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Abstract
The size and weight of the SHM systems might turn to be a key issue and it must be
considered in some applications, as aeronautics or wind turbines. As a preliminary step
to develop new SHM portable systems, the analysis of the propagation of ultrasonic
waves is introduced in this paper. The analysis was conducted with an embedded, small,
portable, and lightweight wireless electronic unit, named PAMELA.
The research was focused on studying the main features of the propagation of Lamb
waves through both isotropic and anisotropic materials, as many structures used in the
aforementioned applications are made of both materials. The influence of many
variables on the propagation of Lamb waves was considered.
The paper includes both parts of the research. On the one hand, it includes the
methodology to address the analysis of the wave propagation along many materials. On
the other hand, it also adds the discussion of the results obtained in the tests, as well as
the conclusions and future work of the research.

1

INTRODUCTION

The literature in Structural Health Monitoring (SHM) defines it as the acquisition,
validation and analysis of technical data to facilitate life-cycle management decisions
[1]. So an SHM system can detect and interpret undesirable changes in a structure in
order to improve reliability and reduce life-cycle costs [2]. The monitoring system
usually has no size or weight restrictions. But there are some applications, as
aeronautics or wind turbines, that must consider these features.
On the other hand, many structures used in such applications are made of composite
material to take advantage of their outstanding specific strength, stiffness, and fatigue
performance properties. However, composite tends to fail by distributed and interacting
damage modes [3, 4]. Furthermore, the conductivity of the fibers and the anisotropy of
the composite material make the damage detection in composites more complicated
than in metallic structures. In addition, it has to be considered that frequently the
damage is not readily detectable as it can take place beneath the top surface of the
laminate, and hence, it is called barely visible impact damage (BVID).

Widespread non-destructive testing (NDT) techniques for small laboratory composite
specimens, as X-radiographic or immersion ultrasonic testing, are not viable for
operating inspection of large components or integrated vehicles. Therefore, the
development of new trustworthy approaches for damage detection in composites is one
of the challenges to be accepted in SHM. This way, the manufacturing, maintenance and
repair of critical structures will not happen to be a limiting factor for their use.
The Electronic Design research team [5] in the University of the Basque Country
accepted the challenge and developed an SHM monitoring system focused on such kind
of applications, named PAMELA [6]. PAMELA is an embedded, small, portable, and
lightweight wireless electronic unit. It monitors the health of metal structures when
connected to piezoelectric transducers [7]. Not only the transducers create acoustic
guided or ultrasonic waves to propagate along the material but also they receive the
echoes from the discontinuities.
This paper introduces the analysis of the propagation of ultrasonic waves along
isotropic and anisotropic materials using PAMELA portable SHM system as the first
step to develop a new SHM portable system. It is structured as follows. Section 2
explains the methodology followed in the research, including both the design of the testset and the test bench. Next, the results obtained in the tests are discussed. Section 4
summarizes the main conclusions obtained in this research and points out the future
work.
2

METHODOLOGY

The research is focused on studying the main features of the Lamb waves
propagation through isotropic and anisotropic materials. Lamb waves were chosen
because their propagation is more sensitive to the local effects of damage in a material
than the global response of a structure and, therefore, it has the potential to provide
more information than other low-frequency methods [8].
Then, the test set was specified and, afterwards, according to the goals defined, the
test bench was designed. Therefore, the pieces under test and the instrumentation
needed were chosen. The tests were carried out using both isotropic aluminum and
anisotropic composite plates. Furthermore, PAMELA SHM system was considered to
generate the electronic signals and to acquire the responses from the pieces under test.
In addition, a network analyzer helped the analysis of the impedance of the transducers.
The measurements were repeated many times and they were carried out at AGH
University of Science and Technology in Poland [9] and at the University of the Basque
Country.
So, first, in order to define the test-set, the influence of many variables on the
propagation of Lamb waves was considered. Only one variable at a time was changed
so that its influence in the propagation of waves could be analyzed.
To begin with, the impedance of the transducer and its coupling to the piece under
test were considered. Piezoelectric transducers can be coupled to the piece of material
under test in many ways. In most of the NDT applications liquids, e.g. water, are used,
more rarely air coupled inspections are also performed [10].
In the case of SHM however, the coupling agent needs also bond the transducer to
the structure. Therefore, here we considered grease, wax or glue. The acoustic
impedance mismatch decreases when some substance like these ones is included in the
system. The first two substances, i.e. grease and wax, ease the reutilization of the
transducers for some other connection scheme or for some other SHM system. On the
other hand, the acoustic impedance matching gets better when using glue to couple the
transducer to the piece of material under test. The coupling substance modifies the

electric impedance of the piezoelectric transducer. So, the coupling to the monitored
material has to be considered, no matter if it is direct or through a substance. This
research was focused on the reuse of transducers after the SHM tasks are finished, so
the effect of wax on transducers was analyzed and, moreover, quantified.
Next, the excitation signal was adjusted in terms of duration, amplitude and
frequency. Two cases in each variable were considered; short (2.5 pulses) and long (25
pulses) duration, low (2 Vp) and high (20 Vp) voltage level, and a frequency close to
the resonant one in the piezoelectric devices (300 kHz) and a further frequency (150
kHz). The isotropy of the materials under tests was analyzed. The influence of the
direction of propagation of the guided wave was considered. In addition, the effect of
the distance travelled by the wave before exciting the receiver transducer was also
studied. So, the changes in amplitude and the time of arrival of the electronic signal
were analyzed. To conclude the test-set, the amplitude, frequency and duration of the
signal applied to the transducer were analyzed.
Once the goals of the research and the variables considered were defined, the
impedance of the transducers and its coupling were in the spotlight. A previously
calibrated network analyzer measured the S11 reflection coefficient of the transducers
and the saved data were processed to analyze the impedance of the transducers.
After that, the test bench was designed. The pitch-catch monitoring technique [11],
also known as through-transmission, was selected. One transducer transmits the guided
wave along the sample and the other transducers receive the wave, which collects the
reflections and degradations of signal that happened during the test, as shown in Figure
1. The vibration in the transducer generates guided waves in many directions, but those
of interest, i.e., the Lamb waves, are depicted in white color.

Figure 1. Pitch-catch monitoring scheme.

Then, the transmitter transducer was placed in the sample and the receiver
transducers were positioned according to the scheme shown in Figure 2. Thanks to the
seven blue receiver nodes, the features of interest could be analyzed, i.e. the influence of
the duration, amplitude and frequency of the excitation signal and of the distance
travelled by the wave in the received signal. Since the tests were carried out over two
pieces made of different materials, Figure 3 shows the actual location of the transducers
of the test bench in both cases: over the metal plate, and over the composite plate.
Furthermore, Figure 4 shows one of the transducers considered in the tests.

Figure 2. Connection scheme of the transducers in the test bench.

Figure 3. Location of the transducers of the test bench. (a) Over the metal plate. (b) Over the composite
plate.

Figure 4. One of the transducers considered in the tests.
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DISCUSSION OF THE RESULTS

The first test to run aimed to analyze the effect of the instrumentation tolerance in the
measurements of the impedance of the piezoelectric transducers. The measurements on
a unique transducer were repeated many times with the network analyzer and it was
checked that there was no significant difference among the measured data for the same
transducer.
After that, the effect of manufacturing tolerance in piezos was analyzed. Many
transducers of the same series were measured and, after processing the data, the values
for the equivalent electronic circuit of the piezoelectric transducers were extract ed.
The average values and standard deviation for the resonant frequency and for the
components of the circuit are summarized in the Table 1. It can be seen that the
manufacturing tolerance in piezoelectric transducers has minimum influence on the
values of the equivalent electronic circuit obtained.

Feature
freson (Hz)
L1 (H)
C1 (F)
C0 (F)
R1 (Ω)

Average ± Std. Dev.
497,166 ± 242
(21.3 ± 0.27)E-06
(4.9 ± 0.07)E-09
(41.4 ± 0.36)E-09
2.3 ± 0.06

Table 1. Electronic symbol, average values and standard deviation for the resonant frequency and
for the components of the equivalent circuit of the piezoelectric transducers measured.

Next, a set of modified transducers of the same series was considered and its
impedance measured. The preliminary measurement done with the capacimeter exposed
that both sets of transducers, the modified and the standard ones, are quite different. The
subsequent measurements with the network analyzer confirm that both sets are different,
even if they belong to the same series of transducers. The values for the equivalent
circuit extracted from the measured data are summarized in Table 2. It can be seen that
the change in the resonant frequency is not negligible. Furthermore, the main changes
happen in the coil and the resistor of the equivalent circuit, exposing the inductive and
resistive changes in the modified transducer.
Feature
Transducer (o)
Transducer (+)
Difference

fr (Hz)
497,166
446,631
-10.2%

L1 (H)
21.3E-06
65.6E-06
207.5%

C1 (F)
4.90E-09
1.94E-09
-60.5%

C0 (F)
41.4E-09
43.5E-09
4.9%

R1 (Ω)
2.3
10.8
363.3%

Capacimeter (F)
34.19E-09
24.35E-09
-28.8%

Table 2. Values for the equivalent circuit extracted from the impedance data measured in the sets
of standard (o) and modified (+) transducers.

Finally, the way the set of standard transducers was coupled to the materials under
test was in the spotlight. The wax as coupling substance was considered and the way it
changes the impedance of the piezoelectric transducer was analyzed. Figure 5 shows the
real part of the impedance of the transducer when it is coupled with wax (dark blue line)
and when there is no substance added to couple the transducer to the piece of material

under test (light blue line). As it can be seen in Figure 5, the wax makes the resonance
mechanical movements more difficult and, hence, the peak of the real part of the
impedance broadens and diminishes the maximum value. Furthermore, some variation
can be seen in the resonant frequency.

Figure 5. Real part of the impedance of the transducer when it is coupled with wax (dark blue line) and
when there is no substance added to couple the transducer to the piece of material under test (light blue
line).

After that, the waveforms received in the transducers 2, 3, 4, 6 and 7 (all of them at
the same distance) showed that, even though the propagation of waves in aluminum is
expected to be isotropic, some differences could be found in the results of the tests.
Figure 6 (upper row) shows an example of this fact. Even if the transducers were
coupled to the plate with awareness, the manufacturing tolerances in the transducers and
the differences when coupling them seem to be the reason for the unexpected
differences shown in the upper row of Figure 6.
On the other hand, when working over the composite plate, a privileged direction for
the propagation of the acoustic wave can be found. The minimum attenuation was
obtained along the composite’s fibers direction, i.e., 45º; where transducer 4 was placed.
The maximum attenuation was found in the directions of 22.5º and 67.5º, i.e., where
transducers 3 and 6 were placed. The intermediate attenuation was achieved in the
direction of 0º and 90º, i.e., where transducers 2 and 7. These effects of the anisotropy
of the composite material can be seen in the lower row of Figure 6.
Furthermore, after the analysis of the waveforms in transducers 4 and 5, and 7 and 8,
it can be seen not only how the acoustic wave is absorbed by the material but also how
the wave is delayed in the receiving transducer. Since the distance among the emitter
transducer and the pair of nodes is known, the speed of propagation of acoustic waves
in each material can be estimated. Figure 7 shows the waveforms received (sampling
frequency, 12.5 MHz) in transducers 4 and 5 in the aluminum plate (left column) and in
the composite plate (right column). The delay δ related to the distance between
transducers 4 and 5 is depicted in red color.

Transducer 2

Transducer 3

Transducer 4

Transducer 6

Transducer 7

Figure 6. Waveforms received in the transducers 2, 3, 4, 6 and 7. (up) over aluminum (down) over
composite (V in vertical axis, samples in horizontal one).

Figure 7. Waveforms received in transducers 4 (upper row) and 5 (lower row) in the aluminum plate (left
column) and in the composite plate (right column).

The amplitude of the excitation signal applied to the transducers was analyzed in the
following tests. Following the configuration shown in Figure 2, the frequency fin was set
to 300 kHz and the excitation signal lasted 2.5 pulses. Two levels of amplitude were
considered, 2 Vp and 20 Vp, and two types of materials, aluminum and composite.
On the one hand, Figure 8 shows the waveforms measured over the aluminum plate
in the transmitting transducer (upper graphs) and in transducer 4 (lower graphs). On the
other hand, Figure 9 shows the waveforms measured over composite. It is important to

notice that the transducer 4 is in the privileged direction of the fibers included inside the
composite. Left side happens when vin=20 Vp and right side when vin=2 Vp in Figures 8
and 9. As shown in Figure 8, a minimum amplitude requirement must be defined in the
transmitter transducer so that the receiver transducer can process the signal. In this case,
for transducers at 5 cm distance, when vin=2 Vp the received signal turns to be
inadequate for satisfactory processing in both aluminum and composite.

Figure 8. Waveforms measured over aluminum in the transmitting transducer (upper graphs) and in
transducer 4 (lower graphs).

Figure 9. Waveforms measured over composite in the transmitting transducer (upper graphs) and in
transducer 4 (lower graphs).

In addition, the frequency of the excitation signal applied to the transducers was also
analyzed. Considering the configuration shown before, the amplitude vin was set to 20
Vp and the excitation signal lasted 2.5 pulses. Three levels of frequency f in were
considered, 300 kHz, 250 kHz and 150 kHz, and two types of materials, aluminum and
composite. Many tests were carried out and Figure 10 summarizes the main results
obtained for the transducer 2. As Figure 10 shows, the closest to the resonance
frequency of the transducer, the biggest the amplitude of the signal received. However,
small differences in the excitation frequency barely make any difference in the signal
received.
f
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Figure 10. Waveforms measured in the transducer 2 over two materials when changing the frequency of
the excitation signal.

Finally, the duration of the excitation signal applied to the transducers was analyzed
too. Considering the configuration shown before, the frequency fin was set to 300 kHz
and the amplitude to 20 Vp. Two durations were considered, 2.5 and 25 pulses, and two
types of materials, aluminum and composite. Numerous tests were carried out and
Figure 11 summarizes the main results obtained for the transducer 7. As Figure 11
shows, the longer the excitation signal, the biggest the amplitude of the signal received,
i.e., the biggest the energy. Hence, it is really convenient to increase the duration of the
excitation signal when the attenuation of the transmitter-receiver path is high, as in
composite or when fin is not in the resonance of the transducer.

Pulses

Aluminum

Composite

2.5

25

Figure 11. Waveforms measured in the transducer 7 over two materials when changing the duration of the
excitation signal.
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CONCLUSIONS

This paper introduces the first step of an ongoing research on SHM portable systems.
It analyzes the propagation of acoustic waves along isotropic and anisotropic materials.
The paper includes both the methodology to address the problem and the discussion of
the results obtained.
The tests were carried out with PAMELA SHM portable system. The piezoelectric
transducers were examined from an electronic point of view to typify them and enhance
the design of new SHM portable systems.
The results of the tests showed that the selection of the piezoelectric transducer and
the way it is coupled to the specimen under test are key issues in the ultrasonic
monitoring process. Besides, the preliminary measurement of the electronic capacity of
the transducer turns to be helpful to identify the modifications in the structure of the
transducer that might happen. When these variations take place, the values of the
equivalent circuit of the transducer change clearly.
Furthermore, the frequency of the excitation signal can be slightly different from the
resonant frequency of the transducer load of the SHM system, making it easier the
coupling of the transducer to the piece of material under test.
On the other hand, the internal structure of the composite specimens produces some
privileged directions for the propagation of acoustic waves. A minimum amplitude
requirement in the transmitter transducer must be defined, as long as there is a minimum
amplitude requirement in the processing of the data measured in the receiver transducer.
The future work of this research consists of the development of new SHM
monitoring systems for composite specimens that give the load higher voltage
amplitudes than actual SHM systems for metallic specimens.
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