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Abstract

Ultrasonic-based SHM (Structural Health Monitoring) applications commonly rely on the use of piezo-electric patches to
emit and receive ultrasonic waves. The objective is to study the propagation of the waves through a structure to assess its
structural integrity. Because of the elevated number of echoes and possible modes of propagation of the waves within the
structure, those applications suffer from a burden of signal processing. This paper presents a composite piezo-electric
patch that was designed and successfully tested for reducing the complexity of the SHM detection schemes by selecting
the mode and direction of the Lamb waves received. The piezo-composite is composed of a row of eight independent
ceramic pillars separated with polymer, so it is a 1-D matrix of independent piezo-patches. Used with adequate electron-
ics and signal processing, it was shown that it allowed selecting the direction and the mode of the Lamb waves.

1 Introduction

1.1 Problematic

SHM requires the fusion of different engineering disci-
plines such as signal processing, electronics, acoustics, or
mechanics. One of the most common detection techniques
is to emit and receive ultrasonic waves with piezo-electric
transducers attached to the structure. A simple setup to as-
sess the propagation of the wave is to have two piezo-
patches, one acting as emitter and the other acting as a re-
ceiver. The properties of the wave transmitted from the
emitter to the receiver will be very likely to change in the
case of a defect between the two patches.

These SHM detection schemes suffer from a burden of sig-
nal processing due to different modes of propagation and
the large number of interfering echoes [1]. Mode and di-
rection selectivity of the waves is a way to reduce the com-
plexity of the signal processing, by selecting one mode of
propagation, and by looking only into the transmitted
waves and not their echoes.

For acoustic waves at frequencies around several hundred
kHz, it can be considered that only the Sy mode and A,
mode are present [2]. The So mode is known as the sym-
metric mode, the Aq mode is the anti-symmetric mode. An
interesting property is that the Sy mode is faster than the A,
mode, i.e. the S, mode is always the first to arrive to the
receiver. The Sy, mode is more affected by the defects than
the Ay mode, thus there is a strong interest in this mode for
SHM detection schemes.

1.2 Concept

The piezo-composite structure is a way to obtain mode and
direction selectivity as it features several independent
patches separated with a fixed pitch ([2], [3]), as shown on
Figure 1.1.

Figure 1.1 Schematic view of a piezo-composite patch
featuring 8 elements.

The selective reception technique is based on the knowl-
edge that the modes propagate at different speeds. The
piezo-composite receives several signals from different
positions on the structure. By simple processing of those
signals, it is possible to distinguish waves propagating at
different velocities. This is done by summing the different
signals received with a delay corresponding to the time of
propagation of the selected wave from one element to the
next.

1.3 Modelling

A FEM maodel of the piezo-composite was built and simu-
lated with the ATILA software [4]. The piezo-composite



targeted features 8 channels, and has a mechanical reso-
nance frequency at 500 kHz. This FEM model is shown on
Figure 1.2.
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Figure 1.2 FEM model of the piezo-composite patch.

With this FEM maodel, transient simulations of the selec-
tive reception technique were performed. It was shown that
this technique was theoretically able to amplify the waves
for the mode and direction selected.

2 Design of the piezo-composite
patch

With encouraging results obtained in simulation, the objec-
tive was to obtain a proof of concept with practical tests. A
piezo-composite patch was manufactured based on the
model.

2.1  Manufacturing process

The most part of the manufacturing of the piezo-composite
patch was done by Ferroperm Piezoceramics which has
experience in piezo-patches [5]. The manufacturing proc-
ess was developed in close cooperation between Cedrat
Technologies and Ferroperm Piezoceramics. The different
steps of the manufacturing process are schematically rep-
resented on Figure 2.1.
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Figure 2.1 Schematic representation of the manufacturing
process of the piezo-composite patches.
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The potting of the polymer was done by Cedrat Technolo-
gies and the rest of the manufacturing was done by Ferrop-

erm Piezoceramics. The polymer used was an electrically
insulating silicon-based polymer, with low viscosity.

The resulting samples of piezo-composite are shown on
Figure 2.2:

Figure 2.2 Piezo-composite samples used for the tests.

On the different samples, the resonance frequency is
measured around 530 kHz, which is not far from the simu-
lation which predicted 500 kHz. The capacitance of the
single elements of the piezo-composite is approximately
60pF. The characteristics of the piezo-composite patches
are compared, and it is found that there is a low repeatabil-
ity between their frequency responses.

2.2 Integration

The samples of the first version of the piezo-composite
were integrated on aluminium test plates, where their func-
tionality could be assessed. Two piezo-composite patches
are placed on a plate, so that the transmission of the waves
from one patch to the other can be studied. The piezo-
composite patches are first bonded on the alloy plate. The
wire connections for the ground and single elements are
then soldered on the electrodes. The Figure 2.3 is a picture
of a piezo-composite patch after mounting on the alloy test
plate.
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Figure 2.3 Picture of an alloy test plate with an integrated
piezo-composite.




After integration on the alloy test plates, the piezo-
composite patches are characterized again. It is found that
the resonance frequency has increased to 600 kHz. This
increase is attributed to the parasitic stiffness of the bond-
ing and alloy plate.

3 Electronics

For the purpose of driving and sensing the signals on
piezo-patches, a specific electronic board was designed.
This board, named LWDS45-2 [6], is shown on Figure
3.1.
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Figure 3.1 Picture of the LWDS45-2, multi-channels
drive and sense electronic for piezo-patches.

The LWDS45-2 electronics are designed to be versatile in
order to fulfil the specific needs of the SHM domain. A
LWDS45-2 features 4 independent channels. Each channel
of the LWDS45-2 features a power amplifier that can drive
piezo-electric patches up to 10nF at 30Vpp, with a band-
width up to 2 MHz depending on the load. There is a low-
noise conditioning unit with selectable gain to monitor the
signals received on the patches. The LWDS45-2 offers the
unique functionality, called PULSECHO, of being able to
switch a patch from excitation to reception mode (and re-
ciprocally) in less than 1ps. This allows to send a signal
with a patch, and to monitor the echo of the signal on the
exact same patch. This functionality is controlled through a
logic input. The structure of a channel of the LWDS45-2 is
presented on Figure 3.2.
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Figure 3.2 Structure of a channel of the LWDS45-2.

The LWDS45-2 offers modularity, several LWDS45-2 can
be plugged in a rack to obtain more channels if desired.

There is also the possibility of integrated solutions, as the
LWDS45-2 features a daughter board that can be used as
embedded board, as shown on Figure 3.3.

Figure 3.3 4-channels PULSECHO amplifier. Daughter
board or embedded board.

With this multi-channel architecture, the LWDS45-2 is
ideally suited for applications using piezo-composite ar-
rays.

4 Practical tests

After the integration of the patches on the test plates, tests
are run on the plates to verify that the mode and direction
selectivity of the Lamb waves can be applied in practice.

4.1  Testsetup

The LWDS45-2 electronics are used for the emission and
reception of the waves on the piezo-elements. One piezo-
composite is used for the emission of the acoustic wave. It
has all its elements connected together so that it reduces to
the case of a bulk patch. The excitation signal is a sine
burst at 600 kHz windowed by a Hanning function gener-
ated. This signal is generated with LWDS45-1 electronics
[1], and fed to the LWDS45-2 for driving the piezo-
composite. The second piezo-composite is used in recep-
tion. The consecutive elements of the piezo-composite are
paired two by two so that only 4 channels are sufficient to
sample the signals received. A 4-channel oscilloscope is
used to sample the signals received. The test setup is pre-
sented on Figure 4.1.



Figure 4.1 Photo of the test setup.

After sampling of the received signals with the scope, they
are extracted to be processed offline. The distance between
elements is fixed by the construction of the piezo-
composite. The speed of propagation of the Ay and S,
modes can be computed knowing the material and thick-
ness of the plate. Thus, the delay to apply for the mode se-
lection can be easily computed as Tgeiay = Pitch / Speed.

4.2 Test results

The test is run for selecting the S, mode. The signals re-
ceived are used to reconstruct the interesting signal with
the selective reception technique. The signal reconstructed
with proper delay is compared with the signal recon-
structed without delay, which is equivalent to the case of a
bulk patch. The result of this comparison is shown on Fig-
ure 4.2,

Selective receplion of S0 mode

=
=

Amplitude [V]

.a
o‘dﬂmwmwﬂ llg ‘H ||| I |||'I ’\*HW%W

N‘ﬂ se!échon
Selective receplion of mode S0
%1 ;2 i i 175 a7 A i imm 18
Time [s] X107

Figure 4.2 Performance of the selective reception tech-
nigue with the So mode.

As can be seen on the previous figure, the selective recep-
tion technique improves significantly the quality of the sig-
nal due to the Sy, mode. The Sq mode is drowned in the
noise, but appears when the selective reception technique
is applied.

The same test can be run for the selection of the Ay mode,
and the results are similar. The application of the selective
reception technique to the Aq mode allows amplifying it,
as it can be seen on the Figure 4.3.
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Figure 4.3 Performance of the selective reception tech-
nigue with the Aq mode.

5 Piezo-composite patch as a
transducer

It has been shown that the piezo-composite patch can be
used as a smart sensor to select the acoustic waves at re-
ception. Work has also been carried out to use the patch as
a smart actuator, to select the mode and direction of propa-
gation at emission. A technique similar to that of the selec-
tive reception can be applied at emission to choose the
mode and direction of propagation.

The principle is to generate the same signal on the differ-
ent elements of the piezo-composite, but with a particular
delay. This delay corresponds to the time of propagation of
the wave at desired speed from one element to the next, i.e.
the same delay as for selective reception. A LWDS45-2 is
used for the emission, with four independent channels at
emission, each driving a pair of elements. The delay is set
with a UC45 digital controller that triggers the channels of
the LWDS45-1 to generate the appropriate signals. The
Figure 5.1 shows an example of the signals generated on
the piezo-composite to achieve selective emission.
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Figure 5.1 Four excitation signals to obtain selective
emission.

Tests are run with the emitting patch using the selective
emission technique to select the Sy mode, in the direction
of the receiving patch. The receiving patch uses the selec-
tive reception technique for the So mode coming from the
emitting patch. By combining the two techniques simulta-
neously, the mode and direction selection is significantly
improved, as shown on Figure 5.2.
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Figure 5.2 Performance of the mode and direction selec-
tion techniques with Sy mode.

The use of the two selective techniques took the Sq mode
out of the noise so that it can easily be detected. Its proper-
ties can be studied to detect the presence of a defect on the
surface of transmission, i.e. between the patches.

It is also possible to use the combination of the two tech-
niques for selecting the A, mode, as it can be seen on the
Figure 5.3.
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Figure 5.3 Performance of the mode and direction selec-
tion techniques with Aq mode.

6 Conclusion

A piezo-composite patch featuring 8 independent elements
was simulated, designed, and finally tested in practice. The
concept of a piezo-composite patch to select the mode and
direction of propagation of acoustic waves was applied. It
was shown that the selective techniques allow to amplify
significantly the chosen mode in the direction considered.

The next step for the development of this technology is to
assess the robustness of the piezo-composite versus envi-
ronmental conditions such as those found in aeronautics.
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