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Abstract

®

CrossMark

The Lamb wave time reversal method has widely been investigated as a baseline-free damage
detection technique for structural health monitoring. Due to the mode tuning effects from the
transducer-wave interactions, even for a pristine wave path, the reconstructed signal waveform
may differ much from the original excitation waveform. Consequently, it becomes difficult to
distinguish the differences between undamaged and damaged wave paths. This article presents
an enhanced Lamb wave virtual time reversal (VTR) algorithm with transducer transfer function
compensation to eliminate the transducer influence for dispersive, multimodal Lamb waves. This
VTR procedure builds upon a complete 2D analytical model for Lamb wave generation,
propagation, and reception. The analytical solution shows that, with the transducer transfer
function compensation, a perfect reconstruction of the original excitation waveform can be
achieved for both symmetric and antisymmetric Lamb modes. In addition, finite element
modeling and experimental validations are further performed to verify the enhanced time
reversal procedure. Finally, a time reversal tomography experiment is conducted with a
piezoelectric transducer array for structural damage imaging. The enhanced VTR method can
achieve more accurate and robust damage imaging results. The paper finishes with discussion,

concluding remarks, and suggestions for future work.

Keywords: time reversal, structural health monitoring, non-destructive evaluation, damage
detection, Lamb waves, ultrasonics, transducer transfer function
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1. Introduction

Lamb waves have been widely investigated as a powerful tool
for the active sensing of thin-plate structures. They can travel
long distances with little energy loss and permit the inspection
of large structural areas from a single location [1]. A large
family of Lamb wave based structural health monitoring
(SHM) methodologies have been proposed, such as the
phased array ultrasonic radar, the sparse array pitch-catch
damage imaging method, nonlinear ultrasonics, and the time
reversal (TR) techniques, etc [2-9].

0964-1726/19,/085017+16$33.00

The concept of TR invariance was first introduced by
Fink and his colleagues [10, 11]. Recently, the SHM and non-
destructive evaluation (NDE) communities have studied TR
methods for damage detection. Wang et al combined the TR
and synthetic aperture technique for damage imaging [8].
Baseline-free imaging algorithms have been developed via
the backward propagation of the scattered waves [12, 13].
Park et al interpreted the residual side packages in the
reconstructed TR signals induced by multiple Lamb modes
and boundary reflections [14]. Jeong et al simulated the TR
process for the baseline-free imaging of a defect [15]. Based
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Figure 1. A typical pitch-catch active sensing procedure.

on the decomposition of Lamb wave TR operator, the position
of damage zones can be estimated [16]. Poddar et al studied
different parameters such as the center frequency, pulse fre-
quency band width, and transducer size on the quality of the
reconstructed signal [17]. In addition, TR techniques have
also been applied on composite materials [9, 18, 19]. Sohn
et al employed a wavelet transform technique to improve the
time reversibility of Lamb waves in composite structures [20].
Agrahari and Kapuria refined the damage indices with
extended signal length so as to improve the sensitivity of the
TR approach to the structural damage [21]. Watkins and Jha
presented a modified time reversal method [22], in which the
transmitter would emit the time-reversed signal into the sys-
tem again, whereas in the conventional TR procedure, the
transmitter and the receiver would have to take turns to send
ultrasonic waves into the structure. Zeng et al adopted the
modified Lamb wave TR method with amplitude modulation
and achieved improved damage imaging in composite struc-
tures [23]. To reduce the practical hardware operations, Liu
et al proposed a virtual time reversal (VTR) algorithm and
inspected delamination with non-contact air-coupled Lamb
wave scan method in a carbon fiber-reinforced composite
plate [24]. The VTR technique only needs a typical pitch-
catch active sensing signal; the TR procedure is replaced by
computerized virtual signal operations. Cai et al utilized the
VTR-based method with damage scattered wave packages to
improve the spatial resolution of the diagnostic images [25].

However, it has been noticed that, in the application of
TR methods, even for a pristine wave path, the reconstructed
waveform may deviate from the original excitation waveform.
It is because the tuning effects from the wave-transducer
interactions may modify the frequency contents of the sensing
signals, causing waveform distortions during the electro-
mechanical energy conversion process. Nevertheless, such a
seemingly trivial aspect was often overlooked. To the best of
the authors’ knowledge, the systematic study considering the
transducer effects is still very limited. Recently, Kim et al
explored the VTR technique using non-dispersive, funda-
mental shear horizontal waves to detect holes in a metallic
plate; they demonstrated that transducer transfer function
compensation can considerably improve the quality of the

diagnostic images [26]. Although the wave generation
mechanism of piezoelectric wafer active sensors (PWAS) has
been well studied, the transducer transfer function compen-
sation for multimodal, dispersive Lamb waves has been sel-
dom considered for TR techniques [27, 28]. It should be
pointed out that Xu and Giurgiutiu have taken advantage of
the tuning effect to realize single mode TR process [29].
However, the transducer influence on the multimodal Lamb
waves at arbitrary excitation frequencies has not been con-
sidered for the improved time-reversibility. Thus, this
research effort differs from the previous investigations and
facilitates a new approach to enhance the damage evaluation
capability of TR techniques.

This paper presents an enhanced Lamb wave VTR
technique with transducer transfer function compensation for
improved damage detection. This research initiates with the
development of a 2D analytical model of the pitch-catch
active sensing procedure in order to attain the transducer
transfer functions. Subsequently, the enhanced VTR method
is illustrated in details by introducing a step-by-step com-
pensation algorithm. The reconstructed signals from analy-
tical solution, FE simulations and experiments are compared
before and after the transducer transfer function compensation
to demonstrate the improvement of the time-reversibility.
Finally, VTR tomography imaging experiments are per-
formed; the comparison between conventional VTR and
enhanced VTR algorithm images are given to showcase the
improved diagnostic capability of our new approach.

2. 2D analytical model for Lamb wave active sensing

The enhanced VTR algorithm is realized via compensating
the transducer transfer function. Thus, an in-depth under-
standing of the pitch-catch active sensing procedure is of
critical importance. Admittedly, the analytical solution has
been well studied in several existing literatures [30, 31], yet
this section strives to systematically unfold the model to
identify the target transfer function expression for compen-
sation in the TR algorithm.
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Figure 1 presents a typical pitch-catch procedure. Lamb
waves are generated by the transmitter through the inverse
piezoelectric effect, converting electrical excitation into the
mechanical disturbances. The mechanical oscillations will be
guided along the plate structure forming multiple Lamb wave
modes traveling with different wave speeds. Finally, the
mechanical wave motion will be picked up by the receiver,
where the mechanical energy is converted back into the
electrical sensing signal.

The detailed derivation of the 2D Lamb wave active
sensing solution between two circular PWAS transducers can
be found in [32-34]. The relationship between the excitation
waveform V4{(w) and the sensing waveform Vg(w) is given by

al-@,(w)gnE h
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where w is the angular frequency; a represents the radius of
the circular piezoelectric transducer; i denotes the shear
modulus of the structure; gs; stands for the piezoelectric
voltage constant; E; and & denote the Young’s modulus and
thickness of the receiver; x, is the distance between the
transmitter and the receiver; J; represents the Bessel function
of order one, which captures the tuning effect between the
transducer and the host structure considering both excitation
and reception procedures; Hé') stands for the Hankel function
of the first kind and order zero, which represents an outward
propagating 2D wave field. The rest component functions are
defined as

Ns(§) = &ng(& + n3)cos npd cos ngd

No(§) = —Eng(& + n3)sin npd sin ngd

Ds = (& — n3)? cos npd sin ngd + 4€%, 7 sin 1pd cos ngd

Dy = (& — n3)? sin npd cos ngd + 42,0 cos 1pd sin ngd,
(2)
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the Lamb wave modes of the structure; ¢ is the frequency

dependent wavenumber calculated from the Rayleigh—-Lamb
equation [35, 36]:

tan ngd
tan npd

where d denotes half plate thickness;
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where +1 exponent corresponds to symmetric Lamb wave
modes and —1 exponent corresponds to antisymmetric Lamb
wave modes. cp and cg represent the P-wave speed and

S-wave speed; A is Lame’s constant of the structural material;
p is the material density. The transmitter complex transduc-
tion coefficient, x(w), which converts applied voltage VH(w)
into the shear stress, is given by

d31 _rw)

b
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k(W) = “)
where r(w) is the stiffness ratio between the transmitter
transducer and the host structure [37]. At a given excitation
frequency w, equation (3) yields a multitude of symmetric (S)
and antisymmetric (A) wavenumbers &, £€* which are used in
calculating the summations contained in equation (1), ren-
dering two classes of de-coupled wave motions.

Upon careful observation of equation (1), it can be
noticed that the excitability function, the tuning function, and
the Hankel function are all frequency dependent. They would
modify the participation of different frequency components
during the active sensing energy transduction procedure.
Thus, the transducer transfer functions for symmetric and
antisymmetric modes can be identified as
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Equations (5) and (6) will be used to compensate the VTR
signals. It should be emphasized that the compensation
algorithm includes both the piezoelectric transduction and the
2D wave propagation feature inside of the host structure.

3. Enhanced VTR algorithm

This section presents the enhanced VTR algorithm by com-
paring with the conventional VTR procedure. It should be
noted that the existing literatures on VTR generally adopted
single wave mode, AO mode in [23] and SHO mode in [26].
This study considers the dispersive and multi-modal char-
acteristics of Lamb wave. Both SO and AO Lamb wave modes
are processed by the proposed VTR algorithm.

Following [23], the essence of the conventional VTR of
Lamb waves can be appreciated with

Vr(w)

Ve
c(Ww) = Vi)

Vi(w)— (7
where V{(w) is the excitation waveform applied on the
transmitter in the real forward process; Vgx(w) represents the
signal picked up by the receiver in the frequency domain;
Vc(w) denotes the reconstructed waveform at receiver in the
virtual backward process; the superscript * denotes a complex
conjugate processing, facilitating the TR operation of a signal
in the frequency domain. Figure 2 presents such a
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Figure 2. Schematic of the conventional VTR algorithm.

conventional VTR setup. Only one physical pitch-catch pro-
cedure is needed, considerably reducing the hardware
manipulation by substituting the backward time-reversal
pitch-catch procedure by a virtual operation.

The term VR(“’; in equation (7) provides the transfer

T(W
function between the electrical excitation and the sensing

signal. Such a transfer function contains both the transducer
effect and the structural influence. Then, it operates on the
time-reversed sensing signal Vj (w), achieving the backward
transmission procedure. Nevertheless, the transducer influ-
ence exists in both the forward and backward transmission
procedures, which would modify the frequency contents of
the reconstructed signal even if no damage exist along the
wave path. The enhanced VTR algorithm strives to remove
such frequency modification factors in the signal reconstruc-
tion procedure and improve the time reversibility of the Lamb
modes.

Figure 3 presents the schematic of the proposed enhanced
VTR algorithm. The apparent improvement over the con-
ventional VTR and enhanced VTR algorithm is that the multi-
modes and transducer influences are considered. The
enhanced VTR algorithm can be achieved in the following
steps:

STEP 1: Conduct pitch-catch active sensing by applying
electrical excitation V/{(w) on the transmitter. The sensing

signal Vg;(w) can be expressed as:
Vri(w) = G(w)D (W) Vr(w), €))

where G(w) is the transducer transfer function, respectively
for SO and A0 modes in equations (5) and (6). D(w) represents

the damage influence on the sensing signals. For a pristine
structure, D(w) takes the value of 1 for all the frequencies,
imposing a null effect on the sensing signals. Here, the above
formulation represents the typical multi-modal Lamb wave
generation, propagation, interaction with the damage, and
reception.

STEP 2: Single mode wave packages are separated using
a smooth window function. The location of the windows are
determined according to the group velocities of different
Lamb wave modes. In addition, the lengths of windows are
set to cover the entire single mode wave package. It should be
noticed that such separation of modes can be difficult to
achieve in complex practical scenarios. For example, when
the wave path is short, the wave packages will overlap with
each other, making it challenging for effective mode separa-
tion. In this study, the piezoelectric transducers are imple-
mented far away from each other, which would guarantee SO
and A0 modes have been well separated in the temporal and
spatial domain when they arrive at the receivers.

STEP 3: Time reverse the SO and A0 packages respec-
tively by carrying out the complex conjugate operation
Vi (w) in frequency domain. Virg(f) denotes the time reversed
signal for both SO and A0 modes in time domain.

STEP 4: Re-emit the reversed signal back to the trans-
mitter in the virtual backward process, and obtain the sensing
signal from the receiver. The sensing signal Vz,(w) in the
virtual backward process can be expressed as:

Vio (W) = Vi1 (W) G (W) D (W)

=[GWD W) Vr(WI*GW)D(W). ®
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Figure 3. Schematic of the proposed enhanced VTR algorithm.

The complex conjugate properties lead to the simplifi-
cation of the above formulation as
Vio(w) = G (W) G*(w) D (w) D*(w) V7 (W)

=GWPIDW PV W) (10)

STEP 5: Apply the transducer transfer function com-
pensation algorithm on the virtual backward sensing signal.
The compensated signal Vz(w) can be expressed as:

Ve (w
Ve(w) = 22
|G (W)

STEP 6: Time reverse the compensated signal. The

reconstructed signal can be expressed as:

Ve(w) = VE(W) = Vr(w) IDW).

= Vr*(w) IDW)P.

(11)

12)

Thus, for the pristine case, where D(w) = 1, the recon-
structed signal in the frequency domain after compensation
will trace back to the exact original excitation waveform.

STEP 7: Perform inverse Fourier transform on the fre-
quency domain reconstructed signal V(w) and obtain the
time domain reconstructed waveform

Ve (t) = IFFT [Ve ()] (13)

The time domain reconstructed signal can be compared
with the original electrical excitation V(t) to draw diagnostic
conclusions. Therefore, via the analysis, the following five
remarks should be made:

(1) The above formulation clearly demonstrates that two
influence sources on the reconstructed waveform
inevitably coexist: (a) structural damage, the target
factor desired to be extracted from the VTR procedure;
(b) transducer dynamics, the adverse system influence
desired to be excluded from the VTR signals.

(2) The influence from the transducer dynamics may
become dominant and crucial, especially when the
damage is incipient and small. Thus, compensating the
transducer transfer function in the VTR algorithm
reveals its undeniable significance for improving the
sensitivity and accuracy of TR SHM/NDE techniques
to detect early-stage defects.

(3) It should be noted that the transducer transfer function
G(w) possesses close-form exact analytical solution
given by equations (5) and (6) for PWAS transducers.
But the compensation algorithm generally applies by
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taking alternative forms for other types of transducers.
In addition, if a close-form analytical solution cannot be
readily attained, experimental tuning data may serve as
another route to obtain the transducer function. The
beauty of analytical expressions for transducer transfer
functions lies in the fact that they allow the algorithm to
maintain a complete virtual computation and alleviate
the instrumentation operations.

(4) In this study, the transducer tuning -effects are
considered for the transfer function compensation
procedure. However, many other important factors
may also participate in the formulation and influence
the Lamb wave propagation signals, such as the
temperature effect and loading conditions. This study
serves as our initial endeavor for compensating the
transducer effects in the TR technique. The temperature
and loading effects should be investigated for the TR
procedure in a future research effort.

(5) The compensation algorithm could be extended for
anisotropic composite structures. But there still exist
considerable challenges to be investigated in the future.
Due to the anisotropic characteristics of composite
structure, the transducer transfer function becomes
direction dependent. As a result, the analytical solution
of transducer transfer function needs to be evaluated for
each propagation direction. Furthermore, the damping
effect should also be considered, which would remark-
ably affect the wave dynamics in the composite
structure.

4. Signal reconstruction results

To illustrate the efficacy of our enhanced VTR algorithm with
transducer transfer function compensation, the signal recon-
struction quality comparison with the conventional VTR is
presented in this section.

The difference between the reconstructed signal and the
excitation waveform is usually used as a baseline free index
for evaluating structural damage. The damage index (DI) or
the time reversibility index is widely adopted taking the signal
correlation concept [20]

f " 1OV @ de

\/fll' 12(r)dzf‘ Vz(t)dt’

0

DI=1—

(14)

where I(f) represents the input excitation signal; V(f) denotes
the final reconstructed signal from VTR procedure; 7, and 1,
define the time interval over which the signals are compared.
For TR signals, they represent the starting and ending time
instance of the input tone burst signal.

4.1. Analytical results comparison

The pitch-catch and TR procedure was first investigated using
the analytical model developed in sections 2 and 3. A 20 Vpp
five-count Hanning window modulated sine tone burst signal
centered at 100 kHz was applied on the top electrode of the
transmitter. Figure 4 presents the excitation, pitch-catch active
sensing signal, as well as their frequency spectra for both the
analytical solution and the experimental results. It should be
noted that the excitation signal possesses a certain band-width
as well as side lobes in frequency domain. The SO and A0
packages can be clearly identified in the sensing time trace. It
should be noted that, in the experimental signal, an electro-
magnetic (E/M) coupling signal exists before SO mode. Other
than this aspect, the analytical solution agrees very well with
the experimental measurement. In addition, the central fre-
quency of these two Lamb wave modes experienced a shift
compared with that of the excitation. For the analytical
solution, the central frequency of SO mode shifted upward to
103 kHz, whereas the AO mode shifted downward to 99 kHz.
The experimental A0 mode also shifted to 99 kHz with a
remarkable match with the analytical prediction. And the
experimental SO mode shift upward to 106 kHz which is close
enough but a little bit higher than the analytical SO mode
prediction. The frequency component shift phenomenon
happened due to the transducer tuning effect, which appar-
ently changed the frequency participation of the Lamb wave
modes across the generated frequency range. Such effect may
become more obvious at other excitation center frequencies,
imposing stronger influence on the time reversibility of the
Lamb modes.

Figure 5 presents the reconstructed signals before and
after the transducer transfer function compensation via the
VTR procedure. The reconstructed signal utilizing the con-
ventional VTR algorithm could not match well with the
excitation waveform. This is especially true for SO mode,
which means the tuning phenomenon remarkably changes the
frequency participation of the SO mode signal. By compar-
ison, the analytical solution of the enhanced virtual TR
algorithm renders a perfect agreement between the recon-
structed signal and the excitation waveform for both SO and
A0 modes. Such an improvement stems from the fact that the
transducer influence was completely compensated by the
enhanced VTR algorithm.

The analytical solution allows the TR procedure to
maintain its virtual operation capability, which averts addi-
tional hardware intervention. However, the proposed algo-
rithm should guarantee the improved time reversibility for
applications in both numerical models and experiments. Such
an aspect will be presented in the following two sub-sections.

4.2. Finite element simulation results comparison

The pitch-catch procedure was simulated using FEM as
shown in figure 6. Two 7-mm diameter 0.2-mm thick circular
piezoelectric transducers are considered ideally bonded on a
I-mm thick aluminum plate. The APC-850 material
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Figure 4. Excitation signal and sensing signal in time domain and frequency domain: (a) excitation signal; (b) sensing signal; (c) frequency

contents of SO and A0 packages as well as the excitation.

properties are assigned to the piezoelectric transducers as
follows:

97 49 49 0 O
49 84 49 0 O

0
0
49 49 97 0 0 O
0
0

SI=10 0 0 24 0 o™ (15)
O O 0 0 22
0O 0 0 22
947 0
le)] = o 605 x 1078 Fm™, (16)
0 947
0 12.84 0
[e,] = —8.02 18.31 —8.02 0 0 0[Cm2,
0 0 0 0 1284 0
(17)
where [C,] is the stiffness matrix [¢,], is the dielectric matrix,

and [e,] is the piezoelectric matrix. The density of the
piezoelectric material takes the value of p = 7600 kg m .
To minimize the computational burden, non-reflective
boundaries (NRB) were implemented around the model to
eliminate the boundary reflections [38]. SOLIDS coupled filed
element in ANSYS was used to simulate the piezoelectric
transducers. SOLID45 eight node structural element was
adopted to mesh the plate. Absorbing layers with increasing
damping were implemented to construct the NRB. The mesh

size in this study is 1 mm for in-plane direction and 0.5 mm for
thickness direction. The transmitter and receiver transducers
were meshed with even smaller elements to accommodate the
high stress gradient. The time step was set to 0.5 ps.

Figure 7 presents the FE simulation reconstructed signal
before and after the transducer transfer function compensa-
tion. The reconstructed SO mode deviates much from the
excitation waveform than A0 mode using the conventional
VTR method. However, after the transducer transfer function
compensation, the reconstructed signal agrees quite well with
the excitation signal. As for the AO mode, smaller difference
before and after compensation can be found, which follows
the similar trend as the analytical solution.

4.3. Experimental results comparison

Figure 8 presents the experimental setup for the pitch-catch
procedure. The specimen was a pristine 700 mm long,
700 mm wide, and 1 mm thick aluminum plate. The trans-
mitter and receiver transducers were implemented 400 mm
away from each other, as the same distance in the analytical
and FE models. The procedure of bonding the piezoelectric
transducers onto the structure follows a strict procedure to
ensure a consistent performance. Such a procedure includes
accurate sensor positioning, surface preparation with cleaning
chemicals, transducer bonding utilizing special adhesives,
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Figure 6. Finite element model for the pitch-catch procedure.

wire soldering and instrumentation, as well as curing. For
details of the sensor implementation procedure, the readers
are encouraged to explore page 379 of [39].

Damping clay was implemented surrounding the whole
plate to absorbing the boundary reflections. A Keysight
33500B arbitrary function generator was used to generate
excitation waveforms. The excitation signal was further
amplified by a Krohn-hite 7602M wideband power amplifier
and applied on the transmitter. Guided waves were generated
by the piezoelectric transducer, propagating along the plate
and were finally picked up by the receiver PWAS. The sen-
sing waveforms were collected by the Keysight DSO-X
3014T digital storage oscilloscope. A 20 Vpp five-count
Hanning window modulated sine tone burst signal centered at
100 kHz was applied on the electrode of the transmitter.

Figure 9 shows the VIR experimental results. Obvious
reconstruction improvements can be noticed after the com-
pensation procedure for both wave modes. Compared with
previous analytical and FE simulation results, the deviation
between the reconstructed signal and exaction waveform after
compensation are greater. This is because inevitable errors
may exist between analytical compensation function estima-
tion and the practical transducer instrumentation. Individual
sensor deviations, installation operations, and bonding layer
involvement may all contribute to such errors. However, the
overall tendency and improvement over the conventional
VTR results correspond well to the previous investigation
results.

5. Breakage of time reversibility in the presence of
damage

In order to demonstrate the breakage of time reversibility in
the presence of damage, 2D finite element simulations are
conducted. Figure 10 presents the schematics of both single
S0 and AO TR procedures. It should be noted that, only the
damaged case is shown in figure 10, but the corresponding
pristine case is also simulated for comparison. The mass
block, bonded on the plate surface, serves as an ultrasonic
wave scatterer, simulating a general structural damage. The
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compensation; (d) A0 mode after compensation.
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Figure 8. Experimental setup for pitch-catch active sensing.

structure is a 1 mm thick aluminum plate, and the length and
thickness of the simulated damage are 20 mm and 2 mm,
respectively. NRB are implemented at both ends of the plate
to absorb boundary reflections. In figure 10, the red dots
represent excitation points, exerting in-plane pin force oscil-
lations; the blue dots stand for the sensing points, picking up
in-plane strain components. In this way, pure wave mechanics
is considered without any influence from transducers. € stands
for the nodal strain. In this case, only the strain component in
the x direction is considered. A represents the amplification
factor subjected to amplify the strain as the excitation force in
the second reversing pitch-catch procedure. The superscripts

T and B represent the top and bottom surfaces, respectively.
And the subscripts 1 and 2 stand for the forward and back-
ward pitch-catch procedures, respectively. In addition, the
excitation force is a five-count Hanning window modulated
sine tone burst signal centered at 200 kHz.

The benefit of utilizing finite element simulation for such
a demonstration resides in the fact that ideal single mode TR
procedure can be achieved. For the SO mode case, the first
forward propagation procedure applies the equal-magnitude,
in-phase pin force oscillations on both top and bottom sur-
faces, which allows the generation of single SO mode inter-
rogating wave field into the structure. This SO wave
propagates along the structure, interacts with the scatterer,
takes the damage signature with it, undertakes transmission,
reflection, mode conversion, and finally arrives at the sensing
location. Then, the nodal in-plane strain on top and bottom
surfaces at the sensing location is recorded. The SO mode
component arriving at the sensing location is extracted by the
summation of the strain components on both top and bottom
surfaces, divided by a factor of 2. Next, the backward pro-
pagation pitch-catch procedure is realized by applying the
time reversed sensing signals as pin force excitations at the
new wave generation points (the original sensing location in
the forward procedure). The final reconstructed signal is
recovered using the average strain in the backward pitch-
catch procedure at the new sensing location (the original
excitation location in the forward procedure). In this manner,
time reversed single SO mode can be obtained, although mode
converted A0 waves do exist in the wave field. For the AO
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mode case, the procedure is similar; the only difference is that
the pin forces are anti-phase on top and bottom surfaces for
wave generation; the mode extraction from strain components
utilizes the subtraction between the top and bottom sensing
quantities, divided by a factor of 2.

Figure 11 shows the reconstructed signals of single SO
and AO TR procedure. For the pristine case, the reconstructed
signals match remarkably well with the excitation waveform
for both SO and A0 modes. And the DI values indicate the
nice time reversibility of both wave modes. However, the

10

presence of structural damage breaks the time reversibility,
since the reconstructed signals in figures 11(c) and (d)
apparently deviate from the excitation waveform. In addition,
the DI values increase noticeably after introducing the scat-
terer. Thus, these results clearly demonstrate that the time
reversibility is broken in the presence of damage. Further-
more, the reconstructed A0 mode deviates much more than SO
mode from the excitation signal, which means A0 mode is
more sensitive to such type and dimension of structural
damage. In other words, the sensitivity of various wave
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Figure 12. VTR damage imaging tests: (a) experimental setup; (b) specimen with a square active sensing PWAS array.

modes at different frequencies with distinct wavelengths and
motion characteristics to diverse types of damage scenarios
may differ much from case to case (notch, delamination,
fatigue crack, etc). The selection of sensitive wave modes and
frequency to detect a certain type of damage is a classical
topic and complex task and should be investigated in another
comprehensive study.

6. Enhanced damage imaging via VTR tomography

To demonstrate and validate the advantage of the
proposed transducer transfer function compensation operation,

11

conventional and enhanced VTR algorithms were performed
on the same experimental setup. An active sensing array was
designated to establish effective wave path coverage of the
inspection area [40]. In this study, both SO and A0 wave modes
were employed for damage imaging as well as the fusion
between their diagnostic information to strengthen the imaging
quality.

6.1. Experimental setup

Figure 12 presents the experimental setup and the 1 mm thick
aluminum plate for damage imaging. A total of 16 piezo-
electric transducers were implemented, forming a square
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(#16-#6).

shape. The distance between the neighboring transducers was
100 mm. Two rectangular aluminum blocks were bonded on
the plate as scatterers to mimic structural damage sites. The
dimensions of scatterers are 20 mm long, 10 mm wide, and
2 mm thick.

In this active sensing array, each transducer can serve as
both a transmitter and a receiver. A 20 Vpp five-count Hanning
window modulated sine tone burst signal centered at 200 kHz
was applied on the electrode of each piezoelectric transducer.
Such an excitation frequency rendered comparable wavelength
to the scatterers dimensions, so as to offer sensitive diagnostic
information. For each transmitter, the corresponding farthest
seven transducers would serve as sensors. The sensing array
operated in a Round-Robin fashion. Therefore, a total number
of 112 pitch-catch wave paths were involved, achieving
effective coverage of the inspection area.

6.2. Example signals

Two typical transducer paths, pristine and damaged, are chosen
as examples for showcasing the efficacy of transducer transfer
function compensation. Figure 13 presents the four exper-
imental signals from the receiver along the pristine and
damaged paths. In the very beginning of the temporal signals,
the E/M coupling exists in all the sensing signals. Then, the SO
mode can be easily identified, followed by the signal features
due to scattering and mode conversion from the transducers
and the damage as well as the A0 wave package. It should be
noted that the A0 mode in the damaged path differs much from
that in the pristine path. Especially in figure 13(d), the AO wave
package pattern was obviously modified due to the presence of
the damage, which further demonstrated the A0 mode was
more sensitive to the damage at 200 kHz.

12

Figures 14 and 15 present the reconstructed signals for
SO and AO modes, respectively. For the pristine path, after
compensation, the reconstructed signal demonstrated much
better time reversibility. In addition, the difference of recon-
structed signal between the pristine and the damaged paths
using enhanced VTR algorithm becomes greater than con-
ventional VTR technique. For example, the DI of the recon-
structed A0 mode for both pristine and damaged paths are
over 0.2. However, after compensation, the DI of the recon-
structed signal in the pristine path reduced to 0.0038, and the
DI in the damaged path increased to 0.6137. Before com-
pensation, both the transducer tuning effect and damage
influence would contribute to the DI values. However, such a
mixed contribution may establish in a constructive or a
destructive manner, making it hard to distinct the damage
influence. On the other hand, the compensation algorithm
eliminates the tuning effect, highlighting the difference
between the reconstructed signal and excitation signal due to
the presence of damage. Thus, greater differentiability
between the pristine and damaged paths has been achieved.
Consequently, the enhanced VTR algorithm can significantly
improve the damage imaging quality.

It should be noticed that the breakage of time reversibility is
closely related to the damage types, damage characteristic
details, the interrogating wave mode, the inspection frequency,
and the incident angle. For example, Gangadharan et al
demonstrated that time reversibility of Lamb waves could be
maintained in the presence of a defect like a crack or a notch in
the metallic plates [41]. In this study, added mass blocks bonded
on the plate surface were used as a general scatterer to simulate
the damage. The mechanism and rationale behind the breakage
of time reversibility in our case resides in the fact that the
dimension matching between the damage and the wavelengths
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would form local resonance at the damage, which would in turn
modify the frequency component of the transmitted waves. The
experimental results also correspond well with the previous finite
element simulation which demonstrated the breakage of time

13

reversibility in our case. Again, the sensitivity of the chosen
wave mode, frequency, and incident angle towards the damage
type and geometric characterizes matters in the active sensing
procedures.
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Figure 16. Damage imaging using the conventional VTR algorithm and the enhanced VTR algorithm: (a) SO summation tomography before
compensation; (b) A0 summation tomography before compensation; (c) fusion tomography before compensation; (d) SO summation
tomography after compensation; (¢) A0 summation tomography after compensation; (f) fusion tomography after compensation.

6.3. Tomography damage imaging

The summation tomography algorithm was used for both SO and

A0 mode damage imaging. The probability of damage occur-

rence at position (x, y) at each direction produced by the path of

each transmitter and receiver pair are added directly. The final

VTR-based probabilistic imaging algorithm can be expressed as
M N

P(x,y) = D> > DhuE Ry (x, ¥)),

m=In=1

(18)

where P(x, y) denotes the probability of damage occurrence at
the position (x, y); M is the number of transmitters; N represents
the number of receivers for each transmitter; subscript mn
indicates the nth receiver of the mth transmitter, R,,,,(x, y) defines
the distance between the position (x, y) and the Lamb wave ray
excited by the corresponding transmitter; E(R,,,.(x, ¥)) denotes
the Gaussian function to estimate the energy distribution of
Lamb wave ray, given by

2
1 7(R,,,n(x,y>) /202
— D Run(x,y) <D
N S

0 Run(x,y) > D
(19)

where D determines the width of Lamb wave ray excited by
transmitter transducer and o determines the decreasing ratio of
Gaussian function. Herein, the parameters D and o are respec-
tively chosen as 32 mm and 0.32. The appropriate choice of these
parameters would impose much influence on the image. Many
previous investigations have been made for the scientific deter-
mination of these parameters. More details about imaging algo-
rithm and the choice of imaging parameters can be found in [24].

Furthermore, the image fusion technique was adopted
after [42]. The diagnostic images of both SO and A0 modes
are normalized and then processed with a point-by-point
multiplication algorithm. Consequently, it incorporates the

ERpun(x,y)) =

14

diagnostic information from both wave modes to achieve
better localization and imaging of the damage sites.

Figure 16 presents the damage imaging comparison results
between the conventional VIR and the enhanced VTR tomo-
graphy algorithm. Before compensation, the damage sites cannot
be located accurately via the SO and A0 single mode summation
tomography algorithm. The paths crossing the damage sites have
not been highlighted. On the contrary, pristine paths present the
high-pixel areas; one transducer area also possess high pixel
values. In addition, there are some pseudo-focusing points,
which apparently deviate from the true damage position.
Although the imaging result can be improved after the fusion
tomography algorithm, the first damage still cannot be imaged.

On the other hand, the damage imaging quality is
apparently improved using the enhanced VTR tomography
algorithm with transducer transfer function compensation.
There are obviously two high-pixel areas in the single mode
images, representing two damage sites respectively. Pristine
and damaged paths can be clearly identified, showing the
probability of the interrogating Lamb wave passing the
damage sites. Although the imaged damage position deviates
a little bit from the true damage sites, it has been obviously
improved using the fusion tomography algorithm. The
damage sites can be accurately located via the fusion image.

The in-plane dimensions of the damage are 20 mm x
10 mm. The wavelength of SO mode is 27 mm, longer than
the dimensions of damage. So, SO mode is not so sensitive to
the damage. On the other hand, A0 mode possesses a
wavelength of 7 mm, much smaller than the damage dimen-
sions, indicating a much stronger interaction between A0
waves and the damage. Hence, after compensation, all the
paths present lower DI values for SO mode compared with AO
mode. Consequently, pristine and damaged paths cannot be
well differentiated for SO mode tomography images; a spur-
ious damage location appears in the SO summation
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tomography algorithm. On the other hand, the A0 mode is
more sensitive to the damage; A0 mode renders much better
imaging results than SO mode.

7. Concluding remarks and future work

This article presented an enhanced Lamb wave VTR algo-
rithm with transducer transfer function compensation. In the
conventional VTR method, the transducer tuning effect
modifies the frequency components. As a result, the recon-
structed signal could not agree well with the excitation
waveform. When it comes to damaged cases, it is hard to tell
whether the breakdown of time-reversibility is associated with
the presence of damage or the transducer participation.

Our investigation started with the analytical formulation for
the identification of transducer transfer functions. The theoretical
basis and computerized procedure for the enhanced VIR algo-
rithm was subsequently introduced. Case study examples using
the analytical solution, finite element simulations, and experi-
ments were presented. It was found that the reconstructed signals
after compensation achieved much better time reversibility than
those without the compensation. In particular, the reconstructed
signals attained from the analytical solution realized the complete
reconstruction of the excitation waveform. Finally, a damage
imaging experiment was performed to validate the efficacy of
transducer transfer function compensation algorithm. The ima-
ging results were considerably improved using the enhanced
VTR technique. And the image fusion combining both SO and
A0 mode tomography results showed remarkable diagnostic
accuracy.

For future work, the enhanced VTR algorithm should be
attempted for detecting damage in the anisotropic composite
plates. The nonlinear TR algorithm should be investigated for
detecting fatigue cracks.
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