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Abstract

Non-Destructive Testing (NDT) techniques are prevalent in the aerospace, green

energy and automotive industries. With the ability to identify defects in service or

at the manufacturing stage, NDT is a vital tool in creating safe and efficient struc-

tures. Existing NDT methods face many limitations when working with advanced

materials such as composites. Further limitations are met by conventional NDT

methods in terms of resolution, measurement time and levels of access required to

the structure for measurements to be taken. This work presents the development

of a band-pass mode filtering technique in the frequency wavenumber domain for

the purpose of damage detection. Data were captured in the temporal and spatial

domain using a 3D Scanning Laser Doppler Vibrometer (SLDV) with piezoelectric

transducers exciting the structure with a variety of steady-state signals ranging in

frequency. A thickness map or damage map was created based on the frequency and

wavelength of the A0 Lamb wave mode. The technique was first demonstrated on

two aluminium specimens with dimensions of 400mm by 400mm with a thickness

range of 0.5mm to 8mm with distinct geometric features. Using multi-frequency ex-

citation combined with mode based filters, an estimation of thickness was achieved

with a mean percentage thickness error of 15%. Circular thickness reductions with

a diameter of 10mm were clearly identified at the maximum plate thickness of 8mm.

The proposed mode filtering technique was furthered to work on highly non-isotropic

composites using no prior knowledge of the material. Dispersion characteristics were

taken from the measurement data and determined the shape of the mode filters.

This method was demonstrated on three different composite specimens and was

able to identify single ply changes in a fibre-glass specimen as well as a delamina-

tion defect in a carbon fibre plate. Multi-frequency steady-state excitation was also

shown using multiple driving transducers on a single structure. Further work was

completed to enable these techniques to function with wavefield data gained from

non-developable surfaces. Through geometrical transforms of the wavefield it was

shown that wave mode filtering could be completed on complex geometries. The

application of wavenumber-based NDT was demonstrated to give highly accurate

results with good spatial and depth resolution on parts with complex geometries,

as well as composite and metallic parts. This work presented a new embodiment

of wavenumber-based NDT that showed a significant step towards real world imple-

mentation and offers a number of advancements over existing techniques.
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1. Introduction

1.1 Introduction

In an age where we so heavily rely on our infrastructure, there is an ever present

need to determine their health. In order for us to interact e�ectively with the world

around us in a sustainable manner a deep understanding of the structures we place

in it is needed. By monitoring the health and condition of these structures we

can better utilise them whilst still ensuring safety. Structural Health Monitoring

(SHM) is the development of a strategy that is used to detect damage in a structure

[1]. Through a combination of sensing technologies that are implemented on the

structure, commonly using sensors such as �bre optic, acoustic or strain gauges,

measurements are made at regular intervals in time [2]. This information is then

used to inform the SHM system which is then able to detect the presence of damage.

In industries from aerospace, to civil structures, such as dams, to green power, such

as wind, SHM will help increase e�ciency, safety and life span as well as minimising

down time. As infrastructure is ageing and many structures, such as bridges, are

being operated well past their initial designed lifespan, SHM seeks to allow these

structures to remain in service with the knowledge that damage will be detected as

they degrade. Furthermore SHM brings with it the promise of being able to reduce

the weight of some safety critical structures as the ability to detect damage allows

designers to reduce safety factors [2]. In the aerospace industry for example this

could lead to major weight savings, helping to drive a reduction in fuel use. When

implementing the same concept as SHM on rotating or reciprocating machinery it

is considered Condition Monitoring (CM) [1]. This can encompass everything from

the generators of wind turbines to lathes.

While SHM aims to detect damage in a timely manner and at a low cost, damage

still needs to be characterised and assessed in a more detailed manner. It is this

information that is especially important when making decisions on the condition of

safety critical structures.

This is where Non-Distructive Testing (NDT) techniques are advantageous. NDT

is a class of techniques that seeks to characterise the material properties, therefore

detecting discontinuities or damage such as cracks [3]. These techniques are per-
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1.2 . Aims and Objectives 1 . Introduction

formed without damaging the part being examined. NDT techniques may be applied

at various points in the life of a part. Tests can be performed during manufacture,

as well as during the service life of the part. In some cases NDT can even be per-

formed in-situ, blurring the lines between NDT and SHM [2]. This work is focused

on methods that fall under the remit of NDT.

During the manufacturing stage NDT techniques can show defects as well as

deviations from the planned design. These can be present in all forms of manufac-

turing processes but can be particularly challenging to identify in processes such as

additive manufacturing or the manufacture of composite structures [4].

The ability to identify and quantify damage in all manufactured parts allows

for better informed decisions to be made about their ability to be put into service

or remain in service. Furthermore, issues with the manufacturing process can be

identi�ed at an earlier stage with the help of good NDT. This allows waste to be

reduced as high value parts may be repaired if defects are identi�ed with su�cient

accuracy. If these NDT techniques are su�ciently fast, accurate and cost-e�ective

to deploy they can also allow for higher quantity of parts to be tested giving greater

certainty of their quality. This again can allow designs to use smaller safety factors,

thereby creating lighter and more e�cient structures.

When parts are in service NDT techniques give vital information as part of

the ongoing inspections. Some NDT techniques can be applied in-situ. This can

allow detailed damage characterisation to complement SHM. Structures such as

o�shore wind turbines, for example, are challenging to inspect, repair and access.

The challenging environment and costly access of o�shore wind turbines further

drives up the cost of inspection giving incentive to develop fast and simple-to-deploy

NDT techniques. The ability to detect damage or degradation in structures such

as these facilitates early repair, reducing further damage and unplanned downtime.

By deploying NDT that o�ers greater precision the possibility to reduce inspection

intervals is also introduced.

While a broad range of NDT techniques are available and well established, from

Computerised Tomogrpahy (CT) to visual inspection, these techniques have a num-

ber of limitations. From cost, to the time taken for an inspection, to accuracy, the

bene�ts and challenges faced by each technique are numerous and there is a great

need for an NDT system that can improve on these limitations.

1.2 Aims and Objectives

Wavenumber based NDT techniques have been proposed to address many of the

challenges faced by existing NDT techniques, o�ering the prospect of a fast, quanti-

tative, fully non-contact and highly automated NDT system. A number of di�erent

2
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wavenumber based NDT techniques have been proposed. [5, 6, 7, 8]. Spatially

local changes in wavelength signify changes in thickness for a given material and

frequency. As such these changes in wavelength can be used to identify damage that

changes the e�ective thickness, such as delamination or corrosion defects. With

the use of a Laser Doppler Vibrometer (LDV) or air coupled ultrasound wave�eld

data can be gathered with a high spatial sampling density over a surface giving a

map of damage. This presents a new class of NDT techniques that has been under

investigation for the last decade [9, 10, 11, 12].

While these techniques have gained interest their inability to quickly measure

structures as well as their limited e�ectiveness in terms of spatial and depth resolu-

tion have remained limiting factors.

This work aims to develop and demonstrate a novel wavenumber based NDT

technique. Unlike previous work it will use full multi-frequency data and aim to

determine changes in thickness within a structure not simply based on the change

in wavelength but changes in in the characteristics of a particular Lamb wave mode.

Key areas of investigation:

� Use of theoretical dispersion relations to establish thickness maps from multi-

frequency data using mode �ltering.

� Investigate the ability of this approach to be furthered and optimised for non-

isotropic materials where dispersion characteristics can not be easily obtained

or are unknown.

� Investigate geometric transforms in order to allow wavelength to be determined

on curved structures with the use of a Scanning Laser Doppler Vibrometer

(SLDV).

1.3 Novelty statement

� Development of a frequency-domain mode based Lamb wave �ltering tech-

nique, Wave Mode Spectroscopy (WMS) for isotropic materials.

� Investigation on e�ect of �lter shape and bandwidth.

� Demonstration of technique on plate structures, quantifying ability and accu-

racy for damage detection.

� Expansion of WMS for application on non-isotropic composite samples with no

prior knowledge of material, dispersion characteristics or nature of anisotropy.
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1.4 . Published work 1 . Introduction

� Developed and demonstrated WMS setup on complex geometries using no

prior knowledge of the part or its location relative to the measurement setup.

1.4 Published work

F. A. F. Purcell et al. \Non-destructive evaluation of isotropic plate structures by

means of mode �ltering in the frequency-wavenumber domain". In:Mechanical

Systems and Signal Processing142 (2020), p. 106801.issn: 0888-3270.doi : 10.

1016/j.ymssp.2020.106801 . url : https://doi.org/10.1016/j.ymssp.2020.

106801.

F. A. F. Purcell et al. \Lamb wave mode spectroscopy on complex structures

with amplitude based feature detection". In:Submitting pending patent application

completion (2020).

F. A. F. Purcell et al. \Non-destructive evaluation of non-isotropic composite

structures by means of frequency-wavenumber domain �ltering with no prior knowl-

edge of material". In: Submitting pending patent application completionNovember

(2019).

1.5 Covid-19 statement

The covid-19 pandemic begun during the completion of this piece of work. During

the last 12 months of work no lab access was permitted for extended periods of time.

Once lab access was regained it came with time limitations as well as limited access

to technicians. This meant that not all planned experiments could be completed.

Plans to manufacture further test specimens were also not able to be realised.
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2. Literature review

2.1 Ultrasonic waves

Since the development of the �rst ultrasonic transducer in 1915 [13] in an attempt

to detects object on the ocean 
oor, ultrasound has been used in a broad range of

applications ranging all the way from simple range�nders to 3D medical imaging.

Ultrasound is generally de�ned as a sound wave above the range of human hearing

[13]. This is mostly taken to be over 20kHz. Whilst ultrasound can exist in a liquid,

gaseous or solid medium this work will only deal with solid media.

In solid media it is possible to broadly class ultrasonic waves as either being a

bulk wave or a guided wave. A bulk wave travels, as its name suggests, through

the bulk of a material [14]. The two types of bulk waves are longitudinal waves and

transverse (or shear) waves as shown in Figure 2.1 [14].

Figure 2.1: Longitude and transverse wave motion.

It is possible to determine the longitudinal,cl , and transverse,ct speed of sound

in a given material from some physical parameters. The Lam�e constants,� L and

� L , are given in Equation (2.1) and (2.2) [15].

� L =
�E

(1 + � )(1 � 2� )
(2.1)

� L =
E

2(1 � 2� )
(2.2)
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The Young's modulus is given byE and the � gives the Poisson's ratio. Using

the Helmholz theorem and the Lam�e constants it is possible to show that the values

of ct and cl can be given by Equations (2.3) and (2.4), where material density is

given by � [15].

ct =
r

�
�

(2.3)

cl =

s
� + 2�

�
(2.4)

While these waves interact with material boundaries, re
ect and scatter, they

are very di�erent in nature to guided waves despite being governed by the same

equations of motion [14].

Guided waves are ultrasonic waves that are bound and "guided" by the boundary

of a material, so occur in plate-like or shell-like structures. Some common types of

guided waves are Lamb, Rayleigh, Shear Horizontal (SH) Love waves and Stonley

waves [14]. Schematics of three wave types are shown in Figure 2.2.

(c)

(b)

(a)

Figure 2.2: (a) Rayleigh, (b) Lamb and (c) Stonely wave [14].

Rayleigh waves occur on the surface of the material as shown in Figure 2.2 [16].
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There are also other surface waves such as Love waves [16]. While the particle

motion of a Rayleigh wave is elliptical; that of a Love wave is in-plane with the di-

rection of propagation [14]. The particular motion of SH waves is perpendicular to

the direction of propagation and in-plane with the bounding surface of the material

[14]. Lamb waves are also present in free plate structures and their particle motion

is perpendicular to the bounding surface [14]. For these wave types to be exploited

for NDT they will need to interact with damage to detect it. As Rayleigh and

Love waves decay with depth they are of less practical use for most NDT applica-

tion. The same is true for Stonely waves which occur at the boundary between two

solids. While these wave types may be used in certain applications the prevalence

of plate-like components in structures such as aircraft make Lamb waves a prime

candidate for NDT applications. While other wave types might not be desirable for

certain NDT applications it is important to understand their nature as they may

unintentionally be generated depending on the wave excitation method. They may

also arise from mode conversion that may occur as a particular wave interacts with

a defect or feature [16]. A useful analogy for a Lamb wave may be to think of it as

similar to light running down a �bre optic. Much like the light being re
ected o� the

edge of the �bre due to the change in optical impedance, Lamb waves are re
ected

within plate-like structures at the edge where a change in acoustic impedance is

experienced.

2.2 Lamb waves

Lamb waves exist in a theoretically in�nite number of modes [16]. These can be

grouped into two classes, symmetric and antisymmetric modes. As shown in Figure

2.3 the symmetry is referenced about the center of the material thickness.

Figure 2.3: Antisymmetric and Symmetric Lamb wave modes.
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2.2.1 Lamb waves in isotropic material

Lamb waves can exist in isotropic materials as well as non-isotropic multi-layered

materials common in engineering applications such as composites.

The motion vector at a point u can be described in terms of a scalar,� , and a

vector,  , as shown by Equation (2.5) [15]. Here a scalar describes the magnitude

with in the vector space and a vector is the combination of magnitude and direction

[15]. It should be noted that� is irrotational and  is divergence-free and thatr

is the vectors di�erential operator. A irrotational vector has a curl of zero, that is

to say the vectorphi does not rotate [15]. The lack of divergence of the vector �eld

in this application can be thought of as a lack of loss of energy.

u = r � + r �  (2.5)

Equations (2.6) and (2.7) is then given by substituting in Equations (2.3) and

(2.4) and must be true to satisfy the elastic theory wave equation [17].

r 2� + c2
l � = 0 (2.6)

r 2 + c2
t  = 0 (2.7)

Equations (2.6) and (2.7) can then be solved for thin plate structures to give

Equations (2.8) and (2.9), given the constant vectorsA 1, A 2, B 1 and B 2 [15].

� = ( A 1cosh(pz) + A 2sinh(pz))e(ikx � i!t ) (2.8)

 = ( B 1cosh(qz) + B 2sinh(qz))e(ikx � i!t ) (2.9)

The x and z axes refer to the direction of propagation and through thickness

axes respectively. These are shown in Figure 2.4.

x

z
2h = d

Figure 2.4: Cross section of semi-in�nite plate of thickness 2h.

Equations (2.10) and (2.11) give the values forp and q.
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p2 =
! 2

c2
l

� k2 (2.10)

q2 =
! 2

c2
t

� k2 (2.11)

Wavenumber is the representation of spatial frequency.k denotes the angular

spatial frequency, given in 2�=� , where� is the wavelength. The linear wavenumber,

~� on the other hand is given in 1=� . Depending on the context both linear and

angular wavenumber are used in this work. Likewise! denotes the angular temporal

frequency in 2�=s and f denotes the linear temporal frequency, given in 1=s. If we

consider a matrix with two spatial and one temporal axis,u(x; y; t ), and convert

this into the frequency domain, it could be denoted using angular frequencies as

U(kx ; ky; ! ), or linear frequencies,U(~� x ; ~� y; f ). The modes are commonly notated

as S for symmetric and A for anti-symmetrical subscripted by their mode number

[14]. Using this notation the fundamental symmetrical mode is denoted asS0 and

the fundamental antisymmetrical is denoted asA0.

p and q are then substitute into Equations (2.8) and 2.9 and then substituted

into the elastic relations given in Equations 2.12 and 2.12.

� xz = �
�

2
� 2�
�x�z

�
� 2 
�x 2

+
� 2 
�z 2

�
(2.12)

� zz = 

�

� 2�
�x 2

+
� 2�
�z 2

�
+

�
� 2�
�z 2

�
� 2 
�x�y

�
(2.13)

Here 
 and � are Lam�e constants. Taking� xz = � zz = 0 at z = 0 or z = 2h

as the traction free boundry conditions the Rayleigh-Lamb equations can be found

[15]. Rayleigh-Lamb equations for symmetrical and antisymmetrical modes are then

given by Equation 2.14 and (2.15) respectively.

h denotes the half thickness of a plate of thicknessd as shown in Figure 2.4.

tanh(qh)
tanh(ph)

=
4k2pq

(q2 + k2)2
(2.14)

tanh(qh)
tanh(ph)

=
(q2 + k2)2

4k2pq
(2.15)

These characteristic equations have an in�nite number of solutions for a complex

wavenumber, k, where k = k + i � k. The imaginary number, i , represents the

value
p

( � 1). There is a physical interpretation for non-zero complex wavenumber

components. If kim > 0 the wave decays exponentially with distance so is of no

concern for this application as it will not propagate [14]. Ifkim < 0 on the other

hand suggests that the wave grows exponentially with distance. These waves are
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not known to exist [14]. As such only the real component,kreal , is taken.

The wavenumber can be related to the phase velocity through Equation (2.16).

cp =
!
k

(2.16)

The phase velocity,cp, describes the velocity of a peak, or phase of a wave. The

group velocity, cg, on the other hand describes the velocity of a wave group as shown

in Figure 2.5. The group velocity is given by the change in frequency to wavenumber

ratio as shown in Equation (2.17) [15].

cg =
d!
dk

(2.17)

Figure 2.5: Phase velocity,cp, and group velocity,cg, of a wave.

The Rayleigh-Lamb equations are not exactly solvable so must be solved using

an approximation methods such as bisection or the Monte Carlo method [14]. In

this work the bisection method was chosen. The Rayleigh-Lamb equations were

solved over a range of wavenumber values for a given frequency thickness value. A

sign change in these solutions was then used to indicate the presence of a zero cross,

indicating a solution. Near the zero cross this process can then be repeated with

smaller steps in the wavenumber values to give more precise results. The Monte

Carlo method randomly selects wavenumber and frequency thickness values and

determines the solution. If this solution is su�ciently close to zero it is taken to be

a root.

A key characteristic of Lamb waves is their dispersive nature. A dispersive wave

will have a velocity that is dependant on the frequency [14]. That means for a

given material and material thickness the wave velocity will be di�erent at di�erent

frequencies. Using the Rayleigh-Lamb equations dispersion relations can be found

in terms of the phase velocity,cp, and a frequency thickness,fd . Figure 2.6 show

the solutions for a 3mm thick aluminium plate.
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Figure 2.6: Lamb wave dispersion curves giving phase velocity.

The Rayleigh-Lamb equations dispersion relations can also be found in terms of

the wavenumber,k, and a frequency thickness,fd . Figure 2.7 shows these solutions,

also for a 3mm thick aluminium plate.

Figure 2.7: Solutions for Rayleigh-Lamb equation for aluminium.

2.2.2 Lamb waves in non-isotropic material

While the behaviour of Lamb waves in isotropic plates has been well described, their

behaviour in anisotropic materials such as composites is markedly more complex.

That is however not to say dispersion relations can not be determined theoretically.

As theoretical calculation of composite dispersion curves are not a key part of this

work a few key techniques are only brie
y discussed to gain an understanding of

their capabilities and limitations as covered by Kamal et al. [18].

Two key analytical methods are the Transfere Matrix Method (TMM) and Global
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Matrix Method (GMM) as used in the DISPERSE software [19]. The TMM is

advantageous as it can reduce the number of equations required and o�ers one of

the computationally lightest methods of calculating dispersion curves [20]. A key

drawback is its lack of stability at higher frequency thickness products [21]. The

GMM on the other hand does not su�er these instabilities making it suitable even for

large frequency thickness products [15]. By combining the stress at the boundaries

of each layer into one matrix dispersion is calculated. While this still keeps the

calculation to a single matrix it does result in a large matrix when considering

composites with a large number of layers [20]. These analytical methods can be

powerful tools but often do not o�er an exact match with experimental data [21,

22]. While there are certain limitations to the analytical methods this error is often

due to the fact that there are many challenges faced when trying to produce highly

consistent and regular composites. As such determining the elastic properties of

any given material is of key importance to being able to theoretically determine

dispersion relations [22].

While Finite Element Analysis (FEA) does also o�er the ability to solve these

problems it is computationally extremely resource intensive, preventing it from being

a viable option for most applications [18]. FEA does however o�er the ability to

model thick and complex materials with much greater ease. By using methods such

as Semi Analytical Finite Element (SAFE) time can be reduced by applying a FEA

approach through the thickness of the material and an analytic approach along

the plane of propagation. This allows computational time to be vastly reduced

while retaining the bene�ts of an FEA approach [22]. Local Interaction Simulation

Approach (LISA) is another simulation approach that uses elastodynamic equations

to describe the behaviour of a local region [23]. Due to the local nature of the

method discontinuities and defects are much more easily modeled [22].

While there are di�erent methods to determine dispersion relations a key feature

of Lamb waves in composite materials is their tendency to travel faster along the

�bre direction and slower across it [21]. So a material with all �bres aligned in a

single direction will have very di�erent wave velocities across and along the �bre

[21]. Likewise a composite with random �bre placement or �bres oriented in a large

number of directions will display similar wave velocity in all directions [21].

2.3 Lamb Wave sensing and generation

Characteristics such as their ability to propagate large distances in plate, shell or

pipe like structure and their interaction with damage features makes Lamb waves

ideal candidates for various SHM techniques [24]. A broad range of techniques have

been proposed to detect damage using Lamb waves. These have been applied to
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a variety of structures and damage types. Despite the great diversity, Lamb wave

based SHM techniques can be categorised as either being passive or active tech-

niques [25]. While passive techniques only detect ultrasonic signals from a structure

to gain information about its health, active techniques both generate and detect

an ultrasonic signal. Passive methods only require signal sensing, whereas active

methods require both signal sensing and generation.

2.3.1 Piezoelectric materials

The most common and established way to both generate and receive Lamb waves, or

any form of ultrasound, is through the use of a piezoelectric material. A piezoelectric

material is any material that converts mechanical energy to an electronic potential

and vice versa [14]. This property is present mostly in crystal structures with the

most widely used being Lead Zirconate Titrate (PZT). While it can occur naturally

in materials most undergo a process of polling whereby the material is heated and

then cooled with a strong electric �eld across it [26]. This aligns dipoles in the

crystal [26]. As the crystal is then mechanically deformed a charge is formed as

the charged titanates move, breaking the symmetry and causing an imbalance in

charge. Likewise by placing an electric charge over the PZT crystal the dipoles in

the molecules will move causing mechanical displacement.

There are a number of di�erent ways PZT crystals can be polled and cut. This

results in di�erent types of displacement when a voltage is applied over the crystal.

The novel polled crystals has been proposed in the context of NDT to isolate speci�c

wave modes or direction [27].

PZT crystals can also be used in composite form. This allows piezoelectric

properties and shape to be further tailored [26]. PZT crystal have slots sawn in them

that are then �lled with a polymer [26]. By varying the cut size and number of axes

in which the crystal is cut the crystal can be shaped and the acoustic impedance of

the composite can be changed [26]. Acoustic impedance of a transducer is of key

importance as a lower di�erence in acoustic impedance between the transducer and

the material into which energy is being driven will maximise energy transfer. It is

also possible to build 
exible PZT transducers using this method by incorporating

a 
exible polymer[28].

Polymer based piezoelectric materials are commonly also favoured for their abil-

ity to be 
exible [26]. One such material is polyvinylidine 
uoride (PVDF). The �lm

is commonly polarized through either stretching, being placed in a large electric �eld

or through curing the �lm under high pressure [29]. The surface of the �lm then

has an electrode deposited on it [30]. Bene�ts include 
exibility, low cost and a low

acoustic impedance that is similar to that of water, making it of particular interest

for medical applications [26].
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2.3.2 Piezoelectric Ultrasonic transducers

The piezoelectric element, such as PZT, forms part of a packaged transducer. The

active elements are combined with other components to achieve better sensing and

pulsing characteristics as well as making a transducer practical for real world ap-

plication where it may be exposed to harsh environments [31]. Figure 2.8 shows a

common structure of a single element transducer [31].

Casing

Backing layer

Piezoelectric element

Matching Layer

Figure 2.8: Single element transducer schematic.

The transducer is built around the piezoelectric element. This may be any

piezoelectric material such as PZT or PVDF. The active element is backed by a

damping material or backing layer. This layer is made to be thick and helps prevent

ringing in the active element. Ringing refers to the continuous displacement of the

element after an impulse excitation. When using Acoustic Emission (AE) system

to locate damage, backing is of great importance as it shortens the impulse of the

transducer response [31] helping locate it in time. To ensure good energy transfer

from the active piezoelectric element into the backing layer it should be made of

a material with similar acoustic impedance and high attenuation [31]. Acoustic

impedance can be thought of much like optical or electrical impedance. It can be

de�ned by,Z = �V [32] whereV is the speed of sound in the material,� the density

and Z the acoustic impedance.

To minimise re
ections from, and maximise energy transfer into the sample a

matching layer is also added. Re
ections are reduced by choosing a material that

"matches" the acoustic impedance of the piezoelectric element and the sample. This

is half way between the acoustic impedance of the two elements [31]. The matching

layer can also have its thickness optimised to increase transmission [33]. A commonly

used value is one quarter of the wavelength of the central frequency. To couple the

transducer to the sample, coupling 
uids such as grease, water or gels are commonly

used. In some applications where transducers are permanently attached with glue,

this can also be used as part of the matching layer to improve energy transfer [33].
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In transducer applications, where the active elements are usually thin in relation

to their width and length, the longitudinal-thickness mode has a dominant e�ect

on resonance [34]. For example considers a piezoelectric crystal polarized in its

thickness, with a voltage placed across its two faces that vibrates in a direction

orthogonal to the applied �eld, in the direction of its length. In this case the

resonance frequency,! 0 is dependant on the length, L, of the crystal, its density,� ,

and its Young's modulus,E [35]. Their relation is given by Equation (2.18).

L =
�
! 0

s
E
�

(2.18)

The temperature dependence of these properties also means that a temperature

rise of a crystal will reduce the resonance [35]. Temperature changes are not only

dependant on the surroundings but increases in temperature can also be caused by

particular vibration regimes of the crystal [35].

2.3.3 Air coupled ultrasound

Not all applications allow for direct contact to be made. As such there are a number

of ways with which ultrasonic energy can be driven into a structure without making

contact with it. One such method is air coupled ultrasound. It is based on a

transducer similar in construction to those used in contact setups but the energy is

passed through an air gap before being driven into the structure. The high acoustic

impedance of air means high power ultrasound is required. This also means when

using air coupled transducers stand-o� distances can not be large and are typically on

the scale of centimeters [36]. Some work has shown much larger stand-o� distances

on the scale of meters but this has only been shown in the region of tens of kHz

[36]. At higher frequencies these large stand-o� distances are not practical due to

the high attenuation in air and higher attenuation present at higher frequencies

[37]. Furthermore it can be challenging to move a transducer over a complex surface

geometry and maintain good coupling by controlling distance and orientation to the

part.

2.3.4 Laser ultrasound

While piezoelectric material based sensing o�ers many bene�ts there are key limita-

tions. One of these is the fact that piezoelectric transducers will be resonant in their

nature. While this is often not of concern, a resonant transducer will not be able to

capture all frequencies equally meaning transducers may only be applicable to cer-

tain applications. A further limitation is temperature range in which materials such

as PZT can operate. While high temperature transducers have been developed the
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Curie temperature of a single PZT crystal is around 160� C [26] making work in hot

locations challenging. Many of these limitations can be overcome by using a laser

ultrasound for non-contact Lamb wave sensing and generation. Unlike piezoelectric

based sensors, laser ultrasound is not based on one principle that can be used to

both sense and generate waves.

2.3.5 Laser Doppler vibrometer

For sensing of Lamb waves a Laser Doppler Vibrometer (LDV) is used which works

on the Doppler principle. Figure 2.9 shows a simple schematic of a LDV.

A laser beam is split with one half being sent to a test sample under investigation.

The re
ected laser light from the test sample is then recombined with a reference

beam split from the original laser light. If the test sample is not in motion the

re
ected beam will have the same frequency as the reference beam. Likewise if

the test sample is in motion there will be a di�erence in frequency which will lead

to interference at the the detector [38]. To be able to determine the direction of

motion an optical-moderator, known as a Bragg cell, is introduced to the reference

beam. This causes a constant frequency o�set in the reference beam [38], allowing

a direction of motion to be determined.

The simplest form of a LDV is a 1D system which has a single laser able to

measure a single point. Furthermore it is only able to detect motion in line with the

laser beam. While it is possible to mount a LDV on a linear stage, movement can

often be limited in both range and speed [38]. Scanning Laser Doppler Vibrometer

(SLDV) is an extension of a LDV system that includes a galvanometer mirror system.

The mirrors can be used to rapidly and accurately drive the laser to di�erent points.

This allows for fast data acquisition at high spatial resolution.

As with an LDV system an SLDV is only able to detect motion in line with the

laser beam. This means when there is a large angle of incidence between the laser and

the surface of the sample, less out-of-plane more in-plane motion is being measured.

While not an issue for many applications, when it comes to Lamb waves this also

means that the predominantly out-of-planeA0 mode will appear less dominant and

the predominantly in-planeS0 mode will be more visible.

A further extension of this setup is a 3D SLDV. The system consists of three

laser beams. By having three lasers at di�erent spatial locations measuring the

same point, the angle between the lasers can be used to determine the velocity

at the measurement point in all three axes [38]. LDVs have long been used to

detect guided Lamb waves [39, 40, 41]. It is possible to get full-�eld response data,

analogous to a video of a Lamb wave passing through a structure.
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Laser

Bragg cell

Detector

Lens

Test sample

Figure 2.9: Schematic of LDV.

2.3.6 Laser Ultrasound generation

Guided Lamb waves can also be generated using the likes of a Q-switching laser [10,

12, 42]. There are two distinct regimes that are use to generate laser ultrasound.

In thermoelastic regime guided waves are generated by the laser causing thermal

expansion and constriction at its focal point on the structure [43]. The thermal

changes cause a shock wave to be generated. The wave characteristic can be tuned

by changing the wavelength, power and pulse length of the laser [42]. In the ablative

regime a small amount of the surface is ablated by the laser, which in turn causes a

shock wave [44]. The ablative regime is able generate higher energy waves than the

thermoelastic regime but it has the signi�cant disadvantage of damaging the samples

surface. Using a laser pulse to generate Lamb waves holds a number of advantages

over contact methods. As with air coupled ultrasound its non-contact nature o�ers

advantages when access is limited. Unlike air coupled ultrasound greater stand-o�

distances can be achieved adding to the practicality of the method. Furthermore

through the use of a mirror system the laser can quickly be driven to di�erent points

on a sample [12, 45]. The impulse excitation is also capable of generating a broad

range of modes and frequencies in the structure [42]. Laser ultrasound can be used

to either drive ultrasonic energy continually into a structure or produce a single,

highly repeatable pulse [42, 45]. An inherent disadvantage of laser generated Lamb

waves in the ablative regime is surface damage by the laser. This is particularly

relevant when high energy excitation is required which can not be achieved in the

thermoelastic regime [42]. Methods have been proposed to overcome surface damage

problems such as indirect excitation through generating a laser plasma close to the
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sample, causing a shock wave impulse [43]. Unlike the lasers used for sensing of Lamb

waves those for generation are of much greater energy, meaning safety precautions

must be taken when using laser pulsing ultrasound. These same risks are not faced

when air-coupled or contact ultrasound methods are used.

2.4 Ultrasound NDT techniques

While ultrasonic based NDT is a very broad category that encompasses many varied

methods it is useful to understand a number of methods that are able to generate

similar results to the new techniques proposed in this work. Key considerations

are similar spatial resolution and measurement speed or depth resolution. A fur-

ther consideration is the ability of the technique to work on advanced composite

materials.

2.4.1 Ultrasonic testing

A long standing contact NDT method is Ultrasonic Testing (UT). While techniques

di�er there are some commonalities. Broadly, data can be classed as either A-scan,

B-scan or C-scan [46]. An A-scan is the simplest form, giving data with a time and

amplitude axis. An ultrasonic pulse is emitted from the transducer and driven into

the part. The back face of a part or any imperfections inside the part will then cause

part of the ultrasonic pulse to be re
ected back, exciting the piezoelectric element

and producing an electric potential [46]. By knowing the speed of sound in the bulk

of the material and the time between the pulse and the re
ected wave the depth of

any defect can be quanti�ed. A simple schematic is shown in Figure 2.10.

A B-scan can be thought of as an A-scan repeated on multiple points along an

axis [46]. This would give data analogous to a cross sectional cut. A C-scan furthers

this by covering two axes giving data 2D image, allowing the identi�cation, sizing,

location and depth of defects to be determined [46].

These types of measurements may either be performed with transducers either

side or on a single side of the sample. When on a single side a single transducer

creates the pulse and then switches to sense the echo. This is known a pulse echo

con�guration. Two transducers can also be used with one driving and one receiving

the echo on the same side in a pitch-catch con�guration [47]. By placing a transducer

on either side of the sample, through-transition setups can be used to determine the

attenuation or scatter caused by defects in the sample [47].

Key advantages are the ease with which these techniques can be applied, for in

situ testing as well as their high sensitivity [47]. Disadvantages include the need

for skilled users, inabilities to easily locate the damage in reference to the global
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Damage

Transducers

Figure 2.10: Schematic of UT in plate with and without damage.

structure and the requirement for contact and coupling in most applications [47].

2.4.2 Phased array

Phased array ultrasonic inspection o�ers further advancements, especially in terms

of resolvable detail and sensitivity to small defects. By using an array of elements

that generate an ultrasonic pulse with slight o�sets in time it is possible to focus

and steer the ultrasonic beam [48]. By varying the angle at which the ultrasonic

beam intersects with a defect sensitivity can be vastly increased [45, 48]. Phased

array ultrasound setups are common choices for in situ tests and can be e�ectively

used to detect defects ranging from delamination in composites to weld cracking

[45]. Further challenges are faced when it comes to complex materials such as Glass

Laminate Aluminium Reinforced Epoxy (GLARE) where many internal boundaries

are present even when damage is not present [49]. As with other ultrasonic methods

the contact nature of phased array scanning means that automating the testing

of large areas is challenging. Without automation it also is challenging to gain

positional information of any identi�ed defects.

2.5 Non-ultrasound NDT techniques

Ultrasound based NDT techniques are used in a broad range of industries. There are

however a number of other techniques that can identify similar defects and should

be considered as they are viable alternatives to the methods developed in this work.

They also serve to demonstrate limitations to current NDT methods.
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2.5.1 Visual inspection

Visual inspection (VI) is one of the longest standing NDT techniques and can be

used to identify a broad range of defects from cracks to dent defects [45]. The na-

ture of VI means its quality is highly dependant on the skill and experience of the

individual carrying out the inspection. While they are able to move around many

structures with ease the need to be close to the part means challenges are faced

when inspection of hard to reach structures such as wind turbine blades or bridges

is required [45]. The requirement for close proximity also limits this technique in

hostile chemical or nuclear environments. While VI can identify surface damage

it can not identify internal damage such as internal corrosion defects. This poses

particular problems in composite structures where delamination defects are common

but often not externally visible [45]. Visual inspection can however be very e�ective

at detecting cracks in structures when using dye penetrates. Small cracks in struc-

tures can be challenging to detect using other methods such a guided ultrasound

techniques.

2.5.2 X-ray NDT

While the category of X-ray NDT techniques is broad they hold a number of common

features. The basis of the technique relies on an X-ray source emitting X-rays onto

a specimen. A detector on the other side of the specimen can then detect the X-rays

that pass through the part [45]. By analysing the transmitted radiation a detailed

view of the part can be gained. Information down to the crystal structure of metals

can be resolved [45]. By moving the source and emitter 3D information can also

be acquired. This is usually done in the form of a CT scan where the structure

and/or emitter are moved between measurements [50]. While X-ray NDT can give

a highly in depth view of a part it comes with limitations. The cost of running

equipment is high and highly trained users are required [50]. Parts also need to be

accessible from both sides for X-ray inspection to be used. This meaning extensive

disassembly is often required and even then it is not a suitable technique for many

structures. The high levels of radiation involved further increase safety precautions

required and make this method unsuitable for any form of in situ testing.

2.5.3 Thermal non-destructive testing

Thermal Non Destructive Testing (TNDT) includes a range of techniques such as

Thermal Pulse Tomography (TPT) and Thermal Wave Tomography (TWT). These

techniques have been proposed in a number of materials from metallic structures

to composites [51]. Most TNDT operate on a principle of rapidly heating an area
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of a sample, usually using a thermal source like Infrared (IR), and observing the

temperature change during the heating or cooling process [51]. Areas of di�erent

thicknesses will cool or heat at di�erent rates allowing defects such as delaminations,

disbonds or corrosion defects to be detected. While this can be a fast and e�ective

technique in many applications it is limited by the lack of an absolute measure in

depth. Furthermore many components used in industries, such as the aerospace

industry, are coated with thermally resistant coatings to protect them from harsh

environments [51]. Methods have been proposed whereby cracks can be detected

using thermal methods [52]. These methods usually rely on generating some level of

thermal 
ux across the surface of the sample allowing the lower thermal conductivity

of a crack to be shown.

2.5.4 Eddy Current testing

Eddy Current testing o�ers high resolution and detailed information about a part.

By driving an alternating current through a conductor a magnetic �eld is created.

the conductor is then placed close to the sample to be examined. This sample must

also be electrically conductive. The magnetic �eld generates an eddy current in the

sample [53]. That current will itself have a magnetic �eld which can be detected

by a sensor close to the sample. Changes in properties of the material such as

porosity, thickness change or cracks will all e�ect the eddy current and its magnetic

�eld, allowing detection [53]. To ensure correct measurement, distances between the

current coils and the part need to be accurately maintained. This creates challenges

when examining geometrically complex structures. The largest limitation of this

technique is however the fact that it relies on the sample being conductive, limiting

it to materials such as aluminium or steel [53].

2.6 Wave analysis methods

Before further discussing Lamb wave and wavenumber based NDT techniques it is

useful to consider some useful techniques used to analyse waves. An understanding

of fundamental wave features such as frequency, phase and amplitude is vital to

signal analysis. In this work frequency analysis is of particular importance.

2.6.1 Fast Fourier Transform (FFT)

Wave data is commonly recorded ether in relation to time or spatial position. These

waves would be describes as being in ether the temporal or spatial domain.

The FFT a powerful analysis technique that allows data to transformed into the

frequency domain. In this work data are gathered with relation to spatial position,
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time or both. The Fourier transform allows for the transformation from any domain

into the frequency domain. The equation for the Fourier transform is given in

Equation 2.19 [54].

f̂ (� ) =
Z 1

�1
f (x)e� 2�ix� dx (2.19)

Here f̂ denotes the transformation of the functionf , and � denotes any real

number. The operation on a functionf (x) is usually denoted byF as shown in

equation 2.20.

f̂ (� ) = F (f (x)) (2.20)

We can brie
y consider a 2D signal as shown in Figure 2.11. The signal shows

a sine wave with a wavenumber of 40m� 1 in the X direction and with no fre-

quency component in theY direction. This wave�eld was then transformed into

the frequency domain using a 2D FFT as shown in Figure 2.11 (b). As such the

corresponding frequency representation of the 2D signals shows two spikes at the

negative and positive wavenumber of ~� x = 40m� 1. There is however no energy in

the ~� y direction indicating no frequency present in that axis.

(a) (b)

Figure 2.11: A sine wave with a wavenumber of 40m� 1 in the X direction, in (a)
the time domain and (b) frequency domain.

If we now consider the wave�eld with the same wavenumber in theX direction

and a higher wavenumber of 80m� m in the Y direction we get the wave�eld shown

in in Figure 2.12 (a). After applying a 2D FFT to that signal we get the frequency

domain representation shown in 2.12 (a).
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(a) (b)

Figure 2.12: A sine wave with a wavenumber of 40m� 1 in the x direction and 80m� m

in the y direction, in (a) the time domain and (b) frequency domain.

Considering only the ~� y in the frequency domain in Figure 2.12 (b) we can

observe that the two bright spots align with ~� y = 80m� 1 and ~� y = � 80m� 1. If we

now consider the same spots but in the ~� x axis we still obverse the frequencies of

~� y = 40m� 1 and ~� y = � 40m� 1.

This same concept can be applied over any number of dimensions.

2.6.2 Hilbert transform

The Hilbert transform is another powerful tool for signal analysis that is able to given

an analytical signal from which features such as phase and local amplitude can be

determined. The Hilbert transform has a relationship with the Fourier transform,

allowing for a useful de�nition of the Hilbert transform in the frequency domain.

If we consider a real function,f (t), who's frequency representation isF (! ), the

frequency domain Hilbert transform of is given byFh(! ) as shown in Equation 2.21

[55].

Fh(! ) =

8
>><

>>:

F (! ); ! > 0

� F (! ); ! < 0

F (0); ! = 0

(2.21)

The frequency domain analytic signal,Fa(! ) is then given by adding the original

signal to its Hilbert transform as shown in Equation 2.22

Fa(! ) = F (! ) + Fh(! ) (2.22)

To generate the Hilbert transform of a signal the sign of the negative frequencies

is turned negative. As such we can also show the Hilbert transform with the help

of a signum function, given in Equation 2.23 [55].
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sgn(x) =

8
>><

>>:

1; x > 0

� 1; x < 0

0; x = 0

(2.23)

The signum function is shown graphically in Figure 2.13.

Figure 2.13: The signum function ofx.

The analytic signal can then be found with Equation (2.24).

Fa(! ) = (1 + sgn(! ))F (! ) (2.24)

The local phase,� (t), and amplitude, A(t), of a signalf (t) can determined using

the Hilbert transform of that signal, f h(t) as shown in Equation 2.25 and 2.26 [55].

� (t) = arctan
�

f h(t)
f (t)

�
(2.25)

A(t) =
p

f (t)2 + f h(t)2 (2.26)

2.6.3 Monogenic signal analysis

While the Hilbert transform is a powerful tool it is limited to 1D problems. The

Riesz signal is a mutli-dimensional extension of the Hilbert tranform. Where the

Hilbert transform is used to give an analytic signal, the Riesz transform uses the

same concept to give a monogenic signal. Given a real 2D signal,u(x; y), with

the frequency domain representation ofU(kx ; ky) the monogenic signal will have

three components as shown in Equation (2.27), (2.28) and (2.29) [56] . These are

analogous to the two components,Fh(� and F (� ) of the Hilbert transform.

Lox(kx ; ky) = i
kxp

k2
x + k2

y

U(kx ; ky) (2.27)
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Loy(kx ; ky) = i
kyp

k2
x + k2

y

U(kx ; ky) (2.28)

L(kx ; ky) = U(kx ; ky) (2.29)

Lox(kx ; ky) and Loy(kx ; ky) are the two odd �lters in the frequency domain and

their imaginary components are shown in Figure 2.14 and Figure 2.15. Their lack of

symmetry in the frequency domain means they are purely imaginary in the spatial

domain [57].

Figure 2.14: Lox �lter.

The amplitude of the 2D signal can then be found using Equation (2.30) where

l(x; y) is the Inverse Fast Fourier Transform (IFFT) of L(kx ; ky).

A(x; y) =
q

l(kx ; ky)2 + lox(kx ; ky)2 + loy(kx ; ky)2 (2.30)

It is worth noting the analytical signal for a 1D problem is found by multiply-

ing the frequency domain representation,F (� ), of a real signal,f (x) by a signum

function, as given by Equation (2.23), where all negative frequency values undergo

a sign change [57].

Figure 2.15: Loy �lter.
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The same signum function can be seen alongky = 0 and kx = 0 axes in the 2D

extension in Figure 2.14 and 2.15 respectively.

2.7 Full-�eld wavenumber NDT

As previously discussed Lamb waves are dispersive in their nature, meaning for a

particular Lamb wave mode the material, material thickness, wavelength and tempo-

ral frequency are related [14]. This relationship is described by the dispersion curves

as shown in Equation (2.7). As such if a single frequency Lamb wave is generated in

a plate-like structure thickness changes can be identi�ed by changes in wavelength.

Using full-�eld data with a high spatial sampling frequency (about 2mm between

measurement points) it is possible to get a detailed image of damage. A technique

such as this may be able to give comparable results to a C-scan ultrasonic test. As

such, a number of attempts have been made to identify changes in wavelength of

guided Lamb waves. While this is theoretically possible with any Lamb wave mode

the dominant out-of-plane motion of theA0 make it preferable. The out-of-plane

motion allows for easier detection of the wave using both PZT sensors, or other

sensors such as an LDV. In material such as aluminium with thicknesses from 0mm

to about 15mm the A0 mode also shown greater dispersion, which means the wave-

length will change more for a given thickness change than theS0 mode. Other NDT

techniques also use changes in wavelength to identify damage in combination with

lower sensor density [6, 58, 59]. While these techniques are related they di�er in

their results and application and will not be covered in detail in this section.

2.7.1 Full-�eld data

Full-�eld data are commonly gathered using a single PZT transducer attached to

the structure with a LDV on a mechanical stage or a SLDV to record the response

at a grid of spatial sampling points [10, 60, 61, 62]. The reverse of this method

is also possible whereby a �xed transducer is used to record the signal generated

by a pulsing laser that is moved over a spatial grid [10]. There are two distinct

excitation regimes: transient or steady-state. For a transient measurement the

pulse signal is generated in the specimen, triggering a measurement at a sample

point. The response at the point is recorded and the specimen is given time to

ring down. To reduce noise this may be completed a number of times at the same

spatial point. The measurement device is moved to the next spatial sample point

and the process is repeated. This technique gives a clear image of a wave front

moving through the structure. A snapshot in time of a transient wave is given

in Figure 2.16. This method o�ers advantages such as high signal-to-noise-ratio
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and the ability to detect damage based on wave re
ection [60, 61, 63]. A major

disadvantage however is the large time taken for a measurement as a ring down

time is required after each excitation. Steady-state excitation on the other hand

continually drives a waveform into the structure so that a 'steady-state' of excitation

is reached. Measurements can then be taken at a spatial point at any time as long

as they are phase synchronised with the excitation signal, therefore vastly reducing

the time require to take a measurement [40, 64, 65]. A greater wave amplitude can

also be generated improving the signal-to-noise-ratio meaning fewer averages need

to be taken at each sample point, allowing a further reduction in measurement time.

Figure 2.16 (b) shows a snap shot in time of a steady-state response. Each

result was normalised by its maximum value to show the wave�eld clearly. It should

however be noted the the maximum amplitude of the steady-state excitation was

substantially greater than that of the transient excitation. This is due to the fact

that larger amounts of energy can be driven into the structure when using steady-

state excitation, improving signal-to-noise-ratio and propagation in materials with

high attenuation such as composites [6]. There have been a number of methods

proposed to utilise this data for damage detection. The commonality of all these

methods is that they use changes in wavenumber to detect areas of damage.

(a) (b)

Figure 2.16: Snapshot in time of (a) transient and (b) steady-state response.

2.7.2 Local wavenumber

Imaging through direct wavelength measurement was �rst proposed by Flynn et al.

[10]. This technique incorporated a broad band mode �lter to remove theS0 mode.

Once the data had been �ltered to a single mode in the frequency-wavenumber

domain it was converted to the spatial frequency domain. A single frequency slice

was selected giving a 2D velocity matrix with two spatial axis,u(x; y), at a given

frequency. The analytic signal was then determined in the dominant direction of
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propagation. As such this can be thought of as a series of 1D problems where

the dominant frequency is to be determined along the length of a signal at each

sampling point. This was achieved by removing a wavenumber component though a

bandpass �lter centred around a wavenumber,kc, and then determining the amount

of energy remaining after the �ltering process by �nding the envelope of the analytic

signal [10]. This enabled the direct measurement of the wavelength but transducer

location is vital for accurate results. That is to say with a circular wave-front, as the

spatial location moves further out of line of the transducer the wavelength will be

over estimated. This method will also su�er from distortions around discontinuities

that cause scattering of Lamb waves. This technique was able to to give some clear

image of defects but it was not able to determine characteristics such as depth of a

delamination defect. Furthermore features such as sensitivity to the location of the

excitation transducer left further challenges.

In the work of Rogge and Leckey [9] many of these limitations were overcome.

Like the previous work, they used transient full-�eld data,u(x; y; t ), and �ltered it

to a single Lamb wave mode. Once �ltered, it was broken up into spatially windowed

sections that were converted into the frequency domain with a 3D Fourier transform

Umn (kx ; ky; ! ) [9]. From the spatially windowed data the dominant frequency slice

was then taken and the dominant wavenumber found [9]. This process is somewhat

analogous to a short-time Fourier transform extended to a two-dimensional problem.

Window sizes ranging from 7mm to 11mm were used [9]. As with a short-time

Fourier transform there is a direct trade-o� between frequency and spatial resolution.

With the frequency in this work referring to the spatial frequency, or wavenumber,

this trade-o� is between spatial resolution and depth resolution. At larger material

thicknesses this problem would be further exacerbated as the wavenumber change

reduces for a given thickness change at greater material thicknesses for a given

frequency. In thicker components the wavelength will also be longer for a given

frequency [14]. To resolve a wave the spatial window should be at least the size

of two wavelengths according to work by Juarez et al. [66]. While not shown in

this work it is suggested that it is possible to create a thickness map using the

wavenumber and dispersion characteristics. It is however also recognised that the

anisotropy of the material is not taken into account.

Attempts to reduce the trade-o� by spatial windowing were �rst made by Mes-

nil et al. [62]. A technique referred to as Instantaneous Wavenumber (IW) was

proposed. The IW was calculated by taking the spatial derivative of the phase

obtained from the Hilbert transform [62]. The spatial and temporal measurement

data, u(x; y; t ), was turned into the spatial-frequency domain,u(x; y; ! ). From there

the response at a dominant single frequency was found,u! (x; y). As wavelength is

frequency dependant having a single frequency allowed for correlation to thickness
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at a later stage. The Hilbert transform is inherently a 1D algorithm so is extended

by performing it in both the x and y axis. The wavelength is then determined by

taking the magnitude of thex and y component [62]. While this can be e�ective on

simple 2D wave�elds this is not a true multi-dimensional extension of the Hilbert

transform [56]. This technique was compared with the previously developed local

wavenumber approach that spatially windowed the wave�eld and found the domi-

nant wavenumber at the dominant frequency slice [9]. A spatial windowed approach

was shown to give much better results compared to the IW [62]. The local wavenum-

ber approach was extended to thickness correlation [62]. Dispersion characteristics

of the material were determined through SAFE. The wavenumber map was then

be used to create an e�ective thickness map [62]. Mesnil et al. furthered their IW

technique in later work [67] but were unable to overcome many limitations so did

not provide signi�cantly improved results.

While this showed some good results for the local wavenumber approach this

technique still faces many limitations. The composite plate used was 1.6mm thick

at 8 ply. At greater thicknesses depth resolution would be lost due to the large bin

size in the wavenumber domain caused by the small number of samples in a spatial

window. To improve this a larger spatial window would need to be taken, resulting

in lower spatial resolution. Work by Fan et al. also used dispersion relations to

related wavenumber maps back to material thickness on an aluminium panel [68].

The wavenumber maps in the work were also found through the local wavenumber

approach inherently limiting both the depth and spatial resolution [68].

2.7.3 Wavenumber Spectroscopy

These inherent limitations of spatial windowing were �rst overcome successfully

by Flynn et al. in their 2014 work [12]. All previous work also used transient

excitation whereas Flynn moved to steady-state excitation which greatly reduced

measurement time [12]. A single frequency sine waveform was continually driven

in to the structures at either 100kHz or 200kHz. This allowed a spatial grid of

sampling points to be measured without having to wait for the structure to ring

down between measurements.

To further increase measurement speed Flynn et al. used a continuous measure-

ment [12]. Unlike previous work where the LDV was driven to a spatial point to

take a measurement in time, the laser was continually driven over the surface of the

structure. The rate of motion was chosen so that an integer number of excitation

cycles passed during the time it took to drive the laser between sampling points.

Knowing the scan speed this data were then broken up into a time history map,

u(x; y; t ). Using a broadband mode �lter in the frequency domain a single wave

mode was identi�ed. As in all previous work theA0 mode was chosen due to its
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dominant out-of-plane nature as well as the fact that a thickness change will have a

greater e�ect on the wavelength of theA0 mode than theS0 mode. A time domain

Fourier transform was then used to identify the response map,r (x; y), at the driving

frequency [12]. The single mode response was passed through a bank of narrow band

wavenumber �lters in the wavenumber domain. A 2D envelope was then determined

for the wave�eld once it had been narrow band �ltered. The central wavenumber of

the �lter that maximised the 2D envelope at a given point is then assigned to that

point. This method was re�ned in a later paper [69] and given the name Acoustic

Wavenumber Spectroscopy (AWS). Figure 2.17 shows a visual representation of the

technique [69].

Figure 2.17: AWS process [69].

This technique can be compared with local wavenumber mapping as �rst pro-

posed by Rogge et al. [9]. A schematic describing this method is given in Figure

2.18.

Figure 2.18: LWM process [69].

These techniques were both demonstrated on an aluminium plate with a cor-

rosion defect, a pressure thinning on a steel pipe and a dis-bond sti�ener on a

composite panel. Results were able to give consistent wavenumber results for areas

of similar thickness, thereby highlighting the damage [69].
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2.7.4 Wavelet transform

The same limitations of wavenumber resolution when using spatial windowing were

addressed using a wavelet transform [70, 71]. The wave�eld data are processed using

a 2D wavelet. This reduces the issues present when using spatial windowing as the

wavelet is scaled and shifted allowing it to maintain frequency and spatial resolution

[71]. The use of a 2D wavelet transform does however carry with it di�erent limita-

tions. A wavelet transform is able to identify instantaneous frequency, in this case

the spatial frequency or wavenumber [72]. This is obviously bene�cial when trying

to identify changes in the wavelength. Wavelet transforms face limitations in terms

of spatial resolution when large wavelengths are considered [72]. This would limit

the use of wavelet transform based techniques when applied to thick materials, or

materials with high phase velocity's. On the other hand wavenumber spectroscopy

is not e�ected in the same way allowing for better damage detection, especially when

considering thicker materials where the Lamb wave wavelengths will be larger.

2.7.5 3D structures

The works referenced so far have all made use of LDVs or SLDVs. As discussed

this technique gives only out-of-plane velocity data. The measurement of complex

shapes is not easily achieved without complex automation to manipulate the position

of parts when using LDVs. All the previous work has also been limited to 
at plate-

like structures with the exception of some measurements carried out on pipes, these

include Flynn et al. [10], Kang et al. [69] and Truong et al. [73]. These were

measured using a SLDV and while they can measure velocity at incidence angles

as high as 45� , signal-to-noise-ratio decreases and in-plane velocity is included in

the data, making the need for mode �ltering even greater [40]. Koskelo and Flynn

further investigate the ability of AWS to be used on complex structures [40]. By

placing a mirror between the LDV and test specimen a high angle of incidence was

simulated between the laser and the part [40]. The wave�eld was then distorted to

correct for this by mapping the plate coordinates on the measurement plane and

then interpolating the values. As the measurement plane did not line up with the

sample the wave�eld was in essence compressed in one axis and stretched to correct

it. Minimising distortion in the wave�eld is crucial as it will cause distortion in

the wavenumber-wavenumber domain. With �lters being applied in that domain

distortion will cause errors in wavenumber estimation.

While wave�elds with curvature in a single plane can easily be projected onto a


at plane, no solutions are o�ered for parts that show curvature in two planes. A

surface that is not developable can not be translated onto a single plane without

some form of distortion. The problem investigated by Koskelo and Flynn [40] could
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also be solved by the application of a 3D SLDV system that can use triangulation

to determine the direction of velocity. It is also important to note that while it

is possible to project wave�elds of curved or angled surfaces onto a 
at plane it

requires information about the parts surface geometry and its positional relation to

any measurement device such as a SLDV.

2.7.6 Multi-frequency excitation

Multi-frequency excitation was utilised by Flynn et al. [65] in conjunction with

the AWS technique he had proposed [12]. A continuous excitation tone with three

frequency components was used to generate a steady-state response in a 1.5mm thick

aluminium plate and 7mm thick carbon panel [12]. While the excitation varied

the processing algorithm did not stray far from previous work. The steady-state

response was broken up into three distinct response maps, each at one of the tone

frequencies [12]. These were then separately processed to give wavenumber maps

for each response map. Due to the dispersive nature of Lamb waves a di�erent

wavenumber is prominent at a given thickness at the di�erent frequencies. The

wavenumber of the plate and the defect was plotted on a dispersion curve for a 1.5mm

aluminium plate but no attempt was made to correlate to thickness or combine the

three separate maps [12]. For the composite plate the anisotropic nature of the

dispersion means even a simple comparison of expected and calculated values is not

undertaken [12].

Juarez and Leckey [66] also demonstrated multi-frequency excitation in their

work. They used chirp excitation as also used by Micheals et al. [74]. A 20kHz to

1MHz 1�s chirp was used to generate a transient wave�eld. A spatial windowing

technique as proposed by Leckey and Rogge and was applied [9, 66]. While a

frequency range of 300kHz to 400kHz was used a window size of 10mm was selected

as it would be twice as large a theA0 wavelength at that frequency range in the given

material [66]. As such, the dominant wavenumber for each spatial window at each

frequency was determined. By calculating a dispersion curve for each ply thickness

in the plate it was then possible to determine which dispersion curve best describes

the wavenumber relations of each spatial window and frequency [66]. As such, a ply

thickness can be assigned to each spatial window. Good results were shown using

this method. Apart from the inherent limitations of using spatial windows a key

limitation of this technique is the detailed prior knowledge required of the composite.

A full description of the lay up is required to select window size and determine

dispersion curves. Furthermore if the material displays anisotropic properties, as

many complex composite structures do, the wavenumber will be di�erent at di�erent

angles of propagation at the same material thickness and frequency. This also means

the technique will not easily be extended to support steady-state excitation, placing
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a limit on the minimum measurement time achievable. Multi-frequency excitation

does show many bene�ts. Being able to generate a wavenumber map at di�erent

frequency responses is analogous to multiple single frequency measurements. This

can allow results to be combined, reducing noise and increasing accuracy [12]. With

that there is however a trade-o�, as the more frequencies are excited, the lower

the energy input at each individual frequency [12]. Lamb waves also attenuate

di�erently at di�erent frequencies and plate thicknesses [75]. Higher frequencies and

thinner plate structures tend to display higher attenuation of Lamb waves for a given

material [75]. Spatial resolution however drives the need to use a high frequency.

Lamb waves are generally taken to only interact meaningfully with defects that are

on a scale of their wavelength [66]. While this is a useful rule of thumb for techniques

such as AU and AE, this limit is a result of the di�raction limit which states that

a wave will di�ract when it interacts with obstacles, in this case defects [76]. The

full wave�eld technique proposed in this work does however not rely on di�raction

but rather a change in wavelength, as such it should be possible to resolve sub

wavelength damage. The di�raction of waves on the scale of features is also one of

the reason that not all frequencies will propagate will in composite structures. The

internal structures of the composites will result in di�raction and attenuation of

wavelengths on their scale. Due to these factors wavelength selection is particularly

important when using a single frequency wave in composites.

It has been shown that Lamb wave interaction with defects it dependant on

many aspects such as thickness frequency product and defect shape and size [77].

Without prior knowledge of the thickness of the structure, or when presented with

a structure that has a large thickness range, single frequency excitation may not

be able to adequately excite Lamb waves in all parts of the structure that will

interact meaningfully with damage. As such, multi-frequency excitation o�ers great

advantages when real world applications are considered. A further key step for

realising this technique for real world application is reducing measurement time. A

signi�cant step forward was taken by Flynn et al. [78] who were able to utilise single

frequency steady-state excitation in conjunction with continuous measurement using

a SLDV. For a scan area of 314cm2, scan times as low as 0:7s were achieved. For

higher signal-to-noise-ratios the scan time was increased to a maximum of 21s.

One form of damage that does not e�ect the wavelength of a Lamb wave is

through thickness crack damage. Techniques have been proposed to identify these

damage types through wave re
ections in wave�elds. Ruzzene et al. [60] proposed

a method of removing incident waves in the frequency-wavenumber domain to iden-

tify re
ected waves and thereby visualise discontinuities in a structure through the

use of a Root Mean Squared (RMS) map [60]. This process requires a transient

wave and will also show up discontinuities that are part of the part geometry mak-
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ing this technique less e�ective for complex geometries. A similar approach was

taken by Michaels et al. [61]. A wave�eld was �ltered to a particular wave mode

and then �ltered in the frequency-wavenumber domain to remove the incident wave

[61]. As such an RMS map can be created from the back scattered wave. This

approach was also demonstrated on a composite plate with non-isotropic charac-

teristics. Filtering in the polar domain while in the frequency-wavenumber domain

allowed for mode separation even in non-isotropic plates [60] but the same limita-

tions that applied to the work of Ruzzene et al. apply here. This work was based on

frequency-wavenumber domain �ltering but it did not attempt to directly determine

the wavelength of a Lamb wave.

It has been shown that wavenumber based NDT techniques hold promise but are

still limited in a number of respects. The use of spatial windowing will inherently

limit spatial and depth resolution so is not considered a good option for determin-

ing damage based on wavenumber. The issues of spatial windowing are broadly

addressed through the use of wave number �lters in the spatial domain as presented

by [12]. While addressing many of the shortcomings of instantaneous wavenumber

techniques and methods that rely on spatial windowing, wavenumber �ltering does

not allow for the use of multi-frequency excitation to be combined into a single re-

sult as part of the technique. The use of multi-frequency excitation is important to

ensure full excitation of complex structures. Furthermore, the use of di�erent �lter

window shapes and widths has not been investigated but is known to signi�cantly

e�ect the depth and spatial resolution. The investigation of previous work also

showed no direct optimisation of this technique for composite structures. While

wavenumber based techniques have been demonstrated on composite parts, these

have been limited to ones that are quasi-isotropic in their dispersion characteristics.

2.8 Conclusions

While there are a broad range of e�ective NDT techniques available there is still a

clear need for a fast and e�ective technique that can be applied in a broad set of

use cases. Full-�eld, guided wave based techniques o�er solutions to many of these

challenges, namely their potential for high speed as well as their ability to be applied

in a non-contact con�guration. Much work is however still needed to develop these

techniques to the point where they can e�ectively be applied to complex structures

and a variate of materials. A key requirement for any such technique, which is not

met by excising techniques, is the lack of any requirement for prior knowledge of the

structure or its material. The rest of this work seeks to meet this requirements and

ultimately propose and innovative and e�ective full-�eld approach.
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3.1 Introduction

This chapter proposes a novel method of bandpass mode �ltering called Wave Mode

Spectroscopy (WMS). Mode �lter shapes were determined using the Rayleigh-Lamb

equation and centred around a particular thickness in order to determine the most

probable thickness at each measurement point. Contrary to previous methods that

aim to determine the wavenumber in a response map at a particular frequency slice,

a method was developed that utilises all the data in the frequency wavenumber

domain. By �nding the instantaneous amplitude post �ltering to a given mode a

thickness map can be found by assigning the thickness of the �lter that maximises

energy at each point. Unlike previous techniques this allows multi-frequency exci-

tation to be used and analysed with a single �lter stack as the dispersive nature

of Lamb waves is taken into account. The aim of the algorithm proposed is to use

multi-frequency excitation to achieve a greater data volume and attain low noise

and accurate thickness maps. Multi-frequency excitation will further help ensure

Lamb waves are generated in a broad range of plate thicknesses making it suitable

for parts with thickness ranges larger then 5mm.

Current techniques are limited in this respect by their inability to utilise broad-

band multi-frequency data for a single result. The use of the full frequency domain

data also helps to minimise the trade-o� between spatial and depth resolution.

3.1.1 Aims and objectives

The aim of this chapter is to develop and demonstrate the concept of mode based

�ltering for thickness identi�cation on isotropic plate-like structures. Particular

challenges faced by other work help de�ne certain requirements. Steady-state exci-

tation was used to reduce measurement time and, to help improve spatial resolution,

spatial windowing was not utilised. This work aims to demonstrate the ability of

this algorithm by demonstrating it on two test specimens. A key limitation in pre-

vious work, and an inherent limitation of this method, is depth resolution. As such

this work has a particular focus on obtaining high spatial and depth resolution at

greater part thicknesses.
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3.2 Experimental setup

This section covers the general experimental setup used to gathering full-�eld re-

sponse maps.

3.2.1 Test specimens

Two test specimens were manufactured to test the algorithm developed in this chap-

ter. The �rst one, specimen 1, was manufactured out of 6082 T6 Aluminium. It

consisted of a 3mm x 350mm x 350mm plate with three circular areas of 30mm

diameter with reduced thickness of 1mm, 1.5mm and 2mm. The low thickness and

large defect area was chosen to test the algorithms ability to accurately determine

thicknesses. The large defects would also give the ability to determine the clarity of

thickness step changes. A thickness map of specimen 1 is given in Figure 3.1 (a).

(a) (b)

Figure 3.1: (a) specimen 1 and (b) specimen 2 thickness maps.

To validate the abilities of this algorithm over a larger thickness range a second

plate, specimen 2, was also manufactured. Specimen 2 consisted of a 
at 400mm x

400mm, 8mm thick 6082 T6 aluminium plate with a stepped and a ramped thickness

change from 1mm to 8mm. Circular thickness changes were also present at every

second 1mm thickness step and were mirrored on the thickness ramp. These were

30mm, 17.5mm, 10mm and 4mm in diameter. The 1mm thick area of the plate

had thickness reductions from 1mm to 0.9mm and 0.5mm. Over the rest of the

plate thickness reductions were from 3mm to 2mm, 5mm to 3mm and from 7mm

to 4mm. This allowed spatial and depth resolution to be tested over a large range

of thicknesses and defect size. A thickness map of specimen 2 is given in Figure

3.1 (b). Both thickness maps given in Figure 3.1 were calculated so that a pixel

would represent the same spatial step as was taken between measurement points.

36



3 . Wave mode spectroscopy 3.2 . Experimental setup

At smaller defects in specimen 2 this caused some quantization. As such these

thickness maps can be thought of as ideal results. The resolution was however not

limited in the thickness domain.

3.2.2 Signal acquisition

All measurements were completed using a 3D SLDV. The full-�eld data were

captured using the Polytec PSV-500-3D-M in conjunction with an external cam-

era. Data were exported from Polytec's proprietary software containing three-

dimensional spatial coordinates of each sample point as well as the velocity in three

dimensions for that point. For specimen 1 an area of 300mm by 300mm with an

evenly spaced grid of 280 points in each axis was measured. For specimen 2 an area

of 350mm by 300mm was measured with 285 and 239 samples in the respective

directions. 50 measurements were averaged at each sample point. The maximum

temporal sampling frequency of 2.56 MHz with a sample length of 0.0004 seconds

was used. For specimen 2 this means that 23 minutes were required to capture all

the temporal data. The measurement times were however between 20 and 30 hours

with the extra time taken to perform steps such as 3D triangulation of the laser

heads. No e�orts were made to reduce measurement times at this stage in the work.

The fact that the time spend on data capture is such a small proportion of the total

measurement time, indicates that the measurement time can be reduced greatly.

3.2.3 Signal generation

The specimen plates were excited with either a Vallen System VS900-M PZT trans-

ducer with a face diameter of 20mm or a Pancom Pico-Z PZT transducer with a face

diameter of 5mm. The Pancom Pico-Z transducer has a resonant range of 200kHz to

500kHz whereas the Vallen System VS900-M PZT transducer has a slightly broader

resonant range of 100kHz to 900kHz. For specimen 1 the transducer was located

at X = 312:5mm and Y = � 12:5mm. The transducer location relative to the scan

area is shown in Figure 3.3 (a). For specimen 2 the transducers were placed at

X = 175mm and Y = 350mm. Again the transducer location relative to the scan

area is shown in Figure 3.3 (b). On both specimens transducers were coupled with

grease and clamped to the specimen. For multi-frequency excitation a FM sine wave

signal was modulated upwards between 75 kHz and 400 kHz at a rate of 2.45 kHz

at 200Vpp. The FM signal was windowed using a Tukey window allowing the signal

to be continually repeated without transient spikes between repetitions. The Tukey

window, w(n), of length n is given by Equation (3.1) [79].
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As � varies from zero to unity, the window, of lengthN , varies from a rectangular

window to a cosine window. Specimen 2 was excited using both transducers with

the FM signal. Only the larger Vallen System transducer was used to generate the

FM signal in specimen 1. As a comparison specimen 2 was also driven at single

frequencies within the range of the FM excited. A continuous 200Vpp sine wave

signal was driven at either 75 kHz, 150 kHz, 300 kHz or 400 kHz using the Vallen

System transducer. All signals were generated using a Red Pitaya STEMLab 125-14

in conjunction with a Krohn-Hite 7500 ampli�er. Figure 3.2 shows a steady-state

multi-frequency response for both specimen 1, (a), and specimen 2, (b).

(a) (b)

Figure 3.2: Response map at time t of (a) specimen 1 and (b) specimen 2.

While transient excitation can o�er clear wave�eld images the time taken to

acquire data are signi�cantly larger than that taken to acquire data from steady-

state excitation. As an example a representative scan area of 300mm by 300mm

with a spatial sampling resolution of 1000m� 1 and 20 measurements per point would

require 12 minutes for a full measurement assuming data are continually taken with

a temporal sample length of 0.0004 seconds. For a transient measurement a ring

down time would have to be added to let waves disperse, taking the time for a single

measurement to 0.01 seconds resulting in a full measurement time of 10 hours.

therefore steady-state excitation is chosen for this work. Steady-state excitation

further allows signal-to-noise-ratio to be improved in smaller plates as waves will be

re
ected o� all edges and thickness change features. While this adds complication

to the nature of the wave-�eld it is a desirable feature as the multiple propagation

directions add more information in the wavenumber-wavenumber domain to which

each mode is �ltered, reducing error. This e�ect could be further enhanced by
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(a) (b)

Figure 3.3: Measurement area (red) and transducer (black) of (a) specimen 1 and
(b) specimen 2.

simultaneously driving multiple transducers on a single structure. The re
ections

within the plate also makes transducer location less critical as energy is relatively

evenly distributed around the plate. This can be seen in Figure 3.2 (b) where it is not

clear simply by the amplitude of the wave�eld where the transducer is located. In

larger structures with fewer re
ective surfaces or materials such as composites with

higher attenuation, increased damping as distance from the transducer is increased,

is likely to a�ect measurements. This e�ect could also be mitigated by using multiple

transducers. A diagram of the experimental setup is shown in Figure 3.4.

Test specimen

Sensor

Amp

scan path

STEMlab 125-14
signal generator

Polytec
PSV-500-3D-M

Laser head 3

Laser head 2

Laser head 1

FM signaltrigger signal

Figure 3.4: Experimental setup.

3.3 Processing algorithm

The following sections describe the developed processing algorithm used to calculate

a thickness estimate map from wave�eld data using WMS. While this is presented
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as a general processing method for isotropic materials the steady-state FM response

from specimen 1 is used to clarify and visualise a number of the processing steps. The

nature of the algorithm means it can be applied to a broad variety of scenarios, using

di�erent windowing, excitation and frequencies. As such it is presented in general

terms. The following sections investigate some of these aspects using the two test

specimen constructed. Figure 3.5 shows a 
ow chart summarising the processing

algorithm.

3.3.1 Dispersion calculation

Lamb waves are dispersive, that is to say their velocity changes with their frequency

thickness product [14]. The relation between frequency, thickness and wavenumber

are described by the Rayleigh-Lamb Equations [14] as given in Equations (2.14)

and (2.15). The dispersion curves, in terms of frequency thickness product and

wavenumber, was calculated using a bisection method. Further information on solv-

ing the Rayleigh-Lamb Equations can be found in [14]. Figure 3.6, shows dispersion

curves calculated for the fundamental modes of bothS0 and A0 waves in a 3mm

thick aluminium plate.

For rolled aluminium cl = 6420ms� 1 and ct = 3040ms� 1 were used [80]. As

solutions are simply points of a zero cross a process was used to identify separate

modes where two close points were identi�ed and a linear regression drawn between

those points. The frequency value of the next point was taken and a wavenumber

calculated using the linear relation determined from the previous points. If the

actual wavenumber of the next point fell within a range of the value calculated from

the linear relation it would be deemed to be part of the same line. For these thickness

and frequency ranges theA0 mode is used as its out-of-plane motion gives a better

signal-to-noise-ratio. In addition its dispersive nature means that a greater change

in wavenumber would be expected for a given thickness change compared with the

S0 mode. In di�erent materials and thicknesses it may however be advantageous to

use theS0 mode. For examples in thicker materials or at higher frequencies theS0

mode will become more dispersive.

3.3.2 Frequency-wavenumber domain data

The full-�eld wave velocity data that is captured can be stored in the form of a 3D

matrix, u(x; y; t ), with two spatial domain axes,x and y, and one temporal domain

axis, t. This will make further processing much faster and simpler as processes such

as a FFT can be directly applied to the data. To ensure even spatial sampling, the

wave�eld at each time sample was interpolated in 2D using spatial coordinates as

given by the 3D SLDV and re-sampled over an evenly spaced grid in the spatial
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Selectn number of thicknesses:
d1; d2; d3:::dn

Measured data:
u(x; y; t )

(Figure 3.7 a)

mode �lter stack:
Fk (kx ; ky ; ! ; d)
(Figure 3.10)

3D Tukey window

Frequency broad-
band pass �lter

3D FFT



U(kx ; ky ; ! )
(Figure 3.8)

3D IFFT

u(x; y; t; d)

2D envelope over (x; y)

A(x; y; d; t )

Average in time domain:
A(x; y; d) =

P
t A(x; y; t; d)

Assign the maximum
d to (x; y) of A(x; y; d)

(Figure 3.13 a)

Figure 3.5: Thickness correlation algorithm 
ow chart.

domain of the same number of points measured. Interpolation was done using a

cubic spline as in the analysis of Dierckx [81]. While 3D velocity data were gathered

for this work only out-of-plane velocity was considered. A 1D LDV would have

su�ced for this work, however the use of a 3D system will help allow this technique

to be expanded to 3D structures in the future.

Figure 3.7 (a) shows a snapshot in time of the response of specimen 1 besides the

true thickness map given in Figure 3.7 (b). Through visual comparison it is possible

to identify areas of thinning. This is however not easily done through identifying a

reduction in wavelength but rather an increase in velocity amplitude. It should be

noted that there are noticeable di�erences in wavelength in the areas of consistent

thickness due to the multi-frequency excitation present.
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Figure 3.6: S0 and A0 dispersion curves for 3mm thick aluminium plate.

In order to convert the wave�eld data to the frequency domain,U(kx ; ky; ! ), it is

windowed using a 3D Tukey window. This is a 3D extension of the one dimensional

Tukey window, wn as given by Equation (3.1). A Tukey (also known as tapered

cosine) window [79] was chosen for its ability to smooth to zero at the edges while

minimising the amount of information lost [79].

(a) (b)

Figure 3.7: Specimen 1 (a) wave-�eld response at timet (b) True thickness map.

After windowing, the data are zero bu�ered spatially to the nearest power of

two. Depending on the number of original samples taken this might result in a

large zero bu�er. While a large zero bu�er will reduce the frequency bin size in

the frequency spectrum, it can not be considered as a way of increasing frequency

resolution. it must rather be thought of as interpolation in the frequency spectrum.

This is important when considering frequency bin size in later steps of the process.

The prime motivation for zero bu�ering is to ensure e�cient execution of the FFT.

A 3D FFT, as shown in Equation (3.2), is applied, converting each axis of the data

into its corresponding frequency domain.

U(kx ; ky; ! ) = F3d(u(x; y; t )) (3.2)

42



3 . Wave mode spectroscopy 3.3 . Processing algorithm

While in the frequency domain a broadband bandpass temporal frequency �lter

may be applied which removes frequencies outside of the excitation range. Generally

the pass band will be larger than the excitation frequency range and only be used

to remove environmental noise rather then separating di�erent frequency responses.

A 3rd order Butterworth bandpass �lter was used as it has a very 
at frequency

response in the pass band [82] and any inaccuracies in cut-in and cut-o� frequencies

are not of great concern.

3.3.3 Lamb wave mode �lter design

Using the Equations (2.14) and (2.15) the expected wavenumber for a given fre-

quency and mode can be found. Figure 3.8 shows full-�eld data from specimen 1

sliced in a temporal (a) and spatial (b) frequency axes. On each �gure values are also

plotted that have been calculated for a 3mm thick plate using the Rayleigh-Lamb

equations described in Section 3.3.1. Both Figure 3.8 (a) and (b) show a band of

energy around the calculated values of theA0 mode. A �lter can be built around

this distinct band of energy.

(a) (b)

Figure 3.8: Frequency domain dataU(~� x ; ~� y; f ) sliced at (a) f = 200kHz and (b)
~� y = 0 and Rayleigh-Lamb equation solutions.

To ensure symmetry in the wavenumber domain the �lter is calculated as a stack

of 2D �lters at each frequency slice! in the wavenumber-wavenumber domain.

The frequency slice of the mode �lter was calculated in polar form,F! (k; � ),

where the value k is given by Equation (3.3) and� is the angle ranging from 0 to

2� .

k =
q

k2
x + k2

y (3.3)
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It is also worth noting that the angle of propagation,� is given by Equation (3.4)

� =
�

tan � 1 ky

kx

�
(3.4)

For this example a 
attop window was chosen but any windowing function,w(n),

can be applied. As can be seen in Figure 3.8,k will be constant for any angle of

propagation for a given frequency due to the isotropic nature of the material. The

bandpass center is given bykpass and the bandpass width is given bykwidth .

As such a bandpass wavenumber �lter was calculated using Equation (3.5) where

kwidth is the width of bandpass window.

F! (k; � ) =

8
>>>>><

>>>>>:

0; 0 � k � kpass �
kwidth

2

w(k � kpass �
kwidth

2
); kpass �

kwidth

2
� k � kpass +

kwidth

2

0 k� +
kwidth

2
> k

(3.5)

Figure 3.9 shows a 
attop �lter slice in the polar domain with a bandpass width

of kwidth = 240m� 1 and a bandpass center ofkpass = 120m� 1.

Figure 3.9: Wave mode �lter, F! (k; � ) at 350kHz.

Initially �lters were calculated in the Cartesian coordinate system but this proved

to be signi�cantly less time e�ective in term of computation time. The polar form

�lter, F! (k; � ), can then be converted into Cartesian form,F! (kx ; ky).

The shape of the �lter as well as its bandpass width a�ects the accuracy of the

results. For similar image �ltering problems a Gaussian �lter is a common choice.

This has also been used by Flynn et al. in a similar context [12, 78]. The full mode

�lter is created using the steps given below for a given mode, thickness and material:

1. Select frequency value,! 0, of �rst frequency bin in U(kx ; ky; ! ).
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2. Using the Rayleigh-Lamb Equations calculate the wavenumber value,k, for
the selected mode and thickness,d at ! 0.

3. Create a 2D window,F! (k; � ), with a centre value ofk, as described by Equa-
tion (3.6).

4. Convert from Polar form to Cartesian form, givingF! (kx ; ky).

5. Move onto next frequency bin and repeat steps 1-4 and stack the 2D �lter
slices created to create a matrix,Fk(!; k x ; ky; d) .

Figure 3.10 (a) shows a slice of a �lter created for specimen 1 centred around

3mm in the wavenumber domain. Figure 3.10 (b) shows the same �lter sliced in the

wavenumber-frequency domain along with calculatedA0 and S0 dispersion curves.

The �lter has a bandwidth of ~� = 200m� 1 and is the shape of a 
at top �lter

window.

It is now possible to create a �lter bank,Fk(kx ; ky; ! ; d) of mode �lters calculated

about di�erent thicknessesd where d = [ d1; d2; d3:::dn ]. The dispersive nature of

Lamb waves means that for a frequency the relationship between plate thickness

and wave number change is non-linear. The thicknesses,d, of a �lter bank should

be chosen so that a maximum overlap between �lters in the wavenumber domain is

not exceeded.

(a) (b)

Figure 3.10: Frequency wavenumber �lter,f k(kx ; ky; f ), sliced at (a) f = 350kHz
and (b) ky = 0 and Rayleigh-Lamb equation solutions.

Figure 3.11 shows the relationship between wavenumber and thickness at a given

frequency. This also demonstrates the reduction in thickness resolution at increasing

thickness.

45




	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Introduction
	Aims and Objectives
	Novelty statement
	Published work
	Covid-19 statement

	Literature review
	Ultrasonic waves
	Lamb waves
	Lamb waves in isotropic material
	Lamb waves in non-isotropic material

	Lamb Wave sensing and generation
	Piezoelectric materials
	Piezoelectric Ultrasonic transducers
	Air coupled ultrasound
	Laser ultrasound
	Laser Doppler vibrometer
	Laser Ultrasound generation

	Ultrasound NDT techniques
	Ultrasonic testing
	Phased array

	Non-ultrasound NDT techniques
	Visual inspection
	X-ray NDT
	Thermal non-destructive testing
	Eddy Current testing

	Wave analysis methods
	Fast Fourier Transform (FFT)
	Hilbert transform
	Monogenic signal analysis

	Full-field wavenumber NDT
	Full-field data
	Local wavenumber
	Wavenumber Spectroscopy
	Wavelet transform
	3D structures
	Multi-frequency excitation

	Conclusions

	Wave mode spectroscopy
	Introduction
	Aims and objectives

	Experimental setup
	Test specimens
	Signal acquisition
	Signal generation

	Processing algorithm
	Dispersion calculation
	Frequency-wavenumber domain data
	Lamb wave mode filter design
	Monogenic signal analysis
	Mode filter application
	Mode filter optimisation

	Results and discussion
	Single frequency results
	FM results
	Filter width
	Steady-state mode generation
	Local amplitude imaging

	Conclusions

	Composite dispersion characterisation
	Introduction
	Experimental setup
	Test specimens

	Results and Discussion
	Specimen 3
	Specimen 4
	Specimen 5

	Conclusions

	Wave mode spectroscopy on  non-isotropic materials
	Introduction
	Experimental setup
	Frequency domain mode filtering
	Frequency-Wavenumber relationship
	Wavenumber-Wavenumber relationship
	Thickness mode filter calculation
	Mode filter application

	Results and Discussion
	Specimen 6 results
	Specimen 7 results
	Specimen 8 results
	Conclusions


	Complex surface geometries  and feature detection
	Introduction
	Mesh Parameterization
	As Rigid as Possible mapping
	Experimental setup

	Results and Discussion
	Specimen 9 results
	Specimen 10 results

	Conclusions

	Python package
	Discussion, Conclusions and Future Work
	Discussion
	Conclusions
	Future work

	References

