer obtained
theoretically and numerically are plotted in Figure 5.9. A good correlation is also seen except
for a lower pressure amplitude for the COMSOL model which was discussed and clarified
earlier.
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(a)

(b)

Figure 5.9 (a) Theoretical resultant pressure at the front surface of the receiver transducer
and (b) resultant voltage output.

5.4 Conclusions
An FEM model for the air-coupled NDI system had been introduced and developed
for the calculation of: (1) the acoustic pressure generated by an emitting transducer; (2) the
out-of-plane velocity of an A0 Lamb wave mode generated in an isotropic aluminum plate
and (3) the leaky Lamb wave field and the output voltage by a receiving transducer.
A set of validation points between the theoretical model, introduced in the previous
chapter, and the finite element method were also introduces. The results had shown a
relatively good agreement between both simulations although the attenuation of energy in air
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was not included in the theoretical model and thus the incident acoustic pressure had slightly
higher amplitudes in the theoretical results than the FEM results.
Based on the comparison of theoretical results to FEM for all the phases presented, it
is found that the theoretical model is a fairly good representation of the air-coupled NDI
system which could be used to evaluate the dependency of Lamb waves generated using aircoupled transducers on the features of the transducer used, the location of the transducer, and
its orientation. The promising results using these models is an encouragement for further
improvements to expand the theory from a two-dimensional into a three-dimensional model
and then branch out to anisotropic materials in the future.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Review of the dissertation
This dissertation has developed a hybrid non-contact air-coupled and laser ultrasound
based nondestructive inspection (NDI) system and has investigated with the use of the
following system:
1. Characterization of Lamb wave dispersion curves in metallic and composite platelike structures using Snell’s law and Morlet wavelet transform.
2. Damage imaging in metallic and composite structures using zero-lag crosscorrelation (ZLCC) imaging condition.
The developed system was also further studied by modeling the entire NDI system
theoretically and using finite element method modelling in COMSOL.
The work done in Chapter 2 explores the influence of the air-coupled transducer
(ACT) angle of incidence on Lamb wave excitation and Snell’s law is used to directly
compute Lamb wave dispersion curves including phase and group velocity dispersion curves
in aluminum plates from incident angles found to generate optimal A0 Lamb wave mode. The
measured curves are compared to results obtained from a two-dimensional (2-D) Fast Fourier
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transform (FFT), Morlet wavelet transform (MWT) and theoretical predictions. It was
concluded that the experimental results obtained using Snell’s law concept are well in
accordance with the theoretical solutions.
In addition, the non-contact automated system focuses on measuring A0 mode
frequency-wavenumber, phase velocity dispersion curves in composite plates using Snell’s
law and the group velocity dispersion curves using Morlet wavelet transform (MWT) based
on time-of-flight along different wave propagation directions. Using Snell’s law and MWT,
the former three dispersion curves of the A0 mode are easily and promptly generated from a
set of measurements obtained from a rapid ACT angle scan experiment. In addition, the
phase velocity and group velocity polar characteristic wave curves are also computed to
analyze experimentally the angular dependency of Lamb wave propagation. In comparison
with the results from the theory, it is confirmed that using the ACT/LDV system and
implementing simple Snell’s law method is highly sensitive and effective in characterizing
the dispersion curves of Lamb waves in composite structures as well as its angular
dependency.
In Chapter 3, the basic concepts of frequency-wavenumber filtering for propagating
waves in plates were reviewed as well as the zero-lag cross-correlation (ZLCC) imaging
condition. This condition was experimentally investigated by testing three identical
aluminum plates with same notch geometry but with various orientations at different
locations. The notches (10 mm × 5 mm) are grooved in the aluminum plates using electric
discharge machining with a maximum depth of 40% of plate’s thickness and with the
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following orientations 90°, 60° and 45° with respect to the horizontal axis. A damage image
is constructed by cross-correlating the forward and backward propagating wavefields in the
aluminum plates which are separated by analyzing the actual LDV measured wavefield using
a frequency-wavenumber filtering post-processing technique.
This was also tested on a 16-ply [45/0/-45/90]2S CFRP laminate with three BVIDs
with different dimensions, ~7 mm, ~12 mm and ~17.5 mm in diameter. The experimental
images highlight the three damaged areas with higher ZLCC values compared to other parts
of the inspected areas.
Chapter 4 has investigated and developed a 2-D theoretical model fully coded in
Matlab which analysis the performance of a fully non-contact air-coupled NDI system. The
model includes, (1) a transmission phase, which explores the acoustic pressure generated by
a transducer modeled; (2) Elastic wave propagation phase detailing the theory for Lamb
wave generation and propagation in a thin plate and (3) Reception phase, which presents the
basic concept for acoustic pressure radiation due to a radiating plate cause by the leaky Lamb
wavefield.
The following model was then validated by a finite element method (FEM) model
carried out using COMSOL and the results from both models were compared, showing a
good matching and promising results, which were presented in Chapter 5.
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6.2 Conclusions
6.2.1 NDI system
A rapid, fully non-contact, hybrid system which encompasses an air-coupled
transducer (ACT) and a laser Doppler vibrometer (LDV) is introduced for profiling A0 Lamb
wave dispersion of an isotropic and anisotropic plates. The ACT generates ultrasonic
pressure incident upon the surface of the plate. The pressure waves are partially refracted into
the plate. The LDV is employed to measure the out-of-plane velocity of the excited Lamb
wave mode at some distances where the Lamb waves are formed in the plate.

6.2.2 Lamb wave characterization
Two signal processing techniques were presented for characterizing the Lamb wave
dispersion curves in solids. The first method uses Snell’s law relating the bulk velocity with
incidence angle to the phase velocity of the Lamb waves. The second method is built upon
the base from the curve relating critical angle versus frequency but using Morlet wavelet
transform (MWT).
It was found that the incident angles required to generate specific Lamb wave modes
could be found simply and rapidly using ACT angle scan procedure. Thus, using Snell’s law
concept for characterizing dispersion curves with the current non-contact method, the
technique becomes more attractive for non-destructive inspection. It is therefore: (1) single
sided, where access to only one side of the plate is required, (2) robust, since the ACT is
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rotating in place and thus partially fixed and the LDV is fixed at a point, (3) rapid, because
only the incident angle experimental data are required to obtain the dispersion curves.
The proposed methodologies (Snell’s law and MWT) were also sensitive to the
anisotropy of the [45/02]2S composite laminate by providing simultaneous measurements of
the in-plane anisotropy for phase and group velocities and based on the comparison of
experimental results to theory for all the cases presented, it is concluded that the use of ACTs
for excitation of Lamb waves in plate-like structures is applicable and confirms the reliability
of using Snell’s law condition to excite desired Lamb wave modes in graphite/epoxy
composite laminates.

6.2.3 Damage imaging
A zero-lag cross-correlation (ZLCC) imaging condition technique in the frequency
domain was applied by cross-correlating the forward and backward propagating wavefields
separated from the actual measured wavefield using frequency-wavenumber filtering
technique. This technique was applied to detect simple damages in an aluminum plate as well
as barely visible impact damages (BVID) in a composite plate.
In the aluminum plate, the technique have been verified in three experimental case
studies investigating their capability in detecting and sizing small damages at different
locations and orientations. The constructed ZLCC images for all three cases were able to
accurately predict damage location, provide a good estimation of the damage area for
relatively small damages, and detect the exact orientation of the damages clearly.
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On the other hand, the experimental ZLCC images highlight the three damaged
regions of the T800/3900-2 carbon fiber reinforced plastic (CFRP), [45/0/-45/90]2S laminate
with higher ZLCC values in and around the delaminations compared to other parts of the
inspected region of the composite. However, it was found that certain delaminations could be
hard to detect. This is a result of the generated wavefield interacting with a large
delamination it first sees and any smaller delamination right behind it could be hard to detect.
Thus, it would be more beneficial to scan the region of interest with the incident wave
propagating in one direction and then reversing the propagation direction and scanning it
again. Overlapping the resultant images would give a good approximation of the actual
damaged area. The Experimental investigation for all three BVIDs has shown a good
correlation between the ZLCC imaging condition and C-scan images.

6.2.4 Theoretical and FEM models
A theoretical and an FEM model for the air-coupled NDI system had been introduced
and developed for the calculation of the acoustic pressure generated by an emitting
transducer, the out-of-plane velocity of an A0 Lamb wave mode generated in an isotropic
aluminum plate and the leaky Lamb wavefield.
A set of validation points between the theoretical model and the finite element
method were introduces. The results had shown a relatively good agreement between both
simulations although the attenuation of energy in air was not included in the theoretical
model and thus the incident acoustic pressure had slightly higher amplitudes in the
theoretical results than the FEM results. Based on the comparison of theoretical results to
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FEM for all the phases presented, it is found that the theoretical model is a fairly good
representation of the air-coupled NDI system.

6.3 Future work
6.3.1 NDI system
The system presented is a fully non-contact hybrid system including air-coupled
transducers and laser vibrometer. Due to the great loss of energy when wave interact with
different mediums specially in the case of air and solids, the laser vibrometer was introduced
which takes measurements directly on the surface of the plate and thus eliminating the loss of
energy at the solid/air interface in the reception region. Currently, the main loss of energy
happens at the air/solid interface in the excitation region since we are using an air-coupled
ultrasonic transducer to emit acoustic pressure wavefield.
However, with the continuous improvements of the air-coupled transducers due to the
intensive research work that is taking place in nanotechnology and nano-electronics, it is our
goal to develop a fully non-contact air-coupled system which is a much cheaper system and
more mobile and thus could be used on different structures in many work environments and
under different conditions.

6.3.2 Lamb wave characterization and damage imaging
The proposed techniques for characterizing Lamb waves have shown their capability
in computing the dispersion curves for the A0 Lamb wave mode in isotropic and anisotropic
materials. Future work in this section involves using the proposed techniques in
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characterizing the dispersion curves for other symmetric and antisymmetric Lamb wave
modes.
Furthermore, the ZLCC imaging condition used to detect clean edged damages in
aluminum plates could be extended to more complex damages with irregular shapes and at
different thicknesses. This also proved its validity in detecting BVID with different sizes, it
could be also extended to investigate damages in sandwich composites and better
characterize the damages by finding the exact location of each delamination and between
which layers in the laminate the delamination is present.

6.3.3 Theoretical and FEM model
The proposed theoretical model for the NDI system is still in its initial stage and have
generated good results that matched well with an FEM simulation of the same system. Some
improvements could be done on the theoretical model which include:
1. Investigate the generation and reception of different symmetric and antisymmetric
Lamb wave modes.
2. Further simplify the Matlab script and create a graphical user interface (GUI) that will
make the use of the model much more efficient.
3. Extend the 2-D model into a 3-D model, some work has already been done on this
section but is still in progress but not presented in this dissertation.
4. Extend the model to include wave propagation phase in anisotropic material.
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