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Abstract: In the context of an embedded structural health monitoring (SHM) system, two methods of
transducer integration into the core of a laminate carbon fiber-reinforced polymer (CFRP) are tested:
cut-out and between two plies. This study focuses on the effect of integration methods on Lamb
wave generation. For this purpose, plates with an embedded lead zirconate titanate (PZT) transducer
are cured in an autoclave. The embedded PZT insulation, integrity, and ability to generate Lamb
waves are checked with electromechanical impedance, X-rays, and laser Doppler vibrometry (LDV)
measurements. Lamb wave dispersion curves are computed by LDV using two-dimensional fast
Fourier transform (Bi-FFT) to study the quasi-antisymmetric mode (qA0) excitability in generation
with the embedded PZT in the frequency range of 30 to 200 kHz. The embedded PZT is able to
generate Lamb waves, which validate the integration procedure. The first minimum frequency of
the embedded PZT shifts to lower frequencies and its amplitude is reduced compared to a surface-
mounted PZT.

Keywords: structural health monitoring (SHM); embedded lead zirconate titanate (PZT) transducer;
carbon fiber-reinforced polymer (CFRP); Lamb waves; laser Doppler vibrometry (LDV)

1. Introduction

In the aeronautic domain, aircraft parts need to be inspected in order to prevent
accidents. The material fatigue or impacts in composite material parts may induce fail-
ures such as matrix, fiber cracks, or delamination [1]. Non-destructive evaluation (NDE)
methods [2,3] are already used to inspect accessible aircraft parts but they do not provide
information on aircraft integrity in real-time or non-accessible parts. Structural health
monitoring (SHM) systems address some of these NDE limits [4,5]. Guided waves are one
of the SHM methods able to detect defects, and this study focuses on them.

As presented in several studies, guided wave SHM systems can be used in varying
environmental conditions such as temperature [6,7] and moisture [8], or in the presence
of vibrations [7] and mechanical loads [9] if the compensation of their effects is applied.
In recent studies, PZT-SHM systems are more often bonded to a structure [10,11], but
the bonding layer is the principal weakness of a surface-mounted SHM system. Indeed,
the thickness and stiffness of the bonding layer affect the coupling properties, and conse-
quently the transduction efficiency [12,13]. Moreover, the bonding layer is very sensitive
to environmental conditions (moisture [14] and temperature [7,15]) and deteriorates with
aging [16,17]. To overcome such bonding layer issues under environmental conditions
and also provide protection from impacts, one solution is the integration of the SHM sys-
tem directly into the material. Composite materials allow the integration of a monitoring
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system directly into the material during manufacturing [18–30]. Moreover, as a co-cured
surface-mounted SHM system, the manufacturing process of the composite material can
be monitored directly from the beginning of the composite fabrication with an integrated
SHM system [30,31].

Several studies have already focused on integrating SHM systems into composite
materials. The review by Meyer et al. [32] covers various methods of the integration
of various types of transducers in laminate composites. The integration is more or less
difficult depending on the composites’ manufacturing process and conditions (pressure,
temperature) or the fibers’ nature (low or high electric conductivity–carbon/glass) [1].

Lots of different transducers can be used in SHM, such as piezoelectric transducers
(wafer, a piezoelectric fiber composite (PFC)), electrical resistive or strain gauges, or fiber
Bragg grating [1,25].

In particular, thin piezoelectric transducers are able to transmit and receive ultrasonic
(US) waves. In thin plate-like structures, ultrasounds propagate as guided waves called
Lamb waves. Indeed, they offer the advantages of propagating over a long distance
compared to bulk waves and are sensitive to defects in the thickness of the structure. While
propagating in the structure, US waves interact with damage in the composite. More
specifically, Lamb waves can be decomposed into two independent wave motions, namely
antisymmetric and symmetric, relative to the mid-plane of the plate [33]. At low frequencies,
at least two modes can propagate, namely the first antisymmetric mode A0 and the first
symmetric mode S0. The sensitivity of these modes to defects depends on the type of the
latter. Guo et al. [34] showed that S0 is sensitive to delamination at the interface where the
shear strain is non-zero (pulse-echo testing). In their numerical study, Munian et al. [35]
highlight that A0 is more sensitive to delamination located at any interface depth, except in
the mid-plane (pitch-catch). In addition, the A0 mode inspection leads to the detection of a
smaller defect than the S0 mode because of its shorter wavelength.

The detection of defects by Lamb waves is complicated both by the dispersive nature
of Lamb waves and by the coexistence of several guided modes. To facilitate the analysis
of the signals and consequently the detection of defects by an SHM system composed
of PZT, a solution proposed by Giurgiutiu [36] consists of exploiting the tuning effect of
these PZT induced by their geometry. The sensitivity to a given Lamb mode of a bonded
PZT in generation and reception depends on the thickness of the composite material,
the transducer geometry, and the boundary conditions between the transducer and the
composite plate. The frequency-dependent mode damping of ultrasound in the material
also influences the excitability, as shown by Mei et al. [37]. Santoni et al. [38] studied the
effect of the shear lag of the bonding layer on tuning frequency, introducing the concept of
“effective PZT dimension” to account for the discrepancies between the ideal bonding and
the actual shear lag load transfer mechanism.

Two types of piezoelectric materials are usually used: lead zirconate titanate (PZT)
and PolyVinyliDene Fluoride (PVDF). Advantageously, PVDF is flexible and its polymer
provides electrical insulation. On the contrary, a PZT transducer is more brittle compared
to PVDF. However, the embedded PZT is more promising, as shown for instance by
Tuloup et al. [24], because an embedded PVDF generates lower signals, which requires
a specific measuring system. Moreover, the Curie temperature of PVDF (~130 ◦C) is
lower than the recommended curing temperature of an epoxy thermoset for structural
applications (180 ◦C) [39].

Integration studies of PZT in CFRP (carbon fiber-reinforced polymer [40]) laminate
focus either on the monitoring of the manufacturing process by the embedded sensor on
the resulting mechanical strength of the composite with embedded sensors, or directly
on defect detection capabilities of the SHM system. Liu et al. [30] monitored the curing
process with embedded fiber Bragg grating (FBG) and PZT sensors and used the embedded
system for delamination detection. Andreades et al. [26,27] studied the tensile and fatigue
of CFRP material with the electric insulation, They added PZT into their previous studies.
Mall et al. [21] studied the difference in monotonic load and fatigue testing of a composite
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with embedded transducers using two methods, namely cut-out or between two plies.
Indeed, they show that the tensile strength, the Young modulus, and the lifetime are not
affected by the embedded elements (0.254 mm thick embedded PZT with Kapton). A few
recent papers have shown the use of an embedded PZT in laminate CFRP for damage
detection. Andreades et al. [18] reported artificial delamination and real impact damage
detection with a nonlinear ultrasonic method using an embedded PZT (6 mm diameter
and 0.3 mm thick) in a CFRP laminate with GFRP galvanic insulation (0.1 mm thick).
Huijer et al. [29] embedded PZT in a CFRP to detect the onset of damages with the method
of acoustic emission monitoring.

Very few papers have compared the transmission and reception capabilities of ultra-
sonic Lamb waves by an embedded PZT versus a surface-bonded PZT. Feng et al. [23]
showed that the amplitude of S0-guided waves transmitted and measured by surface-
bonded PZT (DuraAct PZT) is higher than that transmitted and measured by PZT embed-
ded in a CFRP composite, except for one measurement at a given frequency (100 kHz),
which is attributed to a tuning mode effect of the surface-bonded PZT. However, the mode
tuning itself is not studied in the embedded PZT configuration. Additionally, generation
and receiving capabilities are not studied separately in their work. To the authors’ knowl-
edge and at the date of redaction of this paper, no published paper focuses on the tuning
effect with an embedded PZT in generation.

This study focuses on the use of an embedded actuator for SHM Lamb waves in
a thermoset CFRP composite. Because of its common use in SHM and its high Curie
temperature, a PZT disk is chosen for the integration. The aim of this study is to observe the
effect of the integration on the PZT transducer excitability. More specifically, the influence
of the PZT boundary conditions on Lamb wave generation is studied. The manufacturing
and integration methods are first presented. Two methods of integration are tested in order
to study different boundary conditions around the embedded PZT. Finally, the tuning
capabilities of the embedded PZT in the transmission are presented to determine the effect
of the integration on the Lamb wave emission depending on the frequency.

2. Materials and Methods
2.1. Instrumented Plates

Carbon/epoxy composite plates of T700/M21 are cured in an autoclave. The stacking
is [0,0,0,90,90]s (final thickness ~2.63 mm). The curing cycle is drawn from the curing cycle
proposed by the supplier of the prepreg. A pressure of 7 bar (0.7 MPa) is applied for 3 h.
The cycles of temperature and pressure are presented in Figure 1.
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Figure 1. Thermal and pressure measurement during the curing cycle (pressure in red and tempera-
ture in blue).

Soft piezoelectric disks in PZT (PIC 255) are selected for integration based on their
high coupling coefficient adapted to ultrasonic applications. They are 10 mm in diameter
and 0.2 mm thick, which is slightly lower than the prepreg ply thickness of around 0.3 mm.
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These dimensions were optimized to preserve the PZT integrity during the high-pressure
application of the curing cycle. Indeed, the thickness and diameter of the PZT are chosen
to minimize the potential bending stress induced by the curing. The disk shape is used to
make the source as omnidirectional as possible. The PZT Curie temperature is relatively
high (350 ◦C), thus preventing PZT depolarization and loss of its piezoelectric properties
during curing with a relatively high-temperature thermal cycling [41,42]. Attention must
be paid to the connection of wires to PZT electrodes. The main drawback of point-like
soldering is the resulting punctual load. In this context, a planar connecting method has
been studied in a previous work to preserve its integrity during curing [43]. It consists of
soldering PZT electrodes to 15 µm thick aluminum sheets with silver paint, as presented
in Figure 2. Thin electric insulation is sprayed (silicone spray) on the PZT transducer and
aluminum sheets before its integration into the CFRP composite because of the potential
electric contact between the embedded transducer and its wires and the carbon fibers of
the composite. This insulation prevented power loss.
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Two methods of transducer integration are tested. The first one, named cut-out,
consists of cutting out one ply in the shape of the transducer and inserting the transducer
directly into the cut-out area in the ply (Figure 3a). The second consists of integrating a
transducer between two plies (Figure 3b). In a third configuration, a surface-mounted
PZT is bonded with Phenyl salicylate (Salol) to allow comparison with the embedded PZT.
Unlike the embedded transducers, the surface-mounted PZT has a wrapped-up electrode.
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Figure 3. Integration methods tested. (a) Transducer directly integrated into the ply and (b) transducer
between two plies.

Five plates are manufactured for this study, one without an embedded PZT, two with
a PZT embedded between two plies, and two with a PZT embedded using a cut-out. The
integrity of all embedded piezoelectric disks is verified after each embedment by X-ray
radiography. The electric insulation is controlled with the measurement of the impedance of
all transducers. Only one verification of integrity and electric insulation for each integration
method are presented in this article. An overview of the tests presented in this article is
given in Table 1. The transducers are positioned in the center of 150x150 mm2 plates (75 mm
from each edge).
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Table 1. Manufactured plates and carried-out tests.

Plate Dimensions PZT Location Carried-Out Tests

150 × 150 mm2 Surface Vibrometry cartography (Section 3.1)

150 × 150 mm2 Embedded in cut-out Vibrometry cartography (Section 3.1)

150 × 150 mm2 Embedded between two plies Vibrometry cartography (Section 3.1)

400 × 400 mm2 Embedded in cut-out
Radiography (Section 2.3.1), electromechanical

impedance (Section 2.3.2), amplitude comparison
(Section 3.1), mode extraction (Section 3.2)

400 × 400 mm2 Embedded between two plies and surface
Radiography (Section 2.3.1), electromechanical

impedance (Section 2.3.2), amplitude comparison
(Section 3.1), mode extraction (Section 3.2)

2.2. Guided Waves Model

A theoretical semi-analytical finite element (SAFE) model available in CIVA® software
(Guided waves mode computation—2021 version) [44] is used to compute theoretical
wavelengths and mode shapes in the anisotropic laminate composite. Antisymmetric
and symmetric modes are called quasi-antisymmetric and quasi-symmetric modes in this
paper because the displacement is not purely antisymmetric or symmetric with respect
to the mid-plane of the plate due to the anisotropy of the latter. The elasticity coefficients
were determined from the comparison between the dispersion curves of the qA0 mode
experimentally obtained with a two-dimensional fast Fourier transform (Bi-FFT) and a
SAFE parametric study. Wavelength and energy velocity polar diagrams are presented in
Figure 4. The X-axis in red matches with the 6 plies at 0◦ of orientation.
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Figure 4. Semi-analytical finite element calculation modes in a polar diagram representation for the
experimentally stacked composite, in wavelength (mm) (a) at 50 kHz and (b) at 150 kHz, and in
energy velocity (c) at 50 kHz and (d) at 150 kHz (2.63 mm of thickness–400 × 400 mm2).
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Figure 4 shows that qA0 mode propagation is more isotropic than the quasi-symmetric
(qS0) mode despite the anisotropic laminate. Figure 4a,b allow us to estimate the typical
size of a detectable defect in this plate depending on the orientation of the plate. Indeed,
the minimum detectable defect size is around half of the wavelength; thus, the frequencies
need to be chosen accordingly. Figure 4c,d show that there is a 12% deviation at 50 kHz
and a 10% deviation at 150 kHz between the higher and lower energy velocity of the qA0
mode. Consequently, the dispersion depends on the propagation orientation of the qA0
mode, and this phenomenon is more visible at low frequencies. Using the qA0 mode thus
minimizes the dependence of the propagation with orientation for the detection of a defect.

The wavenumber (solid lines) and wavelength (dashed lines) along the diagonal
direction of the propagation as a function of frequency, called dispersion curves, are
presented in Figure 5. Supplementary Lamb modes appear above 200 kHz in this composite
plate. The frequency range is set below 200 kHz to avoid these supplementary Lamb modes
and simplify the interpretation of the results in the future use of the embedded PZT for
defect detection.
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tion (identified in (a)) in wavenumber (rad/mm) for the composite square plate used experimentally
(2.63 mm of thickness–400 × 400 mm2) (b).

The qA0 wavenumber is 0.334 rad/mm at 50 kHz and 0.762 rad/mm at 150 kHz. The
symmetric mode has a lower wavenumber, with 0.087 rad/mm at 50 kHz and 0.178 rad/mm
at 150 kHz. The wavenumber estimation allows identifying the Lamb wave modes mea-
sured with the vibrometry set-up. In the diagonal mode at 50 kHz, the wavelength is
19.15 mm for qA0 and 111.14 mm for qS0. At 150 kHz, the wavelength is 8.50 mm for qA0
and 36.86 mm for qS0. Consequently, the qA0 mode allows the detection of smaller defects
compared to the qS0 mode. For all these reasons, this paper focused on the study of the
qA0 mode.

2.3. Piezoelectric Integrity Verification
2.3.1. X-Radiography

In a former study, the ability of the X-ray radiography method to reveal cracks in
the embedded PZT in CFRP materials has been studied [43]. The set-up is composed of
an X-ray source as a microfocus tube (Viscom XT9225DED). The detector is a matrix of
photodiodes Perkin Elmer XRD 0821 (1024 × 1024 pixels of 200 µm). The voltage of the
acquisition is 100 kV and the current is 50 µA, with 1 s of integration time. The gain of the
detector is 1 pF. Ten images are averaged for each acquisition.

Figure 6 presents the pictures of the embedded PZT for both integration methods:
cut-out and between two plies. X-ray radiography pictures show the absence of cracks on
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both PZTs. Visible dark grey zones in the pictures correspond to silver soldering located
between PZT electrodes and aluminum sheets.
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Figure 6. X-Radiography of (a) the embedded PZT with the cut-out method and (b) the embedded
PZT between two plies of prepreg (1 pixel ~20 µm).

2.3.2. Electromechanical Impedance Measurement

The technique of the electrical–mechanical impedance (EMI) method is widely used in
SHM to inspect structures [45,46], but also to monitor transducer properties after coupling
to the structure [47], transducer integrity [48], and bonding layer properties [13]. In this
article, this technique is used to check the proper isolation of the embedded transducer.
The electromechanical impedance is measured with an impedancemeter (4194A Hewlett-
Packard), in a frequency range of 100 Hz to 1500 kHz. Measurements are made for one
free PZT, one PZT embedded between two plies, and another one embedded in a cut-out.
The variability of two free sensors itself is negligible. The impedance measurements are
presented in Figure 7.
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Figure 7. The impedance of the free PZT (green) and the embedded PZT with electrical insulation
with the two methods of integration (blue: between two plies and orange: cut-out).

The free PZT impedance response (in green) displays five resonance frequencies in this
frequency range. For both embedded PZTs, the first resonance modes are visible, which
proves that the isolation is correct. In fact, if there is a shortcut, the current runs through the
composite, which has a lower equivalent resistance than the PZT. Similar acquisitions were
made by Feng et al. [23] with integrated DuraAct transducers (Kapton electric isolation).
Their electromechanical impedance measurements on their well-insulated transducers
showed resonance frequencies with the same shifting to higher frequencies.

Moreover, the first resonance frequency shifts from 200 kHz to 300 kHz were due
to the coupling between the embedded PZT and the composite plate. Consequently, no
resonance frequency of the embedded transducer is present in the frequency range of
interest, namely 30 to 200 kHz. That means the data interpretation is not affected by the
PZT resonance frequencies.
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2.3.3. Guided Waves Emission

A laser Doppler vibrometer (LDV) is used as an NDE method to study Lamb wave
propagation in plates [49,50]. Therefore, the ability of the embedded transducer to generate
Lamb waves is studied with this method. For that purpose, the LDV (interferometer
OFV5000 and the sensor head MLV I120) is used to measure the out-of-plane displacement
of Lamb waves on the composite surface following the excitation of embedded or surface-
mounted transducers (Figure 8). The PZT generates a linear chirp signal from 30 kHz to
200 kHz with a peak-to-peak amplitude of 10 Vpp.

Materials 2023, 16, x FOR PEER REVIEW  8  of  17 
 

 

 

Figure 7. The impedance of the free PZT (green) and the embedded PZT with electrical insulation 

with the two methods of integration (blue: between two plies and orange: cut-out). 

2.3.3. Guided Waves Emission 

A laser Doppler vibrometer (LDV) is used as an NDE method to study Lamb wave 

propagation in plates [49,50]. Therefore, the ability of the embedded transducer to gener-

ate Lamb waves is studied with this method. For that purpose, the LDV (interferometer 

OFV5000 and the sensor head MLV I120) is used to measure the out-of-plane displacement 

of Lamb waves on the composite surface following the excitation of embedded or surface-

mounted transducers (Figure 8). The PZT generates a linear chirp signal from 30 kHz to 

200 kHz with a peak-to-peak amplitude of 10 Vpp. 

 

Figure 8. A schematic of a laser Doppler vibrometer bench used to measure the out-of-plane dis-

placement generated by an embedded or surface-mounted PZT. 

In order to verify the ability of the embedded PZT to generate Lamb waves, a 100 × 

100 mm2 area around the PZT  is scanned with a step of 1 mm (smaller than the wave-

length). A convolution with a burst signal (sinus modulated by a Tukey window with a 

0.8 slope) at the frequency of interest is made in order to extract the displacement response 

at one frequency with a bandwidth [51]. In this article, two frequencies, 50 and 150 kHz, 

are studied and computed with convolution. At 50 kHz, an 8-cycle sinus windowed by 

Tukey is employed and the bandwidth at half-height is 10 kHz. In order to have the same 

bandwidth at 150 kHz, a 30-cycle sinus is used. 

The convolution calculation in the frequency domain is: 

𝑅 𝑅 . ,  (1) 

where Rburst is the FFT of the registered signal if the emission is a burst, Rchirp is the FFT of 

the recorded signal after the transmission of a chirp, Sburst  is the generated burst signal, 

and Schirp is the generated chirp signal. Figure 9 displays an example of the module-nor-

malized FFT, but the post-processing is based on the non-normalized FFT. The R_burst is 

the FFT of the signal registered if the emission was a burst and depends on the S_burst 

Figure 8. A schematic of a laser Doppler vibrometer bench used to measure the out-of-plane displace-
ment generated by an embedded or surface-mounted PZT.

In order to verify the ability of the embedded PZT to generate Lamb waves, a
100 × 100 mm2 area around the PZT is scanned with a step of 1 mm (smaller than the
wavelength). A convolution with a burst signal (sinus modulated by a Tukey window with
a 0.8 slope) at the frequency of interest is made in order to extract the displacement response
at one frequency with a bandwidth [51]. In this article, two frequencies, 50 and 150 kHz,
are studied and computed with convolution. At 50 kHz, an 8-cycle sinus windowed by
Tukey is employed and the bandwidth at half-height is 10 kHz. In order to have the same
bandwidth at 150 kHz, a 30-cycle sinus is used.

The convolution calculation in the frequency domain is:

Rburst = Rchirp.
Sburst
Schirp

(1)

where Rburst is the FFT of the registered signal if the emission is a burst, Rchirp is the FFT of
the recorded signal after the transmission of a chirp, Sburst is the generated burst signal, and
Schirp is the generated chirp signal. Figure 9 displays an example of the module-normalized
FFT, but the post-processing is based on the non-normalized FFT. The R_burst is the FFT of
the signal registered if the emission was a burst and depends on the S_burst parameters.
After this computation, an inverse FFT is made to convert the signal in the time domain.

To quantify the first qA0 mode excitation, a B-Scan of 120 mm is performed in a
diagonal direction from 10 mm to the center of the PZT. The B-Scan step is chosen to
be smaller (wavelength divided by 6 at 150 kHz) than the minimum wavelength of the
excited qA0 mode. The methodology of the analysis is presented in Figure 10. The analysis
by Bi-FFT (FFT 2D) [49], which consists in computing a 2D spatial and temporal fast
Fourier transform (FFT), is employed to extract the qA0 mode amplitude at each frequency
of interest. The mode measured with the vibrometer in this frequency range, which is
identified thanks to the previous theoretical calculation (Figure 5). Moreover, the qA0
mode amplitude is greater along the out-of-plane direction, and is thus preferentially
measured by the vibrometer. After controlling for the absence of edge effects (reflection)
and after applying a mask to suppress qS0, graphics of the extracted qA0 mode maximum
of amplitudes are plotted.
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Figure 10. Methodology of qA0 mode excitation extraction (400 × 400 mm2 plate).

3. Results
3.1. Emission Ability

Figure 11 presents the out-of-plane displacement resulting from the generation of a
surface-mounted PZT and an embedded PZT. The images are displayed at 40 µs from the
beginning of the excitation burst signal to avoid plate edge reflections of the first qA0 mode
in the observations (that would be seen at 79 µs, a propagation of 125 mm at 1.6 mm/µs on
the X-axis). Two frequencies are displayed. In Figure 11a,c,e the frequency of generation is
centered on 50 kHz, and in Figure 11b,d,f on 150 kHz. The X-axis in red matches with the
six plies at 0◦ of orientation.
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The images of the out-of-displacement in Figure 11 confirm that the embedded PZT
is intact and able to generate Lamb waves at 50 and 150 kHz. In addition, Figure 11
experimentally confirms that the energy velocity of the qA0 mode at 150 kHz barely varies
with the propagation orientation contrarily to qA0 at 50 kHz. As expected with the chosen
stacking, the wavefront shape of the transmitted wave measured with LDV scanning is in
agreement with the theoretical calculation SAFE. Indeed, qA0 energy velocity is greater in
the fiber direction (X- and Y-axis).

In Figure 11b,d,f, interferences are visible at 150 kHz. One possible explanation is the
superposition of reflected waves with direct waves. The presumed reflected waves appear
at around 17 µs (125 mm at 7.5 mm/µs in the X-axis) for the faster mode (qS0 in the X-axis)
and at 25 mm from the PZT center, if there is no mode conversion at the plate edges. If there
is a mode conversion of the qS0 mode into a qA0 mode on the plate edges, the reflected
waves should appear at 41 µs at 25 mm from the PZT center (75 mm at 7.5 mm/µs plus 50
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mm at 1.6 mm/µs in the X-axis). The very weak amplitude wave visible in Figure 11b,d,f
along the X- and Y-axis could come from reflected qS0 with or without conversion in qA0.

In order to explain why the reflected waves are more visible at 150 kHz than at 50 kHz,
the wavefronts are displayed at an additional time, after the first reflected waves of qS0, in
the case of wave generation by an embedded PZT in the cut-out; see Figure 12.
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Figure 12. Wave generation with an embedded transducer in the cut-out at (a) 50 kHz and at (b–d)
150 kHz at 10, 15, and 20 µs (first edge reflections for qS0: 17 µs visible at 25 mm from the PZT center).

In Figure 12b, the snapshot is displayed at the time corresponding to the qS0 mode
arrival to the plate edges. In Figure 12c, the snapshot is displayed at the theoretical time of
arrival of the qS0 reflected waves at the abscissa at 10 mm. In Figure 12a,d, snapshots are
displayed at 20 µs, which correspond to the later time of the first qS0 mode reflection that
could be seen at 25 mm from the PZT center.

At 50 kHz (Figure 12a), the qS0 mode wavelength is bigger than the scanning length;
thus, qS0 is not visible. This is consistent with the fact that qS0 normal displacement tends
to be zero when the frequency decreases, and is thus not measurable using out-of-plane
displacement LDV at very low frequency. At 150 kHz, a larger wavelength coincident with
the qS0 mode (a wavelength around 40 mm for the three principal directions of propagation
at 150 kHz) is visible in Figure 12b. The qS0 mode at this displayed time is composed of
direct and reflected waves. The normal component of the qS0 mode has a higher amplitude
at 150 kHz than at 50 kHz. Moreover, the reflected waves are smaller in the diagonal
direction, which could be explained by the Maris factor (energy concentrates in the fiber
orientation, especially for qS0 mode [52]).

In order to compare the amplitude values with more precision, the out-of-plane
amplitudes in the diagonal direction measured for the three methods of excitation are
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displayed in Figure 13. This direction is chosen to avoid the reflected waves seen in the Y-
and X-axis (Figure 12). These measurements are made on bigger plates (400 mm wide and
400 mm long) to avoid wave reflections. In this configuration, qS0 reflection appears at 41
µs (305 mm at 7.5 mm/µs in the X-axis), and qA0 generated by qS0 conversion on the plate
edge appears at 110 µs (seen at 25 mm from the PZT center, 165 mm at 7.5 mm/µs and 140
mm at 1.6 mm/µs in the X-axis). Normal displacements are given at a time equal to 110 µs.
It is equal to the half duration of the emitted burst (150/2 µs), and the 50 mm traveled (35
µs at 1.5 mm/µs in diagonal for qA0) at 50 kHz.
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110 µs.

In Figure 13, the experimentally obtained wavelength is in agreement with the SAFE
computation. Amplitudes of qA0 out-of-plane displacements are extracted at least 2λ away
from the source for stabilization of qA0 Lamb waves, namely at 50 mm from the PZT center,
based on the amplitude of the Hilbert function (envelope). At 50 kHz, with a surface PZT
generation, the out-of-plane amplitude is 6.58 nm. The amplitudes measured after the
excitation of an embedded PZT in cut-out (2.01 nm) and between two plies (2.16 nm) are
equal to the amplitude measured after excitation with a surface-mounted PZT divided
by three.

This reduction in amplitude for both embedded PZT generations can stem from the
stress applied by the composite on the two faces of the PZT contrarily to the surface-
mounted PZT, where stress is applied only on one surface of the PZT due to the bonding.

3.2. Quasi-Antisymmetric (qA0) Mode Extraction

The ability to transmit qA0 mode, called excitability, is studied for the three types of
transmitters (a surface-mounted PZT, PZT embedded in the cut-out, and PZT embedded
between two plies), as the excitability is expected to depend on the PZT boundary con-
ditions. Figure 14 presents the maximum amplitude extracted from the dispersion curve
(Bi-FFT) of qA0 mode.

For any given PZT, the minimum excitation frequencies are almost the same for the
two diagonals of propagation. On the contrary, these minimums vary with the type of PZT
(surface-mounted, embedded in the cut-out, or between two plies).

In Figure 14, the first minimum appears around 130 kHz for the emission with a
surface-mounted PZT. The first minimum excitation appears around 100 kHz and a second
minimum of excitation appears around 155 kHz for the emission with the PZT embedded
in the cut-out. For the PZT embedded between two plies, the first minimum appears at
around 115 kHz. Thus, with an embedded generation, the minimum frequency globally
shifts to lower frequencies than those observed with a surface-mounted generation. In
addition, a second minimum of excitation is detectable in this frequency range for the
excitation of a PZT embedded in the cut-out.



Materials 2023, 16, 3057 13 of 16

For a surface-mounted generation, the amplitude is relatively constant between 30
and 80 kHz (variation of less than −5 dB). For both embedded generations, the amplitude
is only constant (+/−2.5 dB) between 30 and 60 kHz.
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4. Discussion

This article has shown that the Lamb wave amplitude qA0 generated by an embedded
PZT is lower than the one generated by a surface-mounted PZT. Moreover, the amplitude
of qA0 Lamb waves transmitted by an embedded PZT varies with the excitation frequency
depending on the method of integration. It is important to take into account both these
phenomena when designing an SHM system for a given application. Indeed, usually, the
nature of the composite and the size of the defect to be detected, as well as the distance
between transmitter and receiver and their positions (imposed by the geometry of the
component), condition the choice of the inspection frequency range. Indeed, if the attenua-
tion of Lamb waves in the composite is too strong, high inspection frequencies may not
be compatible with the fixed transmitter–receiver distance (the signal may be buried in
the noise). In addition to these usual constraints on the design of the SHM system, the
modal excitability also needs to be taken into account. A wrong choice of frequency could
lead to too low excitation amplitudes due to the existence of an excitability minimum, as
demonstrated in Section 3. In regard to the results, if the protection of the SHM system
is essential for the application, and the bonding issues need to be avoided. The choice
between integration in the cut-out or between two plies will rely on the desired composite
mechanical properties that need to be checked with mechanical tests. Such a mechanical
study is outside the scope of this paper.
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In addition, in the anisotropic stacking considered in this study, the excitability is
expected to be dependent on the orientation of the propagation in the plate. This effect also
needs to be considered and will be studied in future works.

5. Conclusions

Two methods of integration (between two plies and in the cut-out) have been tested
with a new electrode connection method and galvanic insulation. This setup is validated
by the verification of the insulation (impedance), the integrity of the embedded PZT
(X-radiography), and the ability of the embedded transducers to generate Lamb waves
(vibrometry). The integration affects the amplitude of the excited qA0 mode by reducing its
amplitude. In fact, the first minimum of the qA0 excitability frequency with the embedded
PZT (100 kHz or 113 kHz) appeared below the expected minimum of excitability with a
surface-mounted PZT (130 kHz). These observations are closely dependent on the type
of integration (surface-mounted, integrated between two plies, or in the cut-out) and
more specifically on the boundary conditions between the transducers and the composite
plate (bonding layer for a surface-mounted PZT, surrounding composite material for an
embedded PZT). Therefore, the authors advise future users of this type of embedded SHM
system to characterize their own embedded SHM system with the methods presented in
this study, in order to determine the optimal setting of frequency signal of excitation, prior
to performing SHM experiments.

This study focused on the out-of-plane displacement of the qA0 mode. It would be
interesting to pursue this work with the qS0 mode or focus on the in-plane displacement
of both modes. The effect of integration on the PZT excitability needs to be confirmed
with other shapes and dimensions of the embedded PZT transducers. Lastly, in future
works, the efficiency of this SHM system with PZT embedded with both methods for defect
detection and localization will be studied.

Author Contributions: Conceptualization, N.K., L.G., G.R., F.S., P.B., O.M. and O.B.; methodology,
N.K., L.G., G.R., F.S., P.B., O.M. and O.B.; validation, N.K., L.G., G.R., F.S., P.B., O.M. and O.B.;
writing—original draft preparation, N.K.; writing—review and editing, N.K., L.G., G.R., F.S., P.B.,
O.M. and O.B.; supervision, G.R., F.S., L.G., P.B., O.M. and O.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Katia Dennis, with whom the autoclave curing
of the plates was made, and Philippe Nunez, who deburred the big plates. Moreover, they would
like to thank Adrien Stolidi, who took the radiographic pictures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Giurgiutiu, V. Structural Health Monitoring of Aerospace Composites; Academic Press: Cambridge, MA, USA, 2015.
2. Gupta, R.; Mitchell, D.; Blanche, J.; Harper, S.; Tang, W.; Pancholi, K.; Baines, L.; Bucknall, D.G.; Flynn, D. A Review of Sensing

Technologies for Non-Destructive Evaluation of Structural Composite Materials. J. Compos. Sci. 2021, 5, 319. [CrossRef]
3. Towsyfyan, H.; Biguri, A.; Boardman, R.; Blumensath, T. Successes and challenges in non-destructive testing of aircraft composite

structures. Chin. J. Aeronaut. 2019, 33, 771–791. [CrossRef]
4. Giurgiutiu, V. Structural Health Monitoring with Piezoelectric Wafer Active Sensors, 2nd ed.; Elsevier: Amsterdam, The Netherlands,

2014. Available online: https://www.elsevier.com/books/structural-health-monitoring-with-piezoelectric-wafer-active-sensors/
giurgiutiu/978-0-12-418691-0 (accessed on 31 May 2021).

5. Hassani, S.; Mousavi, M.; Gandomi, A.H. Structural Health Monitoring in Composite Structures: A Comprehensive Review.
Sensors 2021, 22, 153. [CrossRef] [PubMed]

https://doi.org/10.3390/jcs5120319
https://doi.org/10.1016/j.cja.2019.09.017
https://www.elsevier.com/books/structural-health-monitoring-with-piezoelectric-wafer-active-sensors/giurgiutiu/978-0-12-418691-0
https://www.elsevier.com/books/structural-health-monitoring-with-piezoelectric-wafer-active-sensors/giurgiutiu/978-0-12-418691-0
https://doi.org/10.3390/s22010153
https://www.ncbi.nlm.nih.gov/pubmed/35009695


Materials 2023, 16, 3057 15 of 16

6. Perfetto, D.; Khodaei, Z.S.; De Luca, A.; Aliabadi, M.H.; Caputo, F. Experiments and modelling of ultrasonic waves in composite
plates under varying temperature. Ultrasonics 2022, 126, 106820. [CrossRef] [PubMed]

7. Salmanpour, M.S.; Khodaei, Z.S.; Aliabadi, M.H. Airborne Transducer Integrity under Operational Environment for Structural
Health Monitoring. Sensors 2016, 16, 2110. [CrossRef]

8. Schubert, K.J.; Brauner, C.; Herrmann, A.S. Non-damage-related influences on Lamb wave–based structural health monitoring of
carbon fiber–reinforced plastic structures. Struct. Health Monit. 2013, 13, 158–176. [CrossRef]

9. Roy, S.; Ladpli, P.; Chang, F.-K. Load monitoring and compensation strategies for guided-waves based structural health monitoring
using piezoelectric transducers. J. Sound Vib. 2015, 351, 206–220. [CrossRef]

10. Tang, L.; Li, Y.; Bao, Q.; Hu, W.; Wang, Q.; Su, Z.; Yue, D. Quantitative identification of damage in composite structures using
sparse sensor arrays and multi-domain-feature fusion of guided waves. Measurement 2023, 208, 112482. [CrossRef]

11. Liao, Y.; Qing, X.; Wang, Y.; Zhang, F. Damage localization for composite structure using guided wave signals with Gramian
angular field image coding and convolutional neural networks. Compos. Struct. 2023, 312, 116871. [CrossRef]

12. Lanzara, G.; Yoon, Y.; Kim, Y.; Chang, F.-K. Influence of Interface Degradation on the Performance of Piezoelectric Actuators.
J. Intell. Mater. Syst. Struct. 2009, 20, 1699–1710. [CrossRef]

13. Qing, X.P.; Chan, H.-L.; Beard, S.J.; Ooi, T.K.; Marotta, S.A. Effect of adhesive on the performance of piezoelectric elements used
to monitor structural health. Int. J. Adhes. Adhes. 2006, 26, 622–628. [CrossRef]

14. Schubert, K.J.; Herrmann, A.S. On the influence of moisture absorption on Lamb wave propagation and measurements in
viscoelastic CFRP using surface applied piezoelectric sensors. Compos. Struct. 2012, 94, 3635–3643. [CrossRef]

15. Attarian, V.A.; Cegla, F.B.; Cawley, P. Long-term stability of guided wave structural health monitoring using distributed adhesively
bonded piezoelectric transducers. Struct. Health Monit. 2014, 13, 265–280. [CrossRef]

16. Gorgin, R.; Luo, Y.; Wu, Z. Environmental and operational conditions effects on Lamb wave based structural health monitoring
systems: A review. Ultrasonics 2020, 105, 106114. [CrossRef] [PubMed]

17. Boehme, B.; Roellig, M.; Wolter, K.-J. Moisture induced change of the viscoelastic material properties of adhesives for SHM sensor
applications. In Proceedings of the 2010 Proceedings 60th Electronic Components and Technology Conference (ECTC), Las Vegas,
NV, USA, 1–4 June 2010; pp. 1885–1892. [CrossRef]

18. Andreades, C.; Fierro, G.P.M.; Meo, M.; Ciampa, F. Nonlinear ultrasonic inspection of smart carbon fibre reinforced plastic
composites with embedded piezoelectric lead zirconate titanate transducers for space applications. J. Intell. Mater. Syst. Struct.
2019, 30, 2995–3007. [CrossRef]

19. Su, Z.; Wang, X.; Chen, Z.; Ye, L.; Wang, D. Abuilt-inactive sensor network for health monitoring of composite structures. Smart
Mater. Struct. 2006, 15, 1939–1949. [CrossRef]

20. Paget, C.A.; Levin, K.; Delebarre, C. Actuation performance of embedded piezoceramic transducer in mechanically loaded
composites. Smart Mater. Struct. 2002, 11, 886–891. [CrossRef]

21. Mall, S. Integrity of graphite/epoxy laminate embedded with piezoelectric sensor/actuator under monotonic and fatigue
loads\ast. Smart Mater. Struct. 2002, 11, 527–533. [CrossRef]

22. Takeda, N.; Okabe, Y.; Kuwahara, J.; Kojima, S.; Ogisu, T. Development of smart composite structures with small-diameter fiber
Bragg grating sensors for damage detection: Quantitative evaluation of delamination length in CFRP laminates using Lamb wave
sensing. Compos. Sci. Technol. 2005, 65, 2575–2587. [CrossRef]

23. Feng, T.; Bekas, D.; Aliabadi, M.H.F. Active Health Monitoring of Thick Composite Structures by Embedded and Surface-Mounted
Piezo Diagnostic Layer. Sensors 2020, 20, 3410. [CrossRef] [PubMed]

24. Tuloup, C.; Harizi, W.; Aboura, Z.; Meyer, Y. Integration of piezoelectric transducers (PZT and PVDF) within polymer-matrix
composites for structural health monitoring applications: New success and challenges. Int. J. Smart Nano Mater. 2020, 11, 343–369.
[CrossRef]

25. Tuloup, C.; Harizi, W.; Aboura, Z.; Meyer, Y.; Khellil, K.; Lachat, R. On the manufacturing, integration, and wiring techniques of
in situ piezoelectric devices for the manufacturing and structural health monitoring of polymer–matrix composites: A literature
review. J. Intell. Mater. Syst. Struct. 2019, 30, 2351–2381. [CrossRef]

26. Andreades, C.; Meo, M.; Ciampa, F. Fatigue testing and damage evaluation using smart CFRP composites with embedded PZT
transducers. Mater. Today Proc. 2021, 34, 260–265. [CrossRef]

27. Andreades, C.; Meo, M.; Ciampa, F. Tensile and fatigue testing of impacted smart CFRP composites with embedded PZT
transducers for nonlinear ultrasonic monitoring of damage evolution. Smart Mater. Struct. 2020, 29, 055034. [CrossRef]

28. Andreades, C.; Mahmoodi, P.; Ciampa, F. Characterisation of smart CFRP composites with embedded PZT transducers for
nonlinear ultrasonic applications. Compos. Struct. 2018, 206, 456–466. [CrossRef]

29. Huijer, A.; Kassapoglou, C.; Pahlavan, L. Acoustic Emission Monitoring of Carbon Fibre Reinforced Composites with Embedded
Sensors for In-Situ Damage Identification. Sensors 2021, 21, 6926. [CrossRef] [PubMed]

30. Liu, X.; Li, J.; Zhu, J.; Wang, Y.; Qing, X. Cure monitoring and damage identification of CFRP using embedded piezoelectric
sensors network. Ultrasonics 2021, 115, 106470. [CrossRef]

31. Kang, H.-K.; Kang, D.-H.; Bang, H.-J.; Hong, C.-S.; Kim, C.-G. Cure monitoring of composite laminates using fiber optic sensors.
Smart Mater. Struct. 2002, 11, 279–287. [CrossRef]

32. Meyer, Y.; Lachat, R.; Akhras, G. A review of manufacturing techniques of smart composite structures with embedded bulk
piezoelectric transducers. Smart Mater. Struct. 2019, 28, 053001. [CrossRef]

https://doi.org/10.1016/j.ultras.2022.106820
https://www.ncbi.nlm.nih.gov/pubmed/35961156
https://doi.org/10.3390/s16122110
https://doi.org/10.1177/1475921713513975
https://doi.org/10.1016/j.jsv.2015.04.019
https://doi.org/10.1016/j.measurement.2023.112482
https://doi.org/10.1016/j.compstruct.2023.116871
https://doi.org/10.1177/1045389X09341198
https://doi.org/10.1016/j.ijadhadh.2005.10.002
https://doi.org/10.1016/j.compstruct.2012.05.029
https://doi.org/10.1177/1475921714522842
https://doi.org/10.1016/j.ultras.2020.106114
https://www.ncbi.nlm.nih.gov/pubmed/32193014
https://doi.org/10.1109/ECTC.2010.5490701
https://doi.org/10.1177/1045389X19873419
https://doi.org/10.1088/0964-1726/15/6/050
https://doi.org/10.1088/0964-1726/11/6/309
https://doi.org/10.1088/0964-1726/11/4/307
https://doi.org/10.1016/j.compscitech.2005.07.014
https://doi.org/10.3390/s20123410
https://www.ncbi.nlm.nih.gov/pubmed/32560370
https://doi.org/10.1080/19475411.2020.1830196
https://doi.org/10.1177/1045389X19861782
https://doi.org/10.1016/j.matpr.2020.03.081
https://doi.org/10.1088/1361-665X/ab7f41
https://doi.org/10.1016/j.compstruct.2018.08.083
https://doi.org/10.3390/s21206926
https://www.ncbi.nlm.nih.gov/pubmed/34696139
https://doi.org/10.1016/j.ultras.2021.106470
https://doi.org/10.1088/0964-1726/11/2/311
https://doi.org/10.1088/1361-665X/ab0fab


Materials 2023, 16, 3057 16 of 16

33. Lamb, H. On the Vibrations of an Elastic Sphere. Proc. Lond. Math. Soc. 1881, S1–S13, 189–212. [CrossRef]
34. Guo, N.; Cawley, P. The interaction of Lamb waves with delaminations in composite laminates. J. Acoust. Soc. Am. 1993, 94,

2240–2246. [CrossRef]
35. Munian, R.K.; Mahapatra, D.R.; Gopalakrishnan, S. Lamb wave interaction with composite delamination. Compos. Struct. 2018,

206, 484–498. [CrossRef]
36. Giurgiutiu, V. Tuned Lamb Wave Excitation and Detection with Piezoelectric Wafer Active Sensors for Structural Health

Monitoring. J. Intell. Mater. Syst. Struct. 2005, 16, 291–305. [CrossRef]
37. Mei, H.; Giurgiutiu, V. Effect of structural damping on the tuning between piezoelectric wafer active sensors and Lamb waves.

J. Intell. Mater. Syst. Struct. 2018, 29, 2177–2191. [CrossRef]
38. Santoni, G.B.; Yu, L.; Xu, B.; Giurgiutiu, V. Lamb Wave-Mode Tuning of Piezoelectric Wafer Active Sensors for Structural Health

Monitoring. J. Vib. Acoust. 2007, 129, 752–762. [CrossRef]
39. Hexcel. Datasheet Hexply M21; Hexcel: Stamford, CT, USA, 2020.
40. Soutis, C. Fibre reinforced composites in aircraft construction. Prog. Aerosp. Sci. 2005, 41, 143–151. [CrossRef]
41. Fialka, J.; Benes, P.; Michlovska, L.; Klusacek, S.; Pikula, S.; Dohnal, P.; Havranek, Z. Measurement of thermal depolarization

effects in piezoelectric coefficients of soft PZT ceramics via the frequency and direct methods. J. Eur. Ceram. Soc. 2016, 36,
2727–2738. [CrossRef]

42. Haider, M.F.; Giurgiutiu, V.; Lin, B.; Yu, L. Irreversibility effects in piezoelectric wafer active sensors after exposure to high
temperature. Smart Mater. Struct. 2017, 26, 095019. [CrossRef]

43. Kergosien, N.; Gavérina, L.; Ribay, G.; Saffar, F.; Beauchêne, P.; Mesnil, O.; Bareille, O. Optimization of a Structural Health
Monitoring systems integration in laminated composite cured in autoclave. In Proceedings of the IWSHM 2021—13th International
Workshop on Structural Health Monitoring, Stanford, CA, USA, 7–9 December 2021; DEStech Publications, Inc.: Lancaster,
PA, USA, 2022. ISBN 978-1-60595-687-9. Available online: https://hal.archives-ouvertes.fr/hal-03772212 (accessed on 21
September 2022).

44. EXTENDE, Experts in Non Destructive Testing Simulation with CIVA Software. Available online: https://www.extende.com/
(accessed on 23 March 2023).

45. Tenreiro, A.F.G.; Lopes, A.M.; da Silva, L.F. A review of structural health monitoring of bonded structures using electromechanical
impedance spectroscopy. Struct. Health Monit. 2022, 21, 228–249. [CrossRef]

46. Feng, T.; Aliabadi, M.H.F. Structural Integrity Assessment of Composites Plates with Embedded PZT Transducers for Structural
Health Monitoring. Materials 2021, 14, 6148. [CrossRef] [PubMed]

47. Park, G.; Farrar, C.R.; Rutherford, A.C.; Robertson, A.N. Piezoelectric Active Sensor Self-Diagnostics Using Electrical Admittance
Measurements. J. Vib. Acoust. 2006, 128, 469–476. [CrossRef]

48. Mueller, I.; Fritzen, C.-P. Inspection of Piezoceramic Transducers Used for Structural Health Monitoring. Materials 2017, 10, 71.
[CrossRef] [PubMed]

49. Tian, Z.; Yu, L. Lamb wave frequency–wavenumber analysis and decomposition. J. Intell. Mater. Syst. Struct. 2014, 25, 1107–1123.
[CrossRef]

50. Sathyanarayana, C.N.; Raja, S.; Arun, P.D.; Mahesh, M.; Aparna, B.R. Lamb Wave Propagation and Low Velocity Impact Damage
Identification in Carbon Fiber Reinforced Plastic (CFRP) Laminates. In Proceedings of the 2022 IEEE 2nd Mysore Sub Section
International Conference (MysuruCon), Mysuru, India, 16–17 October 2022; pp. 1–8. [CrossRef]

51. Michaels, J.E.; Lee, S.J.; Croxford, A.J.; Wilcox, P.D. Chirp excitation of ultrasonic guided waves. Ultrasonics 2013, 53, 265–270.
[CrossRef] [PubMed]

52. Chapuis, B.; Terrien, N.; Royer, D. Excitation and focusing of Lamb waves in a multilayered anisotropic plate. J. Acoust. Soc. Am.
2010, 127, 198–203. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1112/plms/s1-13.1.189
https://doi.org/10.1121/1.407495
https://doi.org/10.1016/j.compstruct.2018.08.072
https://doi.org/10.1177/1045389X05050106
https://doi.org/10.1177/1045389X18758188
https://doi.org/10.1115/1.2748469
https://doi.org/10.1016/j.paerosci.2005.02.004
https://doi.org/10.1016/j.jeurceramsoc.2016.03.036
https://doi.org/10.1088/1361-665X/aa785f
https://hal.archives-ouvertes.fr/hal-03772212
https://www.extende.com/
https://doi.org/10.1177/1475921721993419
https://doi.org/10.3390/ma14206148
https://www.ncbi.nlm.nih.gov/pubmed/34683740
https://doi.org/10.1115/1.2202157
https://doi.org/10.3390/ma10010071
https://www.ncbi.nlm.nih.gov/pubmed/28772431
https://doi.org/10.1177/1045389X14521875
https://doi.org/10.1109/MysuruCon55714.2022.9972408
https://doi.org/10.1016/j.ultras.2012.06.010
https://www.ncbi.nlm.nih.gov/pubmed/22824622
https://doi.org/10.1121/1.3263607

	Introduction 
	Materials and Methods 
	Instrumented Plates 
	Guided Waves Model 
	Piezoelectric Integrity Verification 
	X-Radiography 
	Electromechanical Impedance Measurement 
	Guided Waves Emission 


	Results 
	Emission Ability 
	Quasi-Antisymmetric (qA0) Mode Extraction 

	Discussion 
	Conclusions 
	References

