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Abstract The development of strategies to evaluate health
of mechanical structures has been studied by the interna-
tional community due to their potential application in the
prevention of failures and optimization of maintenance
procedures. These systems requires digital signal process-
ing algorithms and interpretation methods, which aim
to extract parameters sensitive to the rise of discontinui-
ties in the material from measurements, to classify signal
events to detect the damage onset. This paper proposes a
simple and effective methodology for monitoring the integ-
rity of mechanical structures, based on Lamb wave and
pitch—catch approach, through analysis of signals gener-
ated by multisensor arrangements. These signals are pro-
cessed by discrete wavelet and Hilbert transform, intended
to improve peak amplitude estimation, through noise and
dispersion reduction. Assessment of structure’s integrity
proceeds through the joint analysis of damage indices cal-
culated from the discrepancy of the maximum amplitude
of the signal measured by each sensor of the arrangement.
Experimental application of the method to an aluminum
plate showed its effectiveness to detect, localize and evalu-
ate damage severity in established regions of the monitored
area, including the case of two simultaneous damages.
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1 Introduction

The assessment of structural condition is typically an
inverse problem in which parameters extracted from meas-
ured signals are used to detect and isolate damages. In most
cases, the use of a single sensor is not able to provide suf-
ficient information to structural interrogation because of
uncertainty, imprecision and lack of complementary data
[1]. To improve the monitoring system robustness, multi-
sensor arrays should be applied in which each sensor pro-
vides parameters to assess the integrity of the region where
it has greater sensitivity, leading to precise and clear esti-
mate of damage characteristics, such as its location, shape,
severity and others. Moreover, the combination of these
parameters guarantees consistency among data obtained
from different sensors of the arrangement. There are several
application examples of multisensor arrangements for mon-
itoring the integrity of structures. Zhao et al. [2] compared
some tomographic imaging techniques to image recon-
struction of an aluminum plate from parameters extracted
of signals corresponding to the Lamb waves propagation.
Three types of arrangements were evaluated: circular,
squared and parallel lines. One problem with the use of
these techniques is the large number of signals that need to
be processed to obtain the image. Using sixteen transduc-
ers, the circular arrangement has 240 signals, the squared
192 and the arrangement formed by two parallel lines 128.
The time needed for image reconstruction can become
unfeasible for real time applications. Giridhara et al. [3]
proposed a methodology based on a circular array of pie-
zoelectric transducers to localize and evaluate the severity
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of corrosion in metallic plates. The symmetry breaking of
signals pattern measured by three adjacent sensors indicate
damage on the structure. Then, parameters extracted from
these signals are used in a triangulation scheme to local-
ize and evaluate damage severity. However, nonidentical
bonding of these sensors to the plate can break the sym-
metry even for an undamaged structure [4]. Su et al. [5]
developed a sensor network formed by a set of miniatur-
ized piezoelectric wafers connected by a thin and flexible
printed circuit board to monitor the integrity of composite
structures using Lamb waves. This sensor network has been
embedded into composite laminate during the manufac-
turing process. Merging data from signals measured from
multiple paths led to detection and location of delamina-
tion. Malinowski et al. [6] used a triangular arrangement
with four piezoelectric transducers at each vertex to detect
and locate damage inside, outside and between two vertices
of the triangular region. The numerical algorithm proposed
in this paper uses the group velocity of the wave packet and
the time of flight between the actuator and the damage, and
between the damage and the sensor to determine its loca-
tion. This can result in errors due to mode conversion when
the incident wave interacts with damaged region, because
in this case there is also a change in the group velocity of
this new mode.

The study of new multisensor arrays and the definition
of strategies to merge the parameters extracted from sig-
nals to detect, locate and assess the severity of damage is
a significant contribution to the development of structural
health monitoring systems. This paper proposes a method
for monitoring the integrity of mechanical structures based
on the propagation of Lamb waves and on the fusion of
parameters extracted from the signals processed by discrete
wavelet transforms (DWT) and Hilbert transform (HT). A
circular arrangement with a centered actuator was used to
enable damage isolation in different regions inside a moni-
tored area of an aluminum plate. The ability to isolate more
than one region damaged simultaneously was also evalu-
ated. The discrepancy of the maximum amplitude of the
signal measured by a sensor was adopted as damage index.

2 Lamb waves and signal processing techniques

One of the most used approaches to assess the structural
integrity is through Lamb waves propagation [7-9]. These
waves can be generated and measured using piezoelectric
transducers. The information about the presence of dam-
age, its location and severity can be obtained by analyz-
ing the parameters of the reflected and transmitted waves
resulting from the interaction between the incident wave
and the damage. There are basically two methods for using
Lamb waves known as pitch—catch and pulse-echo [10].
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Fig. 2 Circular array of piezoelectric transducers and its respective
monitored regions

The simplest pitch—catch approach relies on the signal
parameter changes, extracted from the transducers’ Lamb
wave transmission, as illustrated in Fig. 1. It is seen in this
figure an actuator emitting a burst signal, which is captured
by a sensor, both piezoelectric patch. This signal incorpo-
rates the medium characteristics between the transducers.
Damage onset on this region causes scattering of the waves,
which modifies some measured signal parameters. Com-
parison between a known signature of the healthy struc-
ture and an actual measured signal may conduct to dam-
age detection and identification. Change of parameters may
occur also if the damage is not in the direct line between
the transducers.

Using multisensor array allows to precisely localize dam-
age position, and improves confidence in its diagnosing.
Figure 2 shows a circular array formed by eight sensors (S;—
S-) and an actuator (A). Each sensor monitors a region (R,)
corresponding to one-eighth of the total area. This arrange-
ment can be used to monitor critical areas of the structure
that are more subject to damage occurrence and can com-
promise its integrity, for example, the MD Explorer heli-
copter flexbeam [11], or for monitoring the effectiveness of
structural repairs applied over damaged areas.

Signals from the measuring system need to be processed
by specific algorithms to separate information from noise,
regular reflections and other interferences in the system.
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Fig. 3 Filter bank for DWT: a two level analysis and b frequency range of high and low pass filters

The wavelet transform is a signal processing technique
used to represent signal features in time and frequency
domains simultaneously. It has the ability to detect aperi-
odic short-time events, unlike the Fourier transform which
is particularly useful for the analysis of periodic signals.
These transient events are detected through the similarity
between its shape in time domain and a waveform known
as mother wavelet. The continuous wavelet transform
(CWT) of a signal x() is given by:

y(s,7) = /x(t)ll{:f, (ndt (1)

where * denotes complex conjugate, s the frequency scale
and 7 the translation in time. Equation (1) represents the
projection of x(f) on an orthonormal base of functions,
dilated by s and translated by t, generated by a function
called mother wavelet given by:

1 t—t
v, = ﬁw( : ) @

This approach fits well to analyze nonstationary signals,
because its spectral components vary along time. The propa-
gation of Lamb waves is an example of signal with punctual
occurrences. Mallat [12] presented an efficient method to
implement the wavelet transform in discrete time, through
multiresolution analysis and digital filter banks. This theory
relates the DWT with a filter bank composed by high and
low pass quadrature mirrored filters, through which the
signal is decomposed into details and approximations. The
approximation is obtained as the output of the low pass fil-
ter and is related to the smoothed signal. The output of the
high pass filter provides the details of the signal, related to
transient events contained in the signal. Figure 3a shows the
layout of the filter bank, composed by high pass filter (H1)
and low pass filter (HO), for two levels of resolution. The
symbol |2 represents down-sampling or decimation of the
filtered signal. Each decomposition level separates the spec-
tral components at frequency bands, which depends of the
sampling frequency (fs) of the signal acquired. Figure 3b

shows the frequency response of high and low pass ideal fil-
ters for two level decomposition DWT.

Higher frequency signal components are located at
lower level details. Analyzing the signal decomposed into
several details provides information that could be hidden
in the original signal, probably masked by noise from the
measurement system. The subdivision of the signal spec-
trum in several frequency bands, through the filtering pro-
cess, is equivalent to the scaling s of (2). On the other hand,
the translation t of this equation is obtained by convolution
of the signal with the filter coefficients. One significant
advantage of using the DWT approach for signal process-
ing is to design high and low pass filters as digital filters on
programmable logic devices, such as modern FPGAs. This
enables the algorithms implementation directly in hard-
ware, which leads to the high performance needed in real
time signal processing applications [13—15] and ultimately
to embedded monitoring systems.

The Hilbert transform can be used to create an analytical
signal from a real signal [16]. Consider x(¢) a real signal.
The analytic signal x,(#) is calculated as follows:

xa (1) = x(t) + iH{x(1)} 3

where H{x(r)} is the HT of the real signal. An effective
approach to calculate the HT is as follows:

1. Calculate the Fourier Transform of the signal

2. Rotate the phase of the signal obtained at 90°

3. Return to time domain calculating the inverse Fourier
transform.

Writing the analytical signal in polar form, we have:
Xa(1) = Ae™? )

where A is the absolute value and ¢ is the phase of the ana-
Iytical signal. The absolute value of the analytical signal
corresponds to signal envelope.

To illustrate the effect of applying these techniques on
measured signals by piezoresistive sensors, Fig. 4 shows
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Fig. 4 Signal measured by sensor S,, detail coefficients of DWT and
its envelope
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Fig. 5 Method for monitoring the integrity of an area using a circular
array of piezoelectric transducers

the signal measured by S,, the detail coefficients of sixth
level of its DWT with the mother wavelet Daubechies 40
and its envelope. It clearly minimizes the noise present
in the measurement system enhancing the signal desired
attributes. The peak amplitude and the instant they occur
are much more evident on the signal envelope. These
parameters can be used to monitoring the integrity of the
structure.

3 Method description
Figure 5 shows a block diagram that represents the method

for monitoring the integrity of structures, using the circular
array of piezo transducers shown in Fig. 2.

@ Springer

The procedure begins with generation of the excitation
signal by the central actuator and its measurement by one
of the sensors arrangement. These steps are repeated for
all sensors of the circular array. DWT and HT are applied
to get the envelope of DWT’s detail coefficients to empha-
size the magnitude and position of the first peak of the
processed signal. Detection, localization of the damaged
region and also assessment of damage severity result from
the joint analysis of the damage indices (DI), calculated
from the envelope data for each sensor of the array. This
index is defined by the percentage difference between the
peak amplitudes of the processed signals obtained from
healthy structure (A;,) and the damaged structure (A,), given
by:

Ap — Ag
DI% = ——— x 100 5)
An

According to (5), a decrease on the signal amplitude
results in a positive DI. On the other hand, a negative DI
indicates an increase on the signal amplitude.

4 Experimental procedure

The experiments were conducted on a rectangular alu-
minum plate of 70 cm x 50 cm x 1 mm to assess the
method efficacy to detect, localize and evaluate the dam-
age severity. The experimental setup shown in Fig. 6
consists of nine circular buzzers of 20 mm diameter
forming a circular arrangement with a centered actuator
with 10 cm radius. A tone burst containing five cycles
of a 20 kHz sine wave, multiplied by a Hanning win-
dow, was applied to the central actuator using an Agi-
lent 33120A arbitrary waveform generator. An analog
multiplex, with an instrumentation amplifier per chan-
nel using the Analog Devices AD620, was developed,
including an anti-aliasing filter using the universal active
filter UAF42. An Agilent 54622A oscilloscope was
used to acquire the signals with a sample frequency of
2 MHz, and to transmit the raw data to be processed and
analyzed using MatLab®. Mother wavelet Daubechies 40
was adopted in the DWT for all signals and the detail
coefficients of sixth level corresponds to the Lamb wave
propagation.

In the validation of a nondestructive testing technique,
it is necessary to induce artificial damages in the structure,
such as cracks, corrosion, delamination and others to evalu-
ate their effectiveness. These types of damages undertake
permanently the structural integrity preventing its use for
other tests, which can be impractical in tests with complex
and high cost structures. In such cases, pseudo-damages
can be used to enable the use of the same structure in a
large variety of tests, since they do not cause permanent
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Fig. 6 Experimental setup

Fig. 7 Damage (D) localized (a)
at: a region R, and b at the

(b)

boundaries of regions R, and R,

changes in the properties of the structure, such as stiffness,
mass and acoustic impedance. Pfeiffer and Wevers [17]
used two iron cubes pressed against each side of an alu-
minum plate and Kessler and Shim [18] used a rectangular
weight to simulate the same effect, as a real damage would
have on the propagation of Lamb waves.

In this work, a spherical mass of 30 g was used to
obtain a punctual mass change on the plate, which may
represent damage. This mass was placed in the middle of
the line formed by the actuator and sensors S,, S,, S and
S, to demonstrate the ability to locate the damaged region
inside the circular area, with each region tested separately.
Measurements for the mass positioned among the actuator
and the sensors S; and S, and among the actuator and the
sensors S, and S5 were made to verify the effectiveness of
the proposed method to locate damage at the boundary of
two regions. To illustrate these experiments, Fig. 7a shows
the cases for the mass positioned at region R, and Fig. 7b
for the mass positioned at the boundaries of regions R,
and R,.

Three different masses of 20, 40 and 60 g were posi-
tioned between the actuator and sensor S, to demonstrate
the method’s ability to assess damage severity.

To explore the possibility to reduce the area of the iso-
lated region, increasing the resolution of the monitoring
system, a two ring-shaped arrangement of piezo transduc-
ers with 20 and 40 cm radius were used to monitor the
integrity of an aluminum plate with I m x 1 m x 1 m,
as shown in Fig. 8. In this case, the monitored area was
divided into sixteen regions, eight internal regions (Rx;)
and eight external (Rx,) to ring formed by the Sx; sensors.

Looking for a thorough test of the arrangement, the mass
was first positioned in regions RO;, R3;, R5, and R7, to
simulate damage. To complete the experiments, two masses
were positioned simultaneously in regions R1; and R6, to
indicate the behavior under two damages at the same time.

To compare results obtained with the proposed damage
index (5), it was chosen the root mean square deviation
(RMSD), a damage index widely used to assess structural
integrity [19, 20]. RMSD is defined as:
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Fig. 8 Two ring-shaped arrangement of piezo transducers to monitor
the area divided into 16 regions

SN (Ed; — Eh;)?
>4 (Ehy)?
where, Ed and Eh are the envelopes of signals for damaged

and healthy structure, respectively. According to (6), the
greater the index, the more severe the damage is.

RMSD% = 100 (6)

5 Results and discussion

To evaluate changes in the first peak of signal envelope due
to the uncertainties in measurement system, six samples
from each sensor of the arrangement (Fig. 6) were meas-
ured from the healthy plate. For sensor S;, the expanded
uncertainty is given by:

u; = 2.57 x o;

where o is the standard deviation and 2.57 is the coverage
factor for a 95 % confidence level for the #-student distri-
bution with five degrees of freedom [21]. Figure 9 shows
values obtained for the eight sensors of the arrangement.
Sensor S4 showed the greatest variation, corresponding to
0.26 %. Therefore, signal changes greater than this value
indicate the onset of damage on the structure.

Figure 10 shows the signal envelope of the eight sensors
with the 30 g mass positioned between the actuator and the
sensor S,. Clearly, signal measured by sensor S, suffered
a significant reduction, while for the other sensors there
was no expressive change. The DI for S; was 46.2 %. For
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the other sensors, the highest DI was 5.6 % for S,. Similar
results were obtained for RMSD index, in which the greater
value was 30.5 for S;. The DI and RMSD of each sensor of
the arrangement for the damage positioned in regions R,
R,, R4 and R, are shown in Table 1. In all cases, the sen-
sor positioned after the damage presented the greater DI
and RMSD. Therefore, the highest damage index indicates
damaged region.

For the mass positioned among the actuator and two sen-
sors, there was no decrease in the first peak of signal enve-
lope for sensors nearest of the damage. Instead, DI of these
sensors presented negative values indicating an increase in
the amplitude of the signals as may be seen in Fig. 11a for
damage at the boundary of regions R, and R, and Fig. 11b
for damage at the boundary of regions R, and Rs. This
occurs due to part of the reflected wave in the damage adds
to the incident wave resulting on an increase of the ampli-
tude of the measured signal. Therefore, the two sensors that
presented the most negative DI, isolate the damage at the
boundary of regions monitored by them.

Results obtained with RMSD index were ambiguous.
Although Fig. 11c shows that sensors S; and S, presented
the highest values for RMSD with damage at the boundary
of R, and R,, the RMSD value for S; was also consider-
able, leaving doubt if damage location is at region R, or at
the boundaries of R, and R, or R, and R;. A similar analy-
sis for damage at the boundary of regions R, and R5 can be
made from Fig. 11d.

Confirmed the method’s effectiveness in detecting and
isolating the damaged region, another experiment was
made to verify the DI ability to evaluate damage severity.
Figure 12 shows the envelope of DWT coefficients of sig-
nals measured by S, for the healthy plate, and with three
masses of 20, 40 and 60 g positioned between actuator and
this sensor to simulate the increase of damage severity. As
expected, the increase in mass resulted in a reduction of
the amplitude of the first peak of the signal measured by
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60 ' ' ' ' ' ' oaiy S,. Table 2 shows the DI and RMSD for the eight sensors
sol Mass 20g | of the arrangement. In the three cases, the highest DI was
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Table 2 Damage indices DI

and RMSD of damage severity So Si S 55 S Ss Ss S
experiment Mass 20 g DI 4.6 13.0 22.5 17.8 2.1 23 0.6 3.1
RMSD 7.3 14.6 22.7 17.5 39 79 9.4 6.9
Mass 40 g DI 3.6 0.6 34.8 0.6 2.8 0.9 2.11 53
RMSD 5.0 2.8 34.3 4.5 3.9 3.8 15.5 15.3
Mass 60 g DI 7.7 1.5 521 0.7 7.1 1.3 6.2 3.6
RMSD 11.7 8.0 514 35 9.6 14.7 13.9 8.7

Bold values highlight the highest damage indices
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Fig. 15 Envelope of DWT coefficients of signals measured by sensors S3; and S3, for damage at R3;

coefficients of signals measured by sensors of internal and
external rings may be seen in Fig. 13.

The damage localized between actuator and SO; caused
the amplitude decrease of the signal measured by this
sensor. As internal and external sensors SO; and SO, are
aligned, both signals presented an amplitude decrease.
Therefore, it is possible to conclude as a rule that damage
localized in one of the internal regions Rx; causes an ampli-
tude decrease of the signals measured by sensors of the
internal and external rings.

Figure 14 shows the envelope of DWT coefficients of sig-
nals measured by sensors of internal and external rings with
damage localized in the external region R7.. In this case,
only the signal amplitude measured by S7. significantly
decreased, indicating damage in a region between this sen-
sor and the actuator. In addition, internal ring sensors did
not show significant difference. Based on these results, we
conclude that a damage localized in external regions leads to
an amplitude decrease of the signal measured by the exter-
nal ring sensor while the signal measured by the internal
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ring sensor is not significantly altered. Similar results were
obtained in all the other experiments with this arrangement.
Figures 15 and 16 shows the envelope of DWT coefficients
of signals measured by sensors S3; and S3, for damage at
R3, and S5; and S5, for damage at RS, respectively.

Analysis may be simplified using damage indices, shown
in Fig. 17, where the results are subsumed. For R0O; damage,
S0, and SO, presented the highest DI of 14.1 and 14.5 %,
respectively. Negative values of S1. and S7, are due to an
increase in the signals amplitude measured by these sensors
after RO; be damaged. This occurs due that part of the wave
that propagates towards this region reflects in the damage
and adds with the waves propagating between the actua-
tor and the sensors S1; and S7. In the case of R3; damage,
S3,. and S3; also presented high DI corresponding to 12.9
and 12.3 %, respectively. On the other hand, for cases with
RS, and R7, damage, only sensors of the external ring pre-
sented high DI, whereas in the first case, for the S5, was
13.9 %, and second, for the S7, was 18.5 %. Assessment of
structure’s integrity through RMSD was not conclusive. For
example, SO., S1, and S7, presented high RMSD for dam-
age localized at RO,. As S1; and S7; presented low RMSD,
the joint analysis of these indices shows that R1, and R7,
are also damaged. The problem is that this index is sensi-
tive to any change in signal format, while DI index indi-
cates only changes in its amplitude. Furthermore, DI can
differentiate when the signal amplitude raised or decreased
by the signal of the index.

This configuration was also tested to detect and isolate
more than a damaged region simultaneously. Figure 18
shows the envelope of DWT coefficients of signals meas-
ured by sensors of internal and external rings with the two
masses positioned at R1; and R6,. For the internal ring sen-
sors, the signal amplitude measured by the S1; has been
substantially decreased due to the presence of damage at
R1;. On the other hand, changes on signal measured by the
sensor S6; were not significant, indicating that there is no
damage at R6;. For the external ring sensors, S1, and S6,
presented a significant decrease in the amplitude of their
signals. This occurred due to the presence of damage in
these directions.

The DI and RMSD of each sensor of the arrangement
for regions R1; and R6, damaged simultaneously are
shown in Fig. 19. The high values of DI for sensors S1;
(16.6 %) and S1, (16.8 %) indicate that the plate is dam-
aged at region R1;. Although the DI of SO, (4.68 %) and
S2; (5.78 %) could point damages in these directions, this
hypothesis is discarded by the negative values of the DI
for SO, and S2, corresponding to the amplitude increase of
the signals measured by these sensors. The high DI of S6,
(14.4 %) indicates the presence of damage in this direction.
Concurrently, the negligible DI of S6, (0.19 %) shows that
the damaged region is the R6,. The evaluation of the condi-
tion of structure through RMSD indices was not conclusive
for this experiment. The values of RMSD for the sensors
S1;, S1,, S2;, S2,, S6; and S6, were expressive. Using the
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Fig. 19 Damage indices: a DI and b RMSD with regions R1; and R6, damaged simultaneously

approach proposed in this paper, these indices erroneously
indicate the presence of damage at R1;, R2; and R6;.

6 Conclusions

The development of strategies that use multisensor arrays
on SHM systems play a crucial role to improve the effi-
ciency on detect, locate and assess the onset of damages
in structures. This paper presented a method for monitor-
ing the integrity of structures, such as plates based on the
propagation of Lamb waves and pitch—catch approach mak-
ing use of multisensor arrays. The DWT and HT were used
to process the measured signals to improve accuracy on
evaluation of the first peak amplitude used to calculate the
DI of the sensors arrangement. The expanded uncertainty of
the measurement system was adopted to define the thresh-
old between healthy and damaged structure, i.e., damage
is detected when the signal measured by a sensor presents
DI greater than its expanded uncertainty. The joint analysis
of DI of the sensors arrangement promoted the detection,
localization and assessment of damage severity inside the
monitored area. The two ring-shaped arrangement of piezo
transducers enabled a decrease in the region’s extent moni-
tored by each sensor. In this case, the monitored area was
divided into sixteen regions. From the experimental results,
we conclude that when an internal region is damaged, sig-
nals measured by sensors of internal and external rings of
its direction result on a high and positive DI. On the other
hand, for the case in which one of the external regions is
damaged, only the sensor of external ring of its direction
will result on a high and positive DI.

The analyzes using the RMSD index were not conclu-
sive for the experiments made with the damage at boundary
of two regions and using the two ring-shaped arrangement,

@ Springer

showing that this index is not suitable for the technique
proposed in this paper.

Although the proposed method had been effective, for it
to be applied to real structures, it is necessary to develop an
embedded system to replace the bench lab equipment used
in the experiments of this paper, capable to assess the struc-
tural integrity in real time. Another important aspect is the
use of artificial intelligence techniques to generate the auto-
matic diagnosis of the structure based on the proposed DI.
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