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Abstract— Ultrasonic guided waves (UGW) can be used to
inspect and monitor a structure from a single test location.
Piezoelectric transducers are commonly dry-coupled with force
to the surface of the waveguide in order to excite UGWs.
These UGWs propagating within the waveguide will interact
and reflect from known features, thus possible damage could
be detected. In this paper, the interaction of UGWs with
piezoelectric transducers is reported and investigated. A Finite
Element Analysis (FEA) approach has been used to conduct a
parametric study in order to quantify the effect of the waveguide
diameter on the guided wave response. Laboratory experiments
are carried out to measure the effect of the force on the
dry-coupled piezoelectric transducers and the correspond-
ing guided wave response, including reflections and mode
conversions. A test rig is used to apply and measure the
force on the piezoelectric transducers. For verification, a 3D
Laser Doppler Vibrometry (3D-LDV) scan is performed on
the waveguide in order to quantitatively identify the modes of
interest. The conclusions reached this paper, particularly with
respect to the quantification of the wave mode properties, lead to
useful recommendations which may contribute to field inspection
scenarios.

Index Terms—Piezoelectric transducers, ultrasonic guided
wave (UGW), mode conversion, transducer coupling, force.

I. INTRODUCTION

LTRASONIC Guided Waves (UGWs) have been used

for over 20 years to inspect the health of structural
components of varied geometries; principally for detection of
flaws, corrosion and metal loss damage [1]. The technology is
a commercially valid and rapid way of assessing large volumes
of metal structures like pipes, rods, bars, rails, efc. from a
single test location. For field inspections, UGW frequencies
commonly operate at the kHz range which exhibit minimal
attenuation over long distances. The reflected UGWs are
measured and interpreted into defect categorization, giving
parameters including total cross sectional area and through
wall depth of the defect [2], [3].
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Although many recent techniques are evolving into
promising inspection tools, several challenges yet exist.
UGW gives rise to multiple wave modes within a frequency
region which can be dispersive as their velocity is frequency
dependent. Therefore, signal interpretations are often
difficult due to multimode propagation [4], [5]. Apart
from the fundamental existing guided wave modes in a
structure, the presence of higher order modes makes a further
challenging scenario in inspections. The presence of the
higher order flexural/longitudinal modes was known from
the work of Devault and Curtis [6] and it has been further
defined on different wave modes by Meitzler [7]. The curves
for the higher longitudinal and flexural modes intersect the
frequency axis at non zero values of frequency which are
referred as the cut-off frequency [7].

Mode conversion along with waveguide geometric features
can also cause a further challenge for signal interpretation.
Mode conversion often occurs when UGW signal encounters
a discontinuity and converts into a wave mode with differ-
ent velocity and displacement characteristic. The main focus
of the recent research on mode conversion phenomena has
been on part circumferential notches, adhesively bonded lap
joints and cracks by Alleyne et al. [8], Lowe et al. [9],
Demma et al [10] plates with thickness variations
by Cho [11], reflections from free-edge of a structural
element by Cho and Rose [12], Morvan ef al. [13] and
Jiangong et al. [14]. These studies are mainly focused on
the mode conversion of longitudinal and/or torsional wave
modes from defects, joints, thickness variations, efc. and no
attention has been given to the possible reflections and mode
conversions from the source of excitation which is the coupled
transducer.

Therefore, the reflections and mode conversions of
UGWs from transducers were investigated and studied
via Finite Element Analysis (FEA), experimentation and
3D-LDV scans. In this study it is shown that significant
reflection and mode conversion can occur due to the presence
of the coupled transducers which potentially become a
disruptive matter in field inspections and contribute to the
coherent noise. According to the literature, these reflections
and mode conversions from the transducers have not been
studied and/or reported in the field.

Recently, Lowe et al. [15] presented a Finite Element
Analysis (FEA) to investigate the UGW interaction with the
source of excitation. They observed reflections and mode
conversions arising from a coupled transducer and validate
the FEA results empirically. They reached a closer agreement
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Fig. 1. Displacement characteristics of (a) L(0,1) (b) F(1,1) in isometric and
cross-sectional view at 80 kHz.

between theoretical predictions and experimental results using
the FEA procedure. However, in their study the main attention
was given to the FEA modelling technique and little attention
was given to the experimental investigation considering the
effect of essential parameters such as force (on transducers)
and waveguide diameter. Therefore, this paper studies the
effect of the force on the piezoelectric transducers and the
corresponding guided wave response considering the same
waveguide, FEA layout and experimental setup as used in
Lowe et al. [15]. The amplitude of the mode converted signal
is empirically quantified. The FEA parametric study is also
presented to study the effect of change in waveguide diameter
on the corresponding guided wave response. Furthermore,
a 3D-LDV is also used to effectively identify the propagating
wave modes of interest.

The paper is organized as follows. In Section II the
theoretical background is presented, Section III describes
the FEA procedure for the studied problem. Laboratory
experiments are detailed in Section IV and finally, conclusions
are drawn in Section V.

II. THEORETICAL BACKGROUND

In this Section, we present the theoretical background upon
which we will base our subsequent study of UGW modes and
transducer coupling.

A. Behaviour of UGW Modes

1) L(0,1) Wave Mode: 1.(0,1) is an axisymmetric wave
mode that has higher phase velocity compared to its
accompanied non-axisymmetric mode. This wave mode is
commonly termed as an attenuative and dispersive wave
mode in pipe applications [16], [17]. However, in this paper
according to the dispersion curves (i.e., Figure 3) of
the waveguide under investigation (i.e., 2.15m long,
8mm diameter aluminium rod) for the operating frequency
range of interest (i.e., 20 to 100kHz); the group velocity is
approximately in the range of [5000:5100 m/s]. Therefore,
throughout the paper it is nominally assumed to be
non-dispersive as it experiences very low dispersion. Figure 1,
illustrates a short section of each fundamental wave mode
in the rod under investigation. These are standing waves
calculated using a FEA procedure for dispersion curve
calculation developed by Sanderson and Smith [18].
Figure 1-(a) illustrates the displacement magnitude of
L(0,1) wave mode at 80 kHz which mainly exhibits axial
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displacement. It is meshed using structured 8-node linear brick
elements with reduced integration.

2) F(1,1) Wave Mode: First order flexural wave mode,
F(1,1) is a non-axisymmetric wave mode with relatively lower
phase velocity compared to its accompanied longitudinal wave
mode in the frequency region of interest (i.e., 20 to 100kHz).
Figure 1-(b) illustrates the displacement characteristics of
F(1,1) which mainly exhibits radial displacement character-
istics. It is also shown in [19] and [20] that the dispersion
properties of first order flexural F(1,1) wave mode can differ
from other wave modes. Cui et al. [20] highlighted the
occurrence of F(1,1) with anomalous dispersion in cylindrical
systems and considered possible methods that fall into three
categories as experimental, numerical and theoretical meth-
ods. They also suggested using Laser Doppler Vibrometer
(LDV) to identify the modes of interest and measure their
dispersion.

B. Transducer Coupling

Transducer coupling plays an important role in UGW
inspections. Conventional ultrasonic liquid couplant is not
used when operating transducers, as shear wave modes are
not supported in Newtonian fluids. Thus dry coupling with a
sufficient amount of force enables the transfer of the UGWs
into the inspected substrate. The transducer needs to be bound
to the surface for good coupling [21]. This can be achieved
e.g. in pipes by wrapping an inflatable collar around the
transducer rings. In commercial UGW systems, the inflatable
collars are typically pressurized from 138 kPa up to 414 kPa in
order to exert sufficient pressure on the transducers for them to
generate the shear motion in the surface of the waveguide [22].
If the transducers are not sufficiently coupled to the surface,
this will induce ringing of the transducers. Due to the lack of
damping, the transducer will listen to itself resonating rather
than transmitting sound into the component under inspection.
This will degrade the resolution of any UGW response and
make the signal interpretation challenging.

C. The Effect of Force on Transducers

Alleyne and Cawley [23] demonstrated the receiving
characteristics of a dry coupled transducer. Sixteen
circumferentially bonded transducer elements were used
to excite UGWs at a single frequency, 70 kHz within a
pipe. A clamped transducer receiver listened to the excitation
from the bonded element. The peak to peak amplitude of
a pulse possessing the velocity of L(0, 2) wave mode in
the pipe was measured. It was shown that the magnitude
of a received pulse would non-linearly increase with an
increase in clamping force. This behaviour can be prescribed
from various macroscopic elastic contact theories such as
the JKR model [24] and the Greenwood and Williamson
model [25] which are fundamentally based upon the Hertzian
theory of elastic contact. It is said that the contact area
between two elastic bodies is proportionally equivalent to the
normal force applied to it by a power of a 1/3. In this paper
we consider the force dependent coupling of transducers
on an 8mm diameter aluminium rod. Therefore, the effect
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TABLE I
ASSUMED MATERIAL PROPERTIES

P . Aluminium Transducer Backing
FOPETHEs Rod Element Block
Density 2700kg/m’  7600kg/m®>  7830kg/m’
Young’s

P P 2 P
Modulus 70GPa 76GPa 07GPa
Polsson's 0.33 0.31 0.3
Ratio

of force on the reflections and mode conversions from the
transducers are further investigated in Section IV-B.

III. FINITE ELEMENT ANALYSIS

Lowe et al. [15] presented a Finite Element Analysis (FEA)
to investigate the UGW interaction with the source of
excitation. The same FEA technique has been used in this
study to investigate the reflection and mode conversion arising
once UGW interact with the transducers with an aid of a
parametric study. The geometry used is an aluminium rod
(8mm diameter, 2.15m long) and FEA is performed using the
commercially available FE software, ABAQUS version 6.12.
The model is a three-dimensional (3D) simulation of UGWs
propagating within a solid body using linear brick elements.
The excitation frequency in all models is chosen to be 80 kHz
since according to the dispersion curve given in Figure 3 the
individual wave modes are expected to arrive at separate Time
of Arrivals (ToAs) therefore, they could be directly identified.
The dispersion curves for the rod are calculated using
Disperse [26]. At the excitation frequency used, there are only
three possible modes, L(0,1), T(0,1) and F(1,1). The excitation
direction is along the axis of the rod (the alignment of the
piezoelectric is longitudinal). This would preferentially excite
L(0,1) and F(1,1). Therefore the presence of T(0,1) could be
neglected due to the alignment of the piezoelectric element.
Material properties assumed in the FE models are illustrated
in Table 1. A parametric study is undertaken through FE model
in order to observe the behaviour of UGWs interacting with the
transducers on different diameters aluminium rods. Therefore
the ratio between the reflected and mode converted signal
in relation to the waveguide diameter could be measured.
The layout of the FE model is presented in Figure 2. The
dispersion curve of the rod with different diameter is illustrated
in Figure 3. It is notable that the velocity of L(0,1) is inversely
proportional to the change in the diameter. However; as the
diameter of the rod expands, the velocity of F(1,1) increases.

Figure 4 represents the UGW responses with varying diam-
eter rods. The response for the 8 mm diameter is chosen as
the baseline [15]. The dashed blue and red lines respectively
represent the expected and unexpected wave modes appearing
at the baseline. The dashed blue and red lines assist the reader
in observing the movements of the wave modes of interest in
time as the diameter of the rod increases.

According to Figure 4, after the first F(1,1) echo and
second L(0,1) echo, there is an unexpected wave-packet
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Fig. 2. Layout of the FE model and zoomed view at the excitation point.
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Fig. 3. Dispersion curve. (a) Group velocity. (b) Phase velocity for different
diameter aluminium rods.

present in the UGW response for every rod diameter
(from 8 mm to 14 mm). ToA of these wave-packets are
consistent with mode conversions from F(1,1) to L(0,1) and/or
L(0,1) to F(1,1) occuring at the transducer location [27].

Furthermore, mode conversion phenomenon is evident in
all the responses where the diameter of the rod varies from
8 mm to 14 mm. It is also evident that the wave modes arrive
at different ToAs due to the change in their velocity after
the corresponding changes in the diameter. This causes the
L(0,1) and F(1,1) wave modes to be superposed at some echoes
as shown in Figure 4 (c) and (d).
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The peak amplitudes of the reflected and mode converted
signals off the transducers shown in Figure 4 are extracted,
normalized and given in Figure 5. The amplitude change of
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_____ Time (pus)

8 mm, (b) 10 mm, (c) 12 mm, and (d) 14 mm diameter rod.

different guided wave modes depend on the wave mode of
interest and also the frequency-thickness product [28]. As can
be observed, in FE models, the amplitude of L(0,1) decreases
as the rod diameter expands. Therefore, as the diameter of
the rod increases the effect is less in generating axisymmetric
wave modes by a single transducer. In FE models, the ampli-
tude of F(1,1) increases as the rod diameter expands. When
the size of the UGW transmitter is an order of magnitude
smaller than the wavelength of the transmitted signal, it could
be considered as a point source. According to the alignment
of the excitation, it would be expected that all possible modes
over the frequency bandwidth of the excitation signal would
be generated i.e., L(0,1) and F(1,1). However; as the rod
diameter expands, the ratio between the rod diameter and local
excitation displacement increases. Therefore, the amplitude of
non-axisymmetric wave modes i.e., F(1,1) will have higher
contributions to the UGW response [2].
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TABLE II
ToA OF INDIVIDUAL MODES AT 80 kHz FOR 8 mm
DIAMETER ALUMINIUM ROD

FE model Experiment

Mode

Type Vgr ToA ToA

L(0,1) 5100 m/s 815 us 825us

F(1,1) 2900 m/s 1400 ps 1388 pus

Mode

A 22 22

converted N 05 ns 90 us

In this particular setup (Figure 2), mode conversions occur
from a number of different modes propagating in the rod and
interacting with the transducer. For this reason it is necessary
to have a convenient shorthand system for designating a
particular reflected and converted wave modes [7]. The
notation adopted for this paper is the following:

m L(0,q) — converted longitudinal mode from F(1,1), g> 1

m F(f.,q) — converted flexural mode from L(0,1), f > 1

m Mode converted — superposition of mode converted

L(0.q) and F(5.q)

The mode converted wave-packet is the superposition of
F(f,q) and L(0,q) at the same ToA since their round trip time
would be identical while they are interchangeably converted.
This has been calculated in which F(f,q) and L(0,q) possess
the exact equivalent ToAs as,

(1

where, 77(0,1) and ?r(1,1) are the time duration for L(0,1) and
F(1,1) respectively to propagate from one free-edge of the rod
to the other. The time durations are calculated based on,

ToAL(0.q) = ToFF(p.q) =2 (tLo,1) +1F(,1)

)

where, x is the propagation distance of the wave mode of
interest and vg, is the group velocity value given by the dis-
persion curve (Figure 3). Therefore, these two mode converted
wave-packets are combined to build another wave-packet with
relatively higher amplitude with respect to each one of them
individually. The individual mode converted wave-packets are
extracted by 3D-LDV in Section IV-C.

In order to facilitate the direct extraction of ToA from the
individual wave modes, the excitation frequency of 80 kHz
was selected. The ToA of individual L(0,1) and F(1,1) at the
chosen frequency are summarized in Table-II and agreed in
FE models.

t=Xx/vgr

IV. LABORATORY EXPERIMENT

Laboratory experiments were performed to validate the pres-
ence of mode conversion predicted by the FEA in Section III
and also to investigate the mode conversion based on the
coupling force. An 8mm diameter, 2.15m long aluminium rod
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as modelled in the FEA procedure has used to perform these
controlled experiments. Existences of the predicted modes are
validated using 3D-LDV measurements.

A. Empirical Validation of FEA

The experimental setup is illustrated in Figure 6. An 8 mm
diameter, aluminium rod with the length of 2.15 m has
been used for the experimental validation. According to the
parametric study; the signals could be clearly identified in
the selected waveguide since there is no interaction predicted
between the individual reflections.

The rod was placed on two wooden blocks and sup-
ported with foam to avoid any possible reflection from the
surroundings. The transducer is bonded axially to the rod in
a manner that allows it to actuate longitudinally. To validate
the FE models, an 80 kHz 10 cycle Han-windowed pulse
was excited using a UGW unit [22]. The UGW response is
displayed in Figure 7-(a). The mode converted signals off
the transducer can be observed at multiple echoes and
correlates with the result obtained for the 8 mm diameter
aluminium rod in the parametric study, Figure 4-(a) which
uses a 3D geometry of the transducer for excitation. As was
discussed in Section III, this is due to the UGW interaction
with the transducer which induces the mode conversion.
The experimental result is summarized and compared with
FE model in Table-II. It is also denoted that there was no
mode conversion observed from the far flat free-edge of the
rod where no feature was coupled to its surface.

Figure 7-(b) illustrates the UGW response from the same
aforementioned experimental setup considering that a phantom
transducer was coupled to the opposite end of the rod.
It is observed that additional unexpected wave-packets exist
(as labeled in Figure 7-(b)) as well as the mode converted
signals which were also observed in Figure 7-(a). The unex-
pected wave-packets labeled in Figure 7-(b) are the result of
mode conversions from the phantom transducer coupled to
the opposite end of the rod. Therefore each time the wave
modes of interest, L(0,1) and F(1,1) interact with the phantom
transducer they mode convert interchangeably as denoted in
Section-III as L(0,q) and F(f,q). The mode converted wave-
packets (L(0,q) and F(5,q)) observed in Figure 7-(b) superpose
at the transduction location and appear as a wave-packet
possessing a higher amplitude compared to L.(0,q) and F(f,q)
individually.
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B. Force-Based Coupling Dependent Mode Conversion

As was discussed in Section-II-C, the UGW transducers
are commonly dry-coupled using clamps [29], [30],
springs [1], [31], pneumatic collars/air pressure [21] to
supply a normal loading force. The applied force can
affect the amplitude of the UGW response [23]. Therefore,
an investigation was conducted to study the effect of a
varying physical force applied on a single shear transducer
and the subsequent UGW response while transmitting
through an aluminium rod and reflecting from its free-edge.
In Section IV-B, pulse-echo excitations have been made with
an incremental increase in force in order to observe the
relationship between the force and the peak amplitude of the
first reflected signals from the free-edge of the rod and mode
converted signal, from the transducer.

1) Experimental Setup: The test rig which is displayed
in Figure 8 is designed to mount transducers and accommodate
long lengths of waveguides. The criterion of the rig is to
apply a normal force onto the transducer. The force applied
can be controlled and varied. The premise of the rig is
based on a simply supported beam subjected to a point force.
A pneumatically driven ram is used to apply a force. The
ram is bolted onto an aluminum truss. It contains an extended
shaft that houses the transducer and accurately positions the
transducer repeatedly. The force applied is varied by an
air pressure regulator with a gauge indicating the pressure
supplied to the ram. A toggle switch has been implemented
to actuate and retract the ram in order to safely mount and
dismount the transducer. Neglecting the self-weight of the
beam, any force applied on the waveguide will create an
equal but opposite reaction force at the location of contact.

Time (us)

‘W
h

00 4500 \

Successive echoes

UGW response at 80 kHz: (a) pulse echo and (b) pulse echo with a phantom transducer at the opposite end of the rod.

Rubber
Transducer Location
(Excitation at
the free-edge
location)

Force twords '}
the free-edge &

Air pressure

Load cell — SR - Aluminium
underneath S /— rod
e O - Foam support
+  Force switch o— Far free-edge
2 of the rod

Fig. 8. Test rig set-up.

This principle was used to measure the force being exerted
on the transducer by the pneumatic ram. A load cell sensi-
tive to compression forces is placed directly underneath the
waveguide at the location where the transducer is impacting
with the waveguide. With the waveguide sitting on the load
cell, a reaction force reading can be taken when an external
force is applied to the waveguide.

2) Pulse-Echo Excitation With Incremenrtal Applied Forces:
Incremental forces were exerted on to the transducer whilst
transmitting a pulse at 80 kHz. At this frequency, an
UGW response with sufficient wave mode separation is
produced according to given velocities and corresponding
ToAs given in Table-II. The transmitter is coupled to the
free-edge of the rod and the force applied on the transducer
is then subsequently adjusted from 5 to 205N with 10N
increments. Data collection is taken for the specified frequency
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L(0,1), F(1,1) and the mode converted signal from the transduction location.

range for each load cell reading. Two sample pulse-echo
UGW responses at 5 and 55N applied forces are displayed
in Figure 9-(a) which represents multiple echoes from
the far free-edge of the rod. As can be observed
in Figure 9-(a)-(Bottom), a wave-packet arises at 2290 us after
the first echo of F(1,1) wave mode which is the result of mode
conversion from the coupled transducer.

The overall results of the peak amplitude for the first
reflected L(0,1), F(1,1) and mode converted signals, are plotted
against the incremental rise in clamping force in Figure 9-(b).
The test was repeated five times and the standard error of
the responses were calculated to be less than 10%. It is
illustrated that the amplitude of the mode converted signal
non-linearly increases with incremental forces. This behavior
can be prescribed from various macroscopic elastic contact
theories which are fundamentally based upon the Hertzian
theory of elastic contact. It is said that the contact area between
two elastic bodies is proportionally equivalent to the normal
force applied to it by a power of a 1/3 [24], [25].

It is notable that the mode converted signal buries in the
coherent noise [32] (SNR =~ 16 dB) at a low force (i.e., SN).
In this case due to the low level of force applied to
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the transducer, the coupling will be affected and the UGW
response experiences a relatively long ringing phenomenon
as can be seen in Figure 9-(a) (Top). The amplitude of the
mode converted signal is considerable (i.e., ~19 dB below
the first reflected L(0,1) and 17 dB below the first reflected
F(1,1) at higher level of forces (i.e., 15 to 205 N). Therefore,
above the threshold of a clamping force (i.e., 15 N) the
coupled transducer effectively acts as a non-axisymmetric
feature in body on the waveguide which has also been
observed in Section-III, in the context of Finite Element
Analysis and Empirical Validation of FEA.

C. 3D - LDV Verification

According to the test-setup used in previous sections,
the mode converted signals i.e., L(0,q) & F(f,q) were
superposed at the transducer location (e.g. Figure 4) in which
the consequent wave-packet was labeled as mode converted.
Laser vibrometry [25] was used to unintrusively measure the
vibration of the surface and separate L(0,q) and F(f,q) wave
modes which were superposed at the transducer location of
the waveguide. The optical receiver can potentially eliminate
the uncertainty of the coupling and receiving transfer func-
tion of the piezoelectric ceramic so the existence of wave
modes generated purely by transmission could be validated.
The 3D-LDV is equipped with three laser sensor heads in
order to detect the 3D motions caused by UGW propagation
through the structure. The motions of the surface are caused
by excitation of 5 cycle UGW signals at 80 kHz by a shear
transducer. Thus, the laser can detect the displacement and
the surface velocity of wave propagation through the structure
with a continuous analog voltage output that is proportional to
the target velocity component along the direction of the laser
beam [33].

In order to capture the full wave form of the wave modes
from the vibrometry results, 0.36m of the rod was scanned
based on Equation-3. Although a 10 cycle Hann windowed
sine wave was used in the FE model and experimental
validation (Section-III and IV), the excitation of 5 cycles was
alternatively performed in the vibrometry experiment due to
the limitation of the beam angle of the laser heads [33].
Given the velocity and excitation frequency of the existing
wave modes, the longest possible pulse-length (L) could be
calculated as,

L=ni 3)

where, n is the number of cycles and A is the wavelength of
the wave mode of interest which can be expressed as,

A= Ver_max /f 4

where, Vg _max 1S the maximum group velocity value of the
existing wave modes across the operating frequency range.
Therefore, the sufficient length of line scan could be chosen
as a value equivalent or more than L.

1) Scan Setup: The same aforementioned pulse-echo exci-
tation setup illustrated in Section-III has been used during
the vibrometry scan, taking into account that a dividing
head was used to rotate the waveguide eight times with
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Identified wave modes: (a) L(0,1), (b) F(1,1), (c¢) L(0,q), and (d) F(f,q) using 3D-LDV.
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45° intervals. Therefore, eight 3D-line scans with 120 points
have been conducted covering 0.36m of the rod at each
individual degree as illustrated in Figure 10. According to
the dispersion curve given in Figure 3, the L(0,q) and F(5,q)
could be potentially separated along the line scan, 0.55m away

from the excitation point since the 3D-LDV can act as a
non-contact UGW receiver. Foam was used beneath the rod
and inside the dividing head in order to prevent the dividing
head from causing any additional feature to the waveguide’s
surface.
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2) Scan Results and Analysis: Figure 11 represents the
surface velocity of the waveguide at a fixed point in time
(in isometric and cross-sectional view) caused by various
UGW modes. The polar plots represent the cross sectional
view of the measured axial, circumferential and radial
displacement respectively for each mode. Figure 11 provides
normalized measurements of surface velocity of the waveguide
at the points where the lasers are pointed. A measurement
of this kind provides a signal that represents the material’s
velocity at the surface of the waveguide as recorded over time.
Since the velocity is the rate of displacement, it is possible
to use either when measuring the characteristics of the wave
modes. Note that the surface velocity does not represent
the propagating velocity of the wave modes. Four wave
modes i.e., L(0,1), F(1,1), L(0,q) and F(f,q) are displayed in
Figure 11 and identified according to their displacement
characteristics (Section II-A), measure of dispersion
(Figure 3), expected ToAs (Equation-2) and estimated
pulse length (Equation-3). The wave modes present in the
waveguide which were identified by the 3D-LDV correlated
with the reflected and converted modes identified throughout
the modeling and experimentation. It was also validated that
the modes known as L(0,q) and F(f,q) will be added to the
UGW response due to mode conversion as was also predicted
in Section-III and IV.

A mode converted signal generated by a transmitter
emulating a waveguide feature is influenced by two main
governing factors. Primarily, the amplitude of an original mode
directly affects the presence of a mode converted signal from
a feature as it is a derivative from the initial incident wave.
The second factor is that the occurrence of mode conversion
is dependent on the ability of a transducer to act as a
non-axisymmetric feature on a structure.

This phenomenon can make the signal interpretation
challenging as in some applications it has the potential to be
misread with the structural elements of the waveguide due
to reverberation of the incident wave mode with different
known features. Therefore, based on the SNR resolution of
the guided wave systems these interacting wave modes with
the transducers may appear in the guided wave response
overlapping with other wave modes reflected from different
structural elements. In addition, the phenomenon can be mis-
interpreted and/or superposed with some higher order modes
existing in the operating frequency region especially in some
applications where the cut-off frequency of the higher order
longitudinal/flexural modes are relatively low, e.g. 68 kHz for
an 64 mm diameter aluminium rod.

V. CONCLUSION

In this paper UGWs interacting with the piezoelectric
transducers were reported and studied. The wave mode
proportions were quantified when applying different incremen-
tal coupling forces to the transducer. The study demonstrated
that the dry-coupled transducer on the waveguide can act as a
non-axisymmetric feature which subsequently contributes to
the presence of extra wave-packets appearing in the guided
wave response. Further results indicated that the amplitude
of the mode converted signal increases non-linearly with
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respect to the incremental force. This amplitude at a low force
(i.e., 5 N) was negligible in which it was masked by the noise.
In this case due to the level of force applied to the transducer,
the coupling between the transducer and the waveguide
was nominal and the guided wave response experienced a
relatively long ringing phenomenon. In addition, according
to the parametric study, the magnitude of the reflections
and mode conversions off the transducers reduces when
the waveguide diameter expands. The same effect has been
appreciated on the fundamental longitudinal propagating wave
modes i.e., L(0, 1) and the reverse effect has been understood
on the fundamental flexural wave mode i.e., F(1,1) in the
aluminium rod under investigation.

The 3D-LDV was used to identify and separate the wave
modes of interest which confirmed that the longitudinal wave
mode converted to flexural wave mode and contrariwise at
each echo when interacting with the transducer.

In conclusion, since the reflected and mode converted
signals off the transducers are quantified in this study; the
outcome could be used to predict the same effect on other
scenarios such as research laboratory experiments and field
inspections. This phenomenon can make the interpretation of
the guided wave response challenging as in some applications
it has the potential to be misread with the structural elements
of the waveguide due to reverberation of the incident wave
mode with different known features. Therefore, based on the
SNR resolution of the guided wave systems these interacting
wave modes with the transducers may appear in the guided
wave response overlapping with other wave modes reflected
from different structural elements and contribute to the
coherent noise.

Future studies may include the quantification of the reported
phenomenon on other types of structures with different array
designs.
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