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Abstract

Several techniques for Guided Wave (GW) inspections have already been developed. Most of
them rely on extensive sensor deployment and damage localization algorithms characterized by
significant computational costs. However, there is a growing demand for simpler, more
autonomous, and more affordable systems across various fields. In particular, the
implementation of wireless, battery-powered systems with a reduced number of sensor nodes
and simpler processing would greatly facilitate the transition of this inspection technology on
the field. Following this direction, this work presents the design of a novel piezoelectric
transducer composed of four different patches, i.e. with only four input/output channels, to scan
a given area. The peculiar piezo-load distributions allow the association of different spectral
binary sequences for each 6° discrete angular step. By evaluating the distance-of-flights (DoFs)
of detected peaks, the range coordinates for multiple defects are identified. Meanwhile, the
angular information is extracted by demodulating binary sequences of peaks with comparable
DoFs across several frequency bands. Since the transducer is designed as an encoder, it is
referred to as coded-excitation scanning acoustic transducer (CESAT). More specifically, the
Gray code is used to generate spectral patterns to reduce the uncertainty between two adjacent
angular steps. A new quantization procedure for the optimal generation of the piezo
distributions is also proposed. Ad hoc signal processing algorithms, suitable for embedded
applications, were developed to extract multi-target range and angle information. The
processing is based on the frequency decomposition of the recorded signal using an FIR filter
bank and on dispersion compensation procedures for pulse ‘re-compression’. The transducer
encoder behavior is validated through a finite element analysis. Finally, numerical simulations
were performed to assess the effectiveness of the CESAT and associated signal processing in
multi-defect detection and localization tasks.

Keywords: coded-excitation scanning acoustic transducer, guided waves,
structural health monitoring, Green’s functions, finite element simulations, piezoelectric
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1. Introduction

In the last decades, the field of structural health monitoring
(SHM) [1-3] has been increasingly investigated thanks to its
potential to reduce maintenance costs and enhance the safety
of monitored systems, especially those operating beyond their
design life [4]. Among the active monitoring systems capable
of performing on-demand inspections and detecting damage,
those based on Guided Waves (GWs) [2], such as Lamb Waves
[5, 6], are of particular interest. Lamb waves are elastic waves
that propagate through thin-wall structures. Thanks to acoustic
confinement in these structures, they can travel long distances
with little attenuation, making them highly attractive for struc-
tural inspections [7]. Piezoelectric transducers [8], bonded to
the monitored structure, are widely used to excite ultrasound
waves and detect potential echoes caused by defects (pulse-
echo method) [9]. Alternatively, a secondary transducer can
pick up the excited waves (pitch-catch method). The direction-
of-arrival (DoA) of GWs generated by scattered damage in the
material, as well as wave dispersion and attenuation, can be
extracted for multi-defect localization.

A considerable number of GW structural inspection tech-
niques have already been developed. Among these, solu-
tions relying on Interdigital Transducers [10] and phased
arrays [11] have been widely tested and employed. Interdigital
Transducers operate at a fixed frequency, determined by the
spacing between the multiple piezoelectric elements. Capineri
and Bulletti [12] demonstrated how the mainlobe width of
interdigital transducers could be controlled by altering the
angle of the electrodes that form the transducer. Crack detec-
tion capability was experimentally confirmed in metallic [13]
and composite [ 14] plates using both the Ag mode at lower fre-
quencies and the Sy mode, with wavelengths sufficiently small
for effective crack detection. Nevertheless, the scanning cap-
ability of interdigital transducers is limited by their fixed dir-
ectionality. In order to achieve mobile detection directional-
ity, phased arrays, well-known and employed in RADAR and
SONAR applications, can be used. Beam steering is realized
by creating constructive and destructive interference among
multiple emitting and receiving elements. This is done by
setting the appropriate phases for these elements to transmit
focused waves. This process is commonly called beamform-
ing or delay-and-sum [15].

In the context of GW propagation, the dispersive nature of
wave propagating through the medium has to be considered
when the beamforming technique is performed [16-18]. It
is important to note that reducing the mainlobe beamwidth
with phased arrays generally needs a large number of sensors
[19], leading to extensive signal processing. Conversely, cer-
tain application fields, such as aerospace and aeronautical,
require battery-powered systems with low computational cost
and a reduced number of sensors to save on weight and cabling
[20]. As a result, the phased array solution is often unsuitable
for these applications. Therefore, there is a need to develop a
novel inspection system capable of performing beam steering
without these constraints.

As an alternative to phased array systems, meta-transducers
[21, 22] with inherent beamsteering capability can be fruit-
fully utilized. In particular, Senesi and Ruzzene [23] derived
a frequency response of an arbitrary shape piezo-transducer
model in the presence of an incoming Lamb wave, which
relates the piezo-load distribution to the transducer directivity.
By exploiting such a model, they designed a single transducer
able to scan the entire 2D monitored area. Its Directivity func-
tion was designed so that the scanning direction was controlled
by the dominant frequency of the actuated signal. Therefore,
It was called frequency steerable acoustic transducer (FSAT).
During the last decade, the FSAT has been increasingly invest-
igated, particularly for the following aspects (see [24] for
details):

(i) trade-off between angular and radial resolutions;
(ii) optimization of the shape;
(iii) unidirectionality;

The first point, in particular, is related to the fact that
the angular resolution of FSATs increases when the actuated
pulse is narrowband; however, a narrowband pulse implies a
low temporal resolution. In this work, a different design cri-
terion is considered to derive a novel beam steering strategy
that is based on a different association between the steer-
ing direction and the spectral content of the actuated pulse.
More specifically, the transducer is designed following the
operating principles of an encoder: a different binary spec-
tral configuration is associated with each discrete angular step,
namely an equivalent mainlobe. Since the angular coordin-
ates are extracted by demodulating a binary sequence, this
transducer is referred to as coded-excitation scanning acous-
tic transducer (CESAT). The multi-defects range and angle
coordinates retrieval are obtained, respectively, by estimat-
ing the distances of flight (DoFs) of the detected peaks and
demodulating binary sequences of peaks with approximately
equal DoFs at various frequency bands. Thanks to the new
design criterion, the trade-off between angle and range res-
olution (point (i)) is significantly less stringent, as detailed in
the following. An (equivalent) mainlobe aperture of approxim-
ately 6° is achieved without decreasing the range resolution.

Regarding point (ii), it can be generally observed that the
transducer shaping is based on the definition of an ideal tar-
get function (referred to as shape function) describing the
piezo-load distribution. Such function is continuously modu-
lated in its values. In contrast, to simplify the practical realiz-
ation of the transducers shape function must have values set to
either 1 or 0.

To cope with this problem, a new quantization procedure
based on abrupt threshold values is proposed in this work,
and optimized to achieve the desired Directivity wavevector-
k-function. Two different patches are required for the positive
and negative values of the shape function.

To tackle point (iii), i.e. to realize unidirectional devices,
this work relies on the solutions firstly proposed in [25, 26]
which are based on a double-phase quantization method,
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which results in the generation of four distinct patches.
A formal mathematical explanation/procedure of the signal
phase shifts to be applied to the signals actuating the four
patches was provided in [24], and it is employed in the present
work.

Finally this work introduces a signal processing algorithm
specifically dedicated to the transducer characteristics and
suitable for embedding in micro-controller units. The
algorithm enables multi-defect detection and localization and
is based on the deployment of five linear-phase FIR filters for
spectral decomposition, dispersion compensation procedures
[27] for wave-pulse ‘re-compression’ and cross-correlation
(CC) products [28].

The spectral encoder behavior of the CESAT is validated
through numerical simulations, considering a plate with three
reflectors and noisy measurements, and demonstrating the loc-
alization accuracy of the proposed device.

2. System model

To design an ultrasonic transducer for SHM via GWs, the
piezo-load response model in sensing mode, proposed by
Senesi and Ruzzene [23] is considered in this work. Let us con-
sider a GW mode impinging on the piezo-patch in the direction
k, with typically a non-linear characteristic of frequency k(f),
as illustrated in figure 1. Its surface displacement can generally
be expressed as:

u(x,f) = U(f)e O~ (1)

where the x = (x,y) coordinates lie in the plane-plate, U(f)
denotes the amplitude and polarization of the wave at fre-
quency f, and k(f) = k(f)i’; = k(f) (cosbi; + sinbli,) is the
considered wave vector, propagating in the i’; plane-direction
(with k(f) = |k(f)| and [ij,i,] the plane reference system),
i.e. at an angle 6.

Let us suppose that the piezo-transducer geometry is
described by the shape function ¢p(x) defined as:

- 1, ifXGQp
¢P(")_{ 0, ifxeQ—Qp @)

where ()p is the piezo-patch area (not necessarily compact)
and (2 is the entire plate domain. The following assumptions
are made:

o the piezo-polarization is ‘through-the-thickness.’

o the sensor is assumed in a state of plain strain.

e the considered wave is characterized by an in-plane dis-
placement such that u(x,f) -i’, =0

The frequency response of the piezo-load is given by [23]:

Ve (£,0) =jU (Nk(H)H(0) D (k(f),0) ©)

where H(6) is related only to the piezo-material properties
and involves directional components only if the patch has

Figure 1. Arbitrary shaped transducer model: (a) a thin plate with a
bonded, arbitrarily shaped piezoelectric sensor; (b) interaction of the
sensor with a plane wave propagating at an angle 6 on the x-plane of
the structure.

non-isotropic properties. Instead, the function D(k(f),0) =
D(k(f)) is given by:

D(k(f) = / / e R %y (x) dx 4)

— 00 —0O0

This function determines the directional properties of the
piezo-distribution ¢p(x). Therefore, it is referred to as
Directivity function, and it can be identified as the 2D Fourier
Transform (FT) of the shape function. As a consequence, once
the desired directivity properties are set, the piezoelectric load
distribution can be computed by taking the Inverse FT (IFT)
as follows:

op(x) = Fyp {D(k(f))} (5)

The model in equation (3) is computed assuming that
equation (1) represents the displacement under the piezo-area.

To consider the effect of GW dispersion originating at a dis-
tance R from the centroid of the distribution ¢p(x), the surface
displacement in equation (1) can be reformulated for the point
where the waves are emitted as:

u(x,f) zU(f)efjk(ﬂ‘(HRi,‘). (6)

As a consequence, equation (3) for a piezo-load in sensing
mode can be restated as:

Ve (£.0) =jU(NK(NH(O) D (k(f),0)e DX (1)

Note that when GWs are generated at a distance R from a
piezo sensor in multiple close directions, the previous model
is still applicable in the case of nearly planar wavefronts, spe-
cifically when:

R>W ®)

where W = max |w;;|, and wj; is the set of vectors connecting
all possible pairs of points P;, P; that belongs to the area of the
transducer. Furthermore, for isotropic structures, a propaga-
tion attenuation factor proportional to 1/+/R has to be intro-
duced (according to the energy conservation principle).
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Let us observe that in GW sensing mode, the sensor’s geo-
metry, through its directivity function, acts as a filter that atten-
uates or amplifies incoming focused plane waves in any form
of equation (6) depending on their directions (i.e. the angle
#) and spectrum. Due to the dual nature of the constitutive
equations of a piezoelectric sensor (inverse and direct effect)
[29], which establishes the principles of ‘acoustic recipro-
city, applying a certain voltage V(f) to the transducer gen-
erates focused plane waves with a spectrum U(f). This spec-
trum is proportional to V(f)D*(f,0), where D is defined in
equation (4), and these waves are transmitted in the directions
specified by 6. The transducer behavior in active mode will be
detailed in section 5.

Note that in the far-field zone, even during the wave gener-
ation, a potential wave reflector would be approximately irra-
diated by multiple focused waves with a negligible angular
variation of the wavenumber k, effectivity in a single direc-
tion. Similarly, the radiating transducer will be illuminated by
a single focused plane echo wave.

It is important to note that the described model in
equation (7) can be generalized to include displacement with
both in-plane and out-of-plane components, while preserving
the form of directivity function in equation (4).

As a final note, it is noteworthy to observe that the GW
Directivity function provides an amplification factor specific
to the transducer, regardless of the amplitude of the excitation
signal S(f). Therefore, the term |D(k(f),)|* affects the radi-
ation intensity of the transducer, i.e. the transmitted power per
unit angle 6 and wavenumber k(f):

2 dPr
D (k(f),0)] *x J0dk ©)

As a result, the directivity function also affects the trans-
ducer’s maximum range.

3. CESAT

Based on the model in equation (5), the piezoelectric load
geometric distribution can be defined to achieve the desired
directive properties. In previous works, this possibility was
exploited for the design of both passive directive sensors [25]
and active monitoring systems [30].

In this work, a novel design paradigm is introduced to
improve defect detection and localization performance. The
aim is to obtain a directivity function that allows for differ-
ent spectral configurations to be excited in different directions.
More specifically, as discussed in section 1, the transducer is
designed according to the operating principles of an encoder:
the angular range of 180° is discretized, and for each dis-
crete angular step, a distinct spectral binary k-Bin sequence
is considered. Therefore, it is called CESAT. Thanks to the
new design criterion, the accuracy of locating a single reflect-
or/damage can be significantly improved.

Considering the encoder concept, the directivity function
in the k = (k;, k,) domain, has to be defined to satisfy project
specifications and maximize target localization performance.

350 T T
D — A0 mode

300

So mode

250 1

ko [1/m)]

100 J

0 L L 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

f [MHz]

Figure 2. Wavenumber k as a function of frequency f (Dispersion
Curve) for the Ag and Sp modes of Lamb waves propagating in a
1 mm thick aluminum plate.

Then, the spatial distribution of the piezo-material will be
computed using an inverse 2D-FT, according to equation (5).

3.1. CESAT: directivity synthesis

To define the Directivity function, it is essential to select the
number of ‘bin’ for each k-configuration, whether set to 1 or
0, and the bin function, based on the following key elements:

(i) Minimum detectable defect size and maximum excit-
able frequency.
The minimum detectable defect/damage size determines
the minimum wave-vector value. For example, a defect
size of 0.5 cm implies the actuation of waves character-
ized by a maximum half-wavelength of 0.5cm [31] and,
consequently the minimum wavenumber k value has to be
setto 100m™~".
Conversely, the maximum wavenumber value is defined
by the maximum frequency value that the embedded sys-
tems can excite on the driven sensor load. By way of
illustration, in this work, we assume that such value is
equal to 450 kHz. The monitored structure considered in
the numerical validation is a 1 mm thick aluminum plate.
Therefore, the maximum k value of 250 m~! can be
determined from the dispersion curve k(f) of the excited
Lamb wave mode, i.e. A (figure 2).
The minimum frequency value corresponding to the min-
imum k value is equal to 90 kHz, via the same curve.
To summarize the previous results, the available band
(AB) in k and f are given by [100-250]m~" and [90-
450] kHz, respectively.

(ii)) Maximizing defect angle and range estimation bounds.
In our approach, the available k band-width (ABW) is par-
titioned into ny, bins of equal k-bandwidth, then (2" — 1)
binary configurations can be employed. This implies that
the higher the bin number, the higher the angular resolu-
tion (i.e. smaller angular step). Conversely, accurate range
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estimation requires broadband bins to enhance the estima-
tion accuracy, as established in Radar antenna theory [32].
The limitations induced by the angle-range resolution
trade-off were evident for FSATs (see [33] for details).
However, for the CESAT typology, this trade-off is less
stringent. Indeed, the FSAT is designed such that the angle
and range resolution are inversely proportional and lin-
early related to the bin bandwidth, respectively. In con-
trast, for the CESAT, increasing ny, to n, 4 1 reduces the
bin bandwidth by only —ABW/ (n,? —n;,). Meantime,
the angular step decreases significantly to 1/ (2! —1).
This proves that the proposed CESAT offers a significant
advantage in defect localization accuracy compared to the
previous beam-steering transducer generations.

In this work, n, was set equal to 5, and equal k-bandwidth
bins were designed. Given ABW = 150 m~!, the resulting
bandwidth per bin is 30 m~!. The central wave numbers
k._; for these five bin bands are given by the vector:

Ke = (115,145,175,205,235) m ™" (10)

Regarding the binary sequences, Nps = 2™ — 1 = 31 con-
figurations are available. Considering only 30 of these con-
figurations, an angular step of 6° is achieved, which is the
nominal angle accuracy.

Finally, the bin function in the wave-vector k has to be
selected to maximize range estimation accuracy when the
measurements are affected by noise.

Such accuracy maximization can be based on the assump-
tion that a dispersion compensation procedure is applied
to the acquired signal (see section 7.1).

It is also assumed that the excitation signal is band-limited
both in f and k through the dispersion curve, and its spec-
trum S(f(k))+/df/dk has a flat-band. As a consequence,
the spectrum for each bin is defined solely by the bin dir-
ectivity function D(k).

Under these circumstances, the Cramér—Rao lower bound
(CRLB) of the range (distance) of flight (RoF), namely
OR2, of the inspection signal d(r), can be derived from the
Radar theory [34-36]: in case of white noise, the range
estimation bound OR is given by:

OR = !

- 11
BRE/Ny)'/? b

where E is the energy signal, Ny is the power per unit fre-
quency, E/Nj is the signal-to-noise ratio (SNR) in energy,
and (3 is defined as:

I3, 2k D (k) |*dk

2 _
=T pwrw
_ é/m (27 k2D (k) [2dk (12)

in which, |[D(k)|? is the two-sided energy spectrum. j3
is called Effective Bandwidth and is equal to the second
moment of the frequency energy distribution of the bin,
normalized by its energy.

According to [32], when a stationary continuous band
signal is employed, the optimal signal is given by the
Gaussian packet which provides the maximum [ value
equal to 2.66Byp, where Byp is the half-power bandwidth.
This result is justified as the Gaussian signal allows to have
a smoother frequency spectrum and, in a dual way, sharper
rise and fall time fronts.

As a result, if a flat-band signal is excited (at least for
each bin), it can be concluded that the optimal solution is
achieved by using a Gaussian function.

Furthermore, observe that the Gaussian k-bin has the min-
imum time—frequency uncertainty product. Therefore, the
Gaussian function in the wave-vector domain allows the
minimization of the transducer size.

The Directivity function for a ‘building Bin’ rotated by an
angle £ (counter-clockwise) and translated by k. is, con-
sequently, described as follows:

D(k(f),0) = exp (—;@) rect (9A—5> (13)

k

The corresponding shape function is given by:

If(r,a)| = ‘mgkAGGXp (—;rz) sinc (A0 (o —g))‘
Oy
= ‘\/ﬁak;{iexp (—;2) sinc (Ilc—lz (a —5)) ‘
(14)

where [; is the wedge arc length for k = k., and 02 =
1/27 3.

In light of technological feasibility, particularly related to
the realizability of piezo-load distribution via a quantiz-
ation process, the standard deviation (SD) o, is set to 6
m~L

(iii) Unidirectionality.

A real shape function ¢ p(x) is obtained from equation (5)
if and only if the designed Directivity function D(k) sat-
isfies the Hermitian (‘symmetric’) property. In the context
of GW sensing via the Piezo-transducer, it means that it is
impossible to determine whether a wave is received from
angle 0 or 6+ 180°. In order to avoid such 180° ambiguity,
a ‘non-symmetric’ directivity function has to be designed.
Therefore, in the present work, the synthesis of a com-
plex shape function ¢p(x) is considered. The excitation
signals suitable for such a complex shape function will be
discussed in section 6.2.

(iv) Minimizing the DoA uncertainty when a defect/dam-

age is placed between two different discrete angular
steps.

To minimize the uncertainty in DoA estimation when a
defect or damage is positioned between two distinct angu-
lar increments, careful selection of the binary configura-
tion sequence is crucial. The use of Gray Code [37] is par-
ticularly significant in applications involving the conver-
sion between analog and digital information. For instance,
in scenarios where two adjacent angular steps are char-
acterized by binary configurations such as 00101 and
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Figure 4. Designed directivity function in k, f-space.

11111, significant inaccuracies can arise at the boundar-
ies between angular sectors due to a smooth transition.
The key feature of Gray code is that only one binary digit
changes between two adjacent sequences.

Employing the Gray code ensures that the estimation of
the angular step between adjacent steps in both frequency
and wavenumber k may differ from the nominal value by
only one adjacent step. This occurs only when a defect is
positioned between two angular steps, resulting in an equi-
valent mainlobe that is slightly larger than 6°.

To summarize, following the Gray code bit-vectors scheme
(see figure 3), for each 6° angular step, a Gaussian bin func-
tion on a 30 m~! k-support is placed if a bit is set to 1, mov-
ing along k within the ABW. Figure 4 shows the resulting
Directivity function in the k, #-space. This function is designed
in the wave-vector k = (ky, k) space (figure 5), in order to use
equation (5) and compute the piezoelectric load distribution.

4. CESAT: piezoelectric load distribution synthesis

The ideal piezoelectric load distribution ¢ p(x) is computed by
using equation (5). This yields a complex shape function due

Figure 5. Designed Directivity function in the wave-vector
k = (k1,k2) space. It can be used to compute the piezo-transducer
load distribution via a 2D-IFT (equation (5)).

to the non-Hermitian directivity function shown in figure 5.
Its real and imaginary parts are shown in figures 6(a) and (b).
Such a shape function, with complex continuously modulated
values, must be translated into a piezo-load distribution, whose
2D FT closely approximates the designed directivity function.
To this aim, a suitable quantization procedure is required.

4.1. Shape function quantization

First, the numerical zero-padding technique is applied to the
target Directivity function Dr(k) (figure 5) to generate the
ideal shape function ¢p(x). This technique increases the res-
olution in the space-domain without reducing the resolution
in the k-space. Higher spatial resolution generally allows for
better results in approximating the shape function ¢ p(x) and,
consequently, its directivity function D(k), regardless of the
chosen quantization procedure. Screen printing techniques
allow to achieve a spatial resolution of 200 pm which is the
one assumed in this work.

Second, a new optimized ¢ p(x) quantization procedure is
applied according to the following steps:

(i) The complex function ¢p(x) (normalized to the maximum
value of |¢p(x)| ) is subdivided in two subregions: if
latan(Im (¢p(x)) /Re (pp(x)))| <m/4 or >37 /4, X is
assumed to be part of the real region, otherwise x belongs
to the imaginary part. Then, in each region, the complex
function undergoes a 3-level quantization so that four dif-
ferent patches are generated.

(i) More specifically, four different
(tp1,tp2,Ip3,tps) 2T are used respectively to separate in
each subregion positive and negative values. The values
of the four patches are set to 1 (or —1 for negative values)
if their magnitude is greater than the threshold value tp;,
and O otherwise.

The optimal threshold vector Top is defined as the
one which minimizes the mean square error (MSE)
between the values of the 2D-FT of the thresholded

threshold values,
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Figure 6. (a) Real part of the ideal shape function ¢p(x); (b) imaginary part of the ideal shape function ¢p(x).

global function/matrix FTop {Mcgsar (T)} (k;) and the
target directivity function Dr (k;). The minimization pro-
cess exclusively considers the k-band of interest, namely
[100-250] m~!. Furthermore, a A parameter is used to
distinctly control the upper and lower half-planes in the
k-plane:

Top = argmin
A [lﬁé [FTop {Mcesar (T)} (ki) — Dr (ki) |2]
+(1=X)
| 2 PP (Vs (1)} ) = D1 (|

ey <O

k>0
(15)

The A weight parameter is set to 0.35 to optimize the
directivity properties in the upper k-half-plane (k, > 0),
thereby limiting potential sidelobes in the opposite direc-
tion. The optimal threshold values vector was found to be
equal to Ty = (0.065,0.105,0.11,0.03).

(iii) To facilitate the practical realization of the transducer,
boundary contact lines among different patches are traced
and set to O to prevent any unwanted short circuits among
the four patch segments. (see figure 7). This process
resulted in minimal degradation in the directivity func-
tion, which remains nearly unchanged despite small vari-
ations in patch shapes due to potential manufacturing
inaccuracies.

Figure 7 illustrates the piezoelectric load resulting from the
previous quantization process. It is composed of four distinct
patches. Observe that the last ones correspond to the opposite
phases 0 and 7 and /2 and 3/27. This implies that piezo-
patches related to the real part require just one differential
acquisition channel, as do the imaginary ones.

It is worth noting that all areas related to the same patch
have to be short-circuited. This can be done directly during the
transducer manufacturing process, as experimentally demon-
strated in [26].

0.5

y [cm]

-0.5

Figure 7. Spatial load distribution after the quantization process.

4.2. Directivity properties

The achieved directivity function of the CESAT, obtained after
the quantization process and computed via equation (4), is
illustrated in figure 8. A strong component around the zero-
wave-number value is noticeable. This stems from the quant-
ization process, which aims to optimize the directivity func-
tion only within the bandwidth of interest, AB = [100-250]
m~!. Therefore, the procedure allows the directivity function
to deviate from the imposed one outside of AB, as they can be
easily filtered out.

Noteworthy, the wave-number range of the Lamb wave SO
mode corresponding to the f-AB is [19-84] m~! (see figure 2).
The directivity energy burst around the DC component in
figure 8 has a radius of 15 m~!. As a result, the directivity
filtering effectively attenuates the SO component.

The achieved directivity properties can be better repres-
ented by considering only the AB in k — 6-space, as shown
in figure 9. When compared to the ideal function shown in
figure 4(a) certain degradation is visible. This degradation is
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Figure 9. Directivity function achieved after the quantization
procedure.

attributed to the quantization procedure with abrupt threshold
values and, to analyze its impact, it is useful to define the trans-
ducer beam-pattern function for the different bands. This func-
tion, related to the ith wavenumber-band is defined as:

D (k,0)]
k€k—Band;

maxg l >

kek—Band;

d(k—Band,.0) = (16)

D (k,0) I]

It is important to observe that different beampatterns are com-
puted by using equation (16) for different k-bands with central
wavenumbers given by the values in vector (10), and consider-
ing 9 m~! as bandwidths. This is due to the peculiarity of the
implemented Directivity function D(k, 6), that is characterized

by five distinct beampatterns associated to the five different bin
location bands.

As observed (see figure 10), the mainlobe level of each
beampattern is consistently above 0.68. Meanwhile, the side-
lobe level remains below 0.32 value. Higher levels of these
sidelobes do not compromise the accurate detection of defects
but result in a slightly wider equivalent mainlobe for defect
angle estimation compared to the nominal value of 6°.

5. CESAT numerical validation: actuation mode
simulation

To verify the transducer performance, finite element (FE)
simulations were conducted using COMSOL Multiphysics®
[38]. A three-dimensional FE model was developed, coup-
ling Structural Mechanics and Electrostatics to assess the
directional performance of the CESAT in actuation mode.
Leveraging the principle of acoustic reciprocity, the transducer
operates as an actuator similarly to its sensing mode [26]. In
this section, frequency domain simulations were used to eval-
uate the transducer’s beampatterns at different frequencies.

5.1 Simulation setup

In this context, a 1 mm thick aluminum plate with dimensions
500 x 500mm was considered as the propagation medium. As
depicted in figure 11, the transducer shape was modeled on a
0.2mm thick PZT plate with dimensions 80 x 80mm, which
is glued to the aluminum plate using a bonding layer of 30
pm thickness. The elastic and piezoelectric properties of the
aluminum plate, PZT, and the epoxy layer are displayed in
Table 1. Perfectly matched layers were implemented at the
plate boundaries to minimize wave back-reflection. The bot-
tom surface of the PZT plate was grounded, while an elec-
trical boundary condition was applied to the top surface. Note
that loads with specific phase shifts were assigned to patches
belonging to different electrode groups. To reduce the com-
putational cost of the model, frequencies ranging from 90 to
270 kHz corresponding to wavenumbers from 100 to 180 m™!
were considered for beampattern validation. As for the mesh-
ing, the aluminum and PZT plates were meshed with Free
Triangular elements with a size of 0.8 mm, which is % of the
shortest wavelength achievable by the A0 mode, followed by
a swept mesh along the z-direction.

5.2. Frequency domain simulations

The outcome of the employed frequency domain simulation
is presented in terms of the absolute out-of-plane displace-
ment field, to highlight the transducer’s directional features.
Figure 12 illustrates the displacement wavefield for three
wavenumber intervals, namely [111-119] m~!, [141-149]
m~!, and [171-179] m~!. As seen, the generated wavefields
demonstrate the expected directional behavior of the proposed
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Figure 10. Theoretical CESAT beampatterns computed at 5 different k-band.

Table 1. Elastic and piezoelectric properties of the materials used in the simulation.

Property Aluminum Epoxy Glue PIC-255
Density, p (kg m™) 2750 1150 7800
Elastic modulus (GPa) 70 4.7 Ci1=Cp=132.7
Ci, = 86.67
Ci3=Cx3 =85.6
C33=119.2
Cys=Css =21.3
Ce6 =22.9
Poisson ratio 0.33 0.35 —
Piezoelectric constants, dy;; (C Nfl) — — dy1 = —187 x 102
dys =400 x 10712
dis =617 x 10712
Electrical permittivity, €j — — €1 = 1852
€33 = 1751
transducer, highlighting the accuracy of the FE model com- Ty = (R =0.25m ,0,=33°)
pared to the analytical results. T = (Ry =0.45m ,0,=165°) . (17)

6. Sensing mode simulation

6.1. Time domain simulations

To further validate the CESAT directivity properties, time
domain simulations were also carried out, leveraging two dif-
ferent simulation approaches. The first one employs Green’s
function (GF) formalism [30], to mimic the Lamb wave
mode propagation. The second approach uses FE ana-
lysis. Simulations were conducted considering three different
reflector scenarios in the monitored area (see figure 14):

T3 = (R’; =0.65m ,93:1520)

Given the computational cost associated with simulating
the FE full geometry, a subsection of the plate was modeled
for each scenario, surrounded by low-reflecting boundary
conditions [25, 39]. Due to the reciprocity between the wave
excitation and acquisition phases via a piezo-transducer, the
latter was simulated by operating the transducer passively.
Therefore, the excitation signal was applied at a specific angle
and distance from the transducer. The acquired signal was then
re-injected at the same angle and distance to simulate the effect
of an ideal reflector. This procedure was repeated three times,
corresponding to the number of targets.



Smart Mater. Struct. 34 (2025) 025021

M Dibiase et al

PZT

Glue layer
30 um

Geometry of electrodes

Aluminum plate

Figure 12. Displacement wavefield for three wavenumber intervals: (a) [111-119] m’l; (b) [141-149] m’l; (¢) [171-179] m~ L

6.2. Actuated signal: overlapped Gaussian pulse (GP) train

According to the procedure derived in [24] via the mathem-
atical model (7), to scan in the 6 direction, the imaginary
patch excitation signal must be in quadrature with respect to
the real one. To inspect the opposite direction (64180°), the
imaginary patch excitation signal must be multiplied by —1.
Therefore, the imaginary signal can be analytically computed
as the Hilbert transform (HT) of the real signal (or as -HT to
scan the 0+180° direction).

For the CESAT time analysis, an excitation signal suitable
for detecting and localizing damage was considered. Indeed,
the inspection signal can be selected to enhance radial resolu-
tion, noise robustness, and coverage range. At the same time,
its excitation has to be compatible with the limited amplifica-
tion capabilities typical of embedded electronics.

A train of GP, partially overlapped in time, was selected
as the excitation signal, due to the benefits for range accuracy
highlighted in section (ii). This signal will also be used in the
following for 2D damage imaging.

The carrier frequencies of each GP were selected accord-
ing to the corresponding frequency values of the bin central
wavenumbers (10), via the dispersion curve k(f) of the Ay
mode of an aluminum plate (figure 2):

F. = (118,179,249,326,407) kHz. (18)

Each GP was assigned a 23 kHz half-power bandwidth to
encompass all the bin f-bandwidths, as computed from the dis-
persion curve k(f) of the Ag Lamb mode. The considered GPs,
the excitation signal as their sum, and the associated FFT are
illustrated in figure 13.

6.3. GF and FE simulation results

The simulation results, related to the three different targets T;,
are presented in terms of the transducer’s measured (normal-
ized) response and compared with those obtained using the GF
method, as displayed in figure 15.

An attenuation term of approximately 1/f> emerged from
the FE simulations. This is attributable to the structural damp-
ing effects (see [40]), which were not taken into account in the
theoretical model (7) or the GF simulations. This attenuation
was removed to enable a comparison between the two simu-
lation models. The GF and FE results in terms of the signal
amplitude spectra are compared in figure 16, demonstrating
excellent agreement.

To provide additional insight into the simulation results, the
displacement wavefield generated by the reflector in scenario
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Figure 14. Three point targets (defects) considered in the monitored
area.

T5 is shown at various time instances in figure 17. This illus-
trates the propagation of five distinct wave trains with frequen-
cies f to fs, traveling from the source location to the trans-
ducer. Additionally, time—frequency analysis of the measured
signal was performed to reveal the propagation characterist-
ics of each wave packet. The FFT of the signal indicates the
intensity of each wave train, highlighting the spatial filtering
effect of the transducer to peak only f3 and f5 corresponding
to the frequencies of 249 kHz and 407 kHz, as depicted in
figure 18.

7. Multi-target detection algorithm

The directivity properties of the CESAT allow for the scan of a
2D structure by analyzing just two differential acquired signals
from a single device. A potential strategy involves using the
pitch-and-catch configuration: a basic omnidirectional trans-
ducer generates a broadband signal, while the CESAT captures
the GW responses of potential defect reflectors.
Alternatively, the transducer can be used in pulse-echo
mode. This latter approach will be considered in the following
sections to develop a suitable multi-defect detection and loc-
alization algorithm. For 2D localization, both angle and range
coordinates have to be estimated from the recorded signal.

As previously detailed (see section 6.2), the train of GPs
shown in figure 13 was selected as the inspection signal. This
choice was made particularly to suit the CESAT design, ensure
compatibility with embedded electronic devices, and optimize
multi-target ranging.

71. Signal processing

According to the transducer’s directivity characteristics, angle
coordinates are associated with the binary pulse spectral con-
figurations, whereas range coordinates can be evaluated by
estimating the DoFs of the propagating GPs in the dispersive
medium. More specifically, a multi-target detection and loc-
alization algorithm was developed, outlined in figure 19, and
detailed as follows:

(1) Inorder to perform a spectral decomposition, a bank of five
filters, each related to a Bin-directivity, is deployed. Linear
phase FIR filters are designed with a 39-tap Gaussian win-
dow, ensuring a —29 dB attenuation at adjacent central
frequencies. Furthermore, they can be easily implemented
on embedded electronic systems optimized for convolu-
tion products, maintaining low computational costs with a
small number of filter taps.

It is important to note that through the filtering process, the
times-of-flight (ToF) resolution is defined by a single GP
rather than the duration of the excitation signal.

(i) The undesired effect of the k(f) factor in model (7)
is tackled by means of appropriate weights given by

= 1/K*(i)withi = 1,2,...,5. In this way, all peaks are

approxunately equahzed according to the bin Directivity
gain. The functionality of these weights will be detailed in
step (v).

(iii) The warped frequency transform [27] is used for disper-
sion compensation.
The warping operator can be efficiently computed as a
non-uniform FT associated with f = Cf(k), followed by a
conventional inverse FT [30].
Noteworthy, the non-uniform FT can be computed for the
different filter outputs starting from a sample associated
with the time instant #; corresponding to the initial times
of actuation of the different GPs. As a result, the warped
signals show GPs ‘recompressed,” and those arising from
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Figure 18. Transducer’s measured response for scenario 7'3: (a) time domain signal reflected from the damage; (b) time—frequency
representation of the measured response; (c) frequency spectrum of the measured signal, where the main peak frequencies are identified as
f1=106 kHz, f, =193 kHz, f3 =249 kHz, f4 = 326 kHz, f5 = 407 kHz.
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Figure 19. Illustrative algorithm scheme for multi-defect range angle retrieval.

the same defect are re-aligned at the same distance on the
warped-time/distance axis.

(iv) The envelopes of the warped signals are computed, fol-
lowed by five CC procedures with a reference-GP. These
procedures provide an approximate ToF/DoF maximum
likelihood (ML) estimator in the presence of additive
uncorrelated Gaussian noise (AUGN) [28]).

of GPs. It defines the optimal threshold value for target
detection as:

Tn—p = NpDsnr (Pra) (19)

where Np is the noise power limited to the filter bands,

The envelope detector can be useful when the GP
phases change due to different factors (e.g. environmental
changes, such as temperature fluctuations) that can slightly
alter the dispersion curve k(f)).

(v) The Neyman—Pearson target detector [41] is considered

for pulse detection and to extract the range coordinate

which is supposed to be known or estimated, and Dsng (-)
is the Neyman—Pearson SNR threshold detector for a
desired value of false alarm rate Pg,. To address the pres-
ence of sidelobes, the threshold value should be increased
by the sidelobe square level 42, multiplied by the max-
imum receivable GP peak, related to the ith kband.
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Therefore, the Detection threshold is given by:

TDetect (kbandi )

~ V/Tnp + 72 (Kband) .., - \/Pp e (Kband,) ... .
(20)

Observe that the weights from step (ii) can help discard
false peak detection by comparing the detected peak levels.

(vi) The number of reflectors, their range, and angle coordin-

ates are then retrieved according to the following
procedure:

1. Over the five sampled output signals g;(n) in figure 19,
range cells for each ‘high’ GPs are determined via
the threshold defined in equation (20). The peak dis-
tances for each range cell are then computed, i.e. the
distances associated with the maximum values within
each detected range cell.

. The total number of reflectors is determined by the
number of subsets of ‘high’ GPs, belonging to different
k-bands, with peak-distances varying within six times
the range SD. The last one can be approximately com-
puted (neglecting the directivity quasi-Gaussian win-
dowing effect) via:

Veost

OR Ao —Yeost
B(SNR)'/?

2y

where Veonst = 2712ms™! (dispersion compensated
AO mode velocity) and 8 =2.66Byp =~ 61 kHz. For
example, considering 17 dB as SNR on the filtered sig-
nals, the SD is calculated as:

2712

SD:5R%<61000X501/2>

=628mm. (22)

. The range coordinates of the reflector are estimated as
the mean of halved peak distances (over a maximum of
five values). Let M represent the number of ‘high” GPs
associated with the same defect; its radial estimation
accuracy (SD) is then given by:

VCOSt

R VHA(SNR) 7 23)

. The nominal 6° angular step for each reflector is
determined by comparing the subset/sequence of
detected high GPs at different k-bands with the look-up
table vectors shown in figure 3. The mean values of the
previously determined steps, 186, are then selected as
the estimated angle steps for the defects, i.e. the detec-
tion equivalent mainlobe 2§6° =~ 8°. Such a procedure
can be applied because any estimation error between
two adjacent nominal angular steps can only be attrib-
uted to the sidelobes neighbouring one of them.

72. Numerical testing

To assess the effectiveness of the designed CE-Scanning
Acoustic Transducer and developed algorithms to process
the recorded signal and extract multi-target range and angle
information, the GF simulations of section 6.3 were used.

The scenario of three point targets of coordinates (17) in
the monitored area was considered, as illustrated in figure 14.

The three distinct signals, acquired by composing the four
patch signals as previously detailed in section 6.2, correspond
to the three different targets resulting from two consecutive
acquisition steps (according to the simulation procedure of
section 6.1). These signals are illustrated in figure 20(a). Since
the transducer scans all directions between 0° and 180° sim-
ultaneously, the recorded signal is represented by the sum of
the three previous signals.

To consider a more realistic recorded signal, the meas-
urement was corrupted by additive White Gaussian noise
(AWGN), considering a peak SNR (PSNR) equal to 25 dB.
The noise-free and noise-affected signals are illustrated in
figures 20(b) and (c).

The noisy measurement is processed according to the
algorithm outlined in section 7.1.

Firstly, the acquired signal x(n) is given as input to the FIR
filter bank. The output signals are multiplied by weights W; to
compensate for the varying amplification across the different
bands, as illustrated in figure 21(a).

Next, these signals are compensated for dispersion (see
figure 21(b)), removing its detrimental effect on range res-
olution, achieving a multi-defects range accuracy of 8 cm.
Noteworthy that in figure 21(b) the GPs associated with the
ith target are located at approximately 2R; distance, corres-
ponding to a round trip from the transducer to the targets and
back. As the third step, the distance-domain signal envelopes
are multiplied by the distance square root function to remove
the 1/v/2R attenuation (7).

The signals are then cross-correlated with the reference GP
envelope (figure 21(c)).

Finally, the threshold value Tpeec (20), with 42 = 0.322 ~
0.1 (according to the maximum sidelobe level of beampatterns
(see section 4.2)), is used to detect the GPs (figure 21(d)),
avoiding false alarm detection arising from noise and side-
lobe peaks. Further developments, such as the constant false
alarm rate (CFAR) algorithm using [42] and sidelobe sup-
pression techniques, can be considered for pulse detection
optimization.

According to the estimation procedure (vi), the 2D damage
imaging is derived, as depicted in figure 22. The number of
defects along with their respective distances and angles, are
estimated as follows:

T, = (iel —0.2513m ,é1=33.5°)
T, — (iez —0.4531m ,92=165.5°) . (24)
Ty = (ie3 — 0.6497m ,9}:153.5°)
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signal affected by AWGN (PSNR = 25 dB).

f-Band = (383 - 433] kHz
° > 4

4 L L L L

L
0.5

0 0.1 0.2 03 04 06 07 08 09 1
Time [ms]
f-Band = (302 - 352] kHz
1 T T T T T T T
Yo 0.1 02 03 04 05 06 07 08 09 1
Time [ms]
f-Band = [225 - 275] kHz
1 T T T T T T T
ol —Ap—a» {
o 0.1 02 03 04 05 06 07 08 09 1
Time [ms]
f-Band = [155 - 205] kHz
1{ T T T T T T T T T
5 {
0 0.1 0.2 03 04 05 06 07 08 09 1

Tirne [rus]
f-Band = [93 - 143] kHz
1 T T T T T T T T T
°§ il 4
‘ 0z 03 04 05 o8 ‘ ‘ ‘
Time [ms]

(a) FIR filtered (weighted) signals

k-Band = [217 - 235] m !

A NERAN

0 05 1 15 2 25
Warped Time / Range [m]
k-Band = [186 - 205] m ™!
1 T T T T
’ 5}> M /—.j
0 05 1 15 2 25
Warped Time / Range [m]
k-Band = [155 - 176] m~!
1 T T T T
’ 5}‘ \Aw—/\—/r—\——\ ﬂ{
. . .
0 05 1 15 2 25
Warped Time / Range [m]
k-Band = [123 - 146] m ™!
1 T T T
B =SS .
0 05 2 25

1 15
Warped Time / Range [m]
k-Band = [92 - 119] m~!

A

[J
2 25

0 0.5 1 15
Warped Time / Range [m]

(c) Signal envelopes, cross-correlated with the envelope
of a reference Gaussian Pulse

k-Band = [217 - 235] m !
1 T T T T

. 1
4 ! . . . .
0 05 1 15 2 25
Warped Time / Range [m]
k-Band = [186 - 205] m™!
1 T T T T T
! }
q ! . . . .
0 05 1 15 2 25
Warped Time / Range [m]
k-Band = [155 - 176] m™!
1 T T T T
) ——» \
. ! ‘ ‘ ‘ Al
0 05 1 15 2 25
Warped Time / Range [m]
k-Band = [123 - 146] m™!
1 T T T
o \
A ‘ ‘ ‘ ‘ Al
0 05 1 15 2 25
Warped Time / Range [m]
k-Band = [92 - 119] m~!
1 T T T T
— " |
‘ ‘ ‘ | ]
0 05 2 25

1 15
Warped Time / Range [m]

(b) Dispersion compensated signals in distance domain
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(d) GP detection via the classical Neyman-Pearson detector
determines the "high" GPs and their range cell (in red color).

Figure 21. The output signals of each block bank of the scheme shown in figure 19, based on the recorded signal in figure 20(c).
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Figure 22. 2D damage imaging procedure: (a) five filtered, dispersion-compensated signals are cross-correlated with a reference GP; (b)
GP range cells (in red) are determined according to the threshold defined by equation (20). The ‘peak-distance’ associated with the
maximum value in each cell is identified (in yellow). The number of damage points and their ranges are estimated by multiple ‘high’ GPs (at
different k-bands), according to the algorithm (vi); (c) the angle coordinate of each reflector is retrieved by demodulating the GP binary
sequence across the five k-bands via the Gray code look-up table; (d) 2D damage imaging is obtained considering the CESAT equivalent
mainlobe near to 8°, where x symbols indicate the actual damage positions.

The SD of DoFs, related to the three targets, computed con-
sidering the distances corresponding to the maximum values
of each detected range cell (shown in red in figure 21(d)),
is found to be 5.7 mm. The uncertainty in the target angle
coordinates is consistently set to ~4° (under the assumption of
no false positive/negative GP detections), relative to the mean
value of the estimated angle step.

It is worth mentioning that in certain engineering struc-
tures such as aircraft skins, the CESAT radial and angular
resolutions, previously determined in a noisy environment,
may also be adversely affected by the presence of different
structural features, such as rivets, stringers, etc. To mitigate
their potential adverse effects, it is necessary to minimize the
typical complexity of GWs inspections [43]. To this aim, a
single mode of Lamb waves, i.e. the Ay mode, has been con-
sidered for ultrasonic inspections, whereas dispersion com-
pensation procedures allow for the detection of the same wave-
form, regardless of the distance from the defects. Nevertheless,
it should be noted that rivets, even when initially detected
by the transducer, may reduce precision in determining the
radial position of nearby damage. Conversely, stringers can
increase the plate’s absorption term [43]. This may impact the
minimum detectable energy within the noise level and, con-
sequently, the maximum range of the inspection system. More
broadly, any structural features that influence either the disper-
sion curve or the attenuation curve may lead to reduced local-
ization accuracy for defects or limit the maximum coverage of
the transducer.

8. Conclusions

In this work, a single piezoelectric transducer was designed to
simultaneously inspect a 2D area of plate-like structures using
ultrasonic GWs, addressing the challenges of phased arrays
that perform beam steering using multiple transducers. Based
on the operating principle of an encoder, the proposed trans-
ducer’s unique piezo-load distribution allows different binary
spectral configurations to be assigned for each discrete angu-
lar step. The multi-defect range coordinates are retrieved via
the DoFs of the detected peaks, while the angular informa-
tion is extracted by demodulating binary sequences of peaks
with approximately the same DoF across various frequen-
cies. Therefore, the proposed piezo-transducer is referred to
as CESAT. The achieved angular accuracy is approximately
equal to 6°, which improves the one achieved by the previous
generations of transducers (FSAT). An optimization procedure
was defined to generate a feasible transducer with the desired
directional properties. Numerical simulations were performed
to validate the spectral encoder behavior. A signal processing
scheme, based on an FIR filter Bank, dispersion compensation
procedures, and peak detection of CC products, was developed
for multi-reflector localization. Thanks to the low computa-
tional cost, the algorithm is suitable for embedded electronic
devices. The effectiveness of the proposed transducer and the
associated signal processing in damage detection and localiza-
tion was assessed through both Green’s Functions and FE sim-
ulations, highlighting excellent agreement. Future work aims
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at improving the quantization procedures to achieve higher
range resolution, developing short-circuiting techniques for
the patch areas, and providing experimental results of the pro-
posed CESAT in different practical scenarios. In the develop-
ment of new generations of piezoelectric transducers, ortho-
gonal spectral configurations will be explored, to further
increase the damage imaging capability.
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