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Highlights:

e Development of a structural health monitoring (SHM) system for laminated
composites.

e  Experimental investigation of a damaged laminated composite plate by means of the
SHM system.

e  Image reconstruction of damage by means of SHM detection results.

Abstract. This paper presents the development process of a laboratory-scale Lamb
wave-based structural health monitoring (SHM) system for laminated composite
plates. Piezoelectric patches are used in pairs as actuator/sensor to evaluate the
time of flight (TOF), i.e. the time difference between the transmitted/received
signals of a damaged plate and those of a healthy plate. The damage detection
scheme is enabled by means of evaluating the TOF from at least three
actuator/receiver pairs. In this work, experiments were performed on two GFRP
plates, one healthy and the other one with artificial delamination. Nine
piezoelectric transducers were mounted on each plate and the detection of the
delamination location was demonstrated, using 4 pairs and 20 pairs of
actuators/sensors. The combinations of fewer and more actuators/sensor pairs both
provided a damage location that was in good agreement with the artificial damage
location. The developed SHM system using simple and affordable equipment is
suitable for supporting fundamental studies on damage detection, such as the
development of an algorithm for location detection using the optimum number of
actuator/sensor pairs.
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1 Introduction

Composite structures are increasingly used in broad applications, e.g. automotive,
construction, aerospace and biomedical applications [1]. In the past decades,
composites transformed from being used for secondary structures into primary
structures applications to bear main loads exerted to the system. However,
understanding the behaviors of composites in load-bearing structures remains a
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challenging task. Composite strength may be reduced significantly after damage,
even from low-velocity impacts [2].

Failure analyses of composites have been conducted through various numerical
methods [3-5] and experimental tests [6,7]. However, often the existence of
damage may only be known after the damage has occurred. The works on damage
analysis concerning structural strength have always been in line with the
development of non-destructive evaluation (NDE) methods [8-10] or with the
emergence of SHM techniques [11,12].

In particular hardly visible damage, e.g. barely visible impact damage (BVID), is
one of the main concerns in the development of damage detection systems [13].
Concerning life after damage, the structure may experience damage growth under
cyclic/fatigue loading, leading to a life limit decline [14]. SHM must be
conducted regularly to structures in order to assess their integrity during their
operational life cycle. The NDE technique causes minimum disturbance to the
structural serviceability during the inspection process. Moreover, in composites,
NDE can give critical surface or volume information concerning damage such as
delamination, matrix cracking, or fiber breakage. Recent progress in the
development of SHM systems has sought the use of in-situ piezoelectric sensors
[15].

In contrast with conventional NDE systems, which have a drawback in the
determination of damage initiation time in that they require a particular time for
inspection [12], in-situ SHM systems provide active, continuous, real-time
monitoring of the damage initiation and progression. The attached piezoelectric
transducers are critical parts of the SHM system. They enable an
evaluation/inspection process without the need for scheduled out-of-service
testing. However, to complete the SHM system, a voltage generator system also
needs to be included as part of the structure. The advancement of multifunctional
structures [ 16] sought beneficial insight into work towards in-situ SHM systems.
Research on self-charging piezoelectric-based structures [17-19] has increased
significantly. Future studies are expected to enable self-charging SHM systems.

The Lamb wave-based system is a leading state-of-the-art NDE technique. Often,
piezoelectric transducers are utilized to generate/detect waves. The damage
location algorithm is based on the time difference between the Lamb waves
generated at one point and detected at another point in a healthy plate and a
damaged plate. In the healthy plate, the detected signal at the second point
contains only waves travelling directly from the first point. In contrast, in the
damaged plate the detected signal contains waves travelling directly from the first
point and waves reflected from damage [11].
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This paper presents the development of an in-situ Lamb wave-based SHM system
for the evaluation of damage to composite structures. The main target was to
enable an efficient yet straightforward piezoelectric transducer system as a
fundamental component of the SHM system. The design and development of the
proposed SHM system are discussed in Section 2. Then, a brief introduction of
Lamb waves, piezoelectric transducers and the damage localization procedure is
presented. Finally, the results of the verification of the SHM system concerning
the delamination of a composite plate are given.

2 Lamb Wave-based SHM System

2.1 Lamb Wave Overview

Lamb [15] emphasized the importance of mathematical modeling for vibrations-
related cases in seismology concerning elastic layers with various densities and
elasticities. Lamb waves, also known as plate waves, were first observed in
homogeneous isotropic materials. The waves travel in a solid plate through
symmetrical or anti-symmetrical motion to a neutral axis. Symmetric Lamb
waves, so-called S waves, represent longitudinal waves, while anti-symmetric
waves, so-called A waves, represent transversal waves [15].

Worlton [20] performed one of the earliest ultrasonic tests using Lamb waves to
investigate abnormal grain growth within thin metal strips. Since then, various
studies on non-contact Lamb waves-based structural inspection methods have
been conducted, e.g. by exposing the surface of a plate to a piezoelectric
transducer probe [21-23]. Concerning structural testing, Lamb waves exhibit a
dispersive characteristic, i.e. the velocity of the waves is dependent on the
frequency. However, within particular frequency ranges, the so-called non-
dispersive regions, the velocity is independent of the frequency, as depicted in
Figure 1. This property can be used for testing purposes as the velocity can be set
constant within a frequency range [24].

As reviewed by Diamanti & Soutis [11], in line with the growing attention
towards the development of smart structures, small transducers have been
implemented to establish an attached inspection system. One of the main benefits
of this scheme is the possibility to generate much more frequent or even
continuous waves, enabling a continuous monitoring scheme, the so-called
structural health monitoring (SHM), instead of periodic scheduled inspection
[12].
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Figure 1 Thin aluminum plate dispersion curves for various symmetric and anti-
symmetric waves (compiled by the authors).

2.2 Piezoelectric Actuators and Sensors

Lamb wave-based SHM applications utilize the piezoelectric material’s
electromechanical coupling to generate/detect electrical fields and mechanical
strains. Piezoelectric constitutive properties are commonly divided into two
forms, i.e. stress-charge and strain-charge forms. The strain-charge form [25] is
expressed in a matrix Eq. (1). Eymp is @ 9 x 9 matrix depicting the
electromechanical constitutive properties of the piezoelectric material. C is
known in mechanical problems as the elasticity matrix. The electromechanical
coupling constant, e, represents the link between the mechanical load and the
electric potential. Meanwhile, the permittivity, €5, defines the electric capacitance
of the material.

C —et
(6x6) (6x3
Ejmn =| o (ss) (1

1(3x6) (3x3)]

The piezoelectric materials as actuators are given an electrical input; hence,
electricity fields are generated and mechanical strains are created [25]. Periodic
mechanical strains propagate through the structure so elastic waves are created.
These mechanical strains, vice versa, generate electrical fields and are detected
by the piezoelectric sensors as electric potential. Piezoelectric patches can be
arranged with an array of electrodes on a structure, i.e. an interdigital transducer,
or placed so that the patches sandwich the structure, i.e. a wafer transducer [11].
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In the present work, an interdigital transducer arrangement, as illustrated in
Figure 2, was used to detect the damage in a composite laminate plate.

Transmitter/ Actuator Receiver/ Sensor
(Wave Generated) (Wave Detected)
Vinpur e —
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NN\ ez \/\J\\ output
Lamb Waves Damage Lamb Waves

Figure 2 Arrangement of an interdigital transducer with piezoelectric patches on
the surface of a plate.

2.3 Damage Localization Method

In the present work, a frequency regime in which the Lamb waves could
propagate with little dispersion was applied. Thus, the velocity of the wave
generated by the piezoelectric patch was easier to verify in the control (healthy)
structure. The so-called variable time of flight (TOF) between two known
separated sensors can be measured by an oscilloscope [26].

Damage Actuator (x4, Y4)

dao V,
(xp,¥p) il

dDSI VDS

Sensor (xg, Ys)

Figure 3 Wave propagation process.

Figure 3 illustrates the process of wave propagation in an infinite plate with
damage. The symbols x and y represent the in-plane coordinates, while the
subscripts D, S, and 4 denote the damage, sensor, and actuator, respectively. In
addition, the symbols d and v represent the shortest distance and wave
propagation velocity between two coordinates, respectively. The TOF is defined
as the time difference between the actuator-sensor’s direct wave and the reflected
wave coming from the damage. By defining ¢ as the time traveled by the wave
between two coordinates, the TOF can be expressed as in Eq. (2):

TOF = (tap +tps) — tas (2)

Using the distance, velocity and time relation one can expand this expression as
in Eq. (3):
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TOF = ($42 4 Sbs) _ Cas 3)
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where

dap = \/(XD —x2)% + (yp — ¥a)?
das = / (xs — x2)% + (ys — ya)? (4)
dps = \/(xs —xp)?+ (ys — yp)?

The solution in Eq. (4) is not unique since the distances are unknown except the
distance between the actuator and the sensor, d4s. In other words, there exist
multiple damage locations (loci), which may further be deduced to depict the
most probable solution. A locus is shaped like an ellipse, as shown in Figure 4.
Additional loci must be created (i.e. involving new actuator-sensor pairs) to find
the intersection of loci; thus, a unique solution is obtained. Eventually, at least
three loci should be used to reduce the loci into one damage location.

Sensor
Figure 4 Loci of possible damage with similar TOF value.

The workflow to obtain a damage location prediction by means of the TOF
calculation is presented in Figure 5. First, an actuator-sensor pair creates and
detects a Lamb wave pulse in a healthy plate as reference. Hilbert transformation
is then applied to the time response to determine the energy envelope of the
signal. Then, auto-correlation values of the energy envelope of the time response
are determined. When a plate gets damaged and the same procedure is repeated,
auto-correlation values of the damaged plate’s time response can be obtained.
The highest difference between the two auto-correlation values indicates the
reflection from the damage and the time when the highest auto-correlation values
occur is interpreted as the TOF.

A typical voltage response and energy envelope measured by the sensor for a
healthy and a damaged plate are shown in Figure 6. In this case, the actuator
creates a sinusoidal wave multiplied by the Hanning window function. Hence,
the input signal is in pulse form and is not continuous. It can be seen that when
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the first Lamb wave was detected (at around 30 microseconds), both sensors on
the healthy and the damaged plate had almost exactly the same time response.
However, it can be seen that after the first wave there were differences between
both sensors. On the damaged plate, the sensor detected another oscillation
pattern at around 70 microseconds. This indicates the presence of damage or
inclusion that does not exist in the healthy plate. After 70 microseconds, both
time responses contain the same pulses, which indicates reflections from objects
in the healthy and damaged plates and hence are not of interest to the analysis.
Figure 7 depicts the correlation coefficients between the two plates and their
variance, which is used to determine the TOF value.

Signal of healthy Signal of
plate (reference) da.maged plate

» Normahsatlon = \Qm:lal.isation
® Hilbert Transform » Hilbert Tranzform
»*  Auto Correlation #  Auto Correlation

L 4

» Difference of auto-correlation coefficient
» TOF extraction

¥

Damage localization

Figure 5 Workflow of damage localization.
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Figure 6 Typical voltage responses (top) and energy envelope (bottom)
measured by the sensors.
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Figure 7 Typical correlation coefficients (top) and correlation coefficients
variance (bottom) between the healthy and damaged plates.

3 Experimental Set-up

3.1 GFRP Plate

A thin laminated composite plate was evaluated in the present work, instrumented
with piezoelectric patches to conduct an SHM test concerning damage. The
propagation of Lamb waves in a laminated composite is much more complicated
than in an isotropic plate. The volume fractions and layup sequence influence the
wave’s anisotropy characteristic and dispersive behavior [20].

A quasi-isotropic configuration [0/45/—45/90]s was chosen as stacking
sequence to avoid this directional dependency. The specimen with this stacking
configuration was manufactured using glass fiber (plain-woven) and a resin-
based matrix. Two specimens were manufactured. The first specimen was a 44 x
40 x 0.127 cm GFRP plate, as depicted in Figure 8, representing a healthy
structure. The second one was a similar plate but with the inclusion of an
aluminum coin with 5 cm diameter and 0.3 mm thickness in the middle of the
plate to represent a damaged plate. The location and a sample of the inclusion are
shown in Figures 9 and 10, respectively.
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3.2 Transducers Selection and Installation

Disc-shaped PZT-5H transducers were used as actuators and sensors. Each
transducer had a diameter of 15 mm and a thickness of 1 mm, as depicted in
Figure 11. This transducer is commonly utilized as an actuator/sensor for micro
electro mechanical system (MEMS) applications. It has strong electromechanical
couplings and stiffness of the same order as common metals like aluminum. In
addition, disc-shaped transducers are cheap and readily available in the market.
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Figure 8 The composite plate with 9 distributed piezoelectric transducers.
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Figure 9 Location of the aluminum inclusion within the laminated composite
plate with 9 distributed piezoelectric transducers.
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The transducers were attached to the surface of the plates using an epoxy-resin
based adhesive material. The transducer network was created by distributing nine
transducers on both the healthy and the damaged plate, as shown in Figures 8 and
9. The transducers on both the healthy and the damaged plate are denoted by the
numbers 0 to 8. The transducer distribution represents four quadrants in a polar
coordinate system with the middle one, transducer 0, as the center.

Figure 11 The disc-shaped PZT-5H transducers.

33 SHM System Set-up

The primary system instrumentation consists of: (a) a charge amplifier to convert
the electrical charge produced by the sensor to voltage; (b) a digital oscilloscope
to record and visualize the variation of voltage versus time; (c) an arbitrary signal
generator (AFG) to produce the driving voltage for the actuator. Additional
system features such as analog and digital filters were used to remove noise or
signals outside of the designed value. An illustration of the SHM system is shown
in Figure 12. The AFG was connected to the transducer, defined as actuator,
hence providing an input voltage to the actuator. For output voltage reading, the
transducer, defined as sensor, was connected to a charge amplifier. The charge
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amplifier and the AFG were connected to the oscilloscope; thus, the input and
output voltages could be displayed.

“AC output” Oscilloscope
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Charge
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Sensor Actuator
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Figure 12 Illustration of the present piezoelectric Lamb wave-based SHM
system.

Figure 13 shows the experimental set-up, which includes a charge amplifier, a
digital oscilloscope, and the AFG. The charge amplifier was a B&K 2525 device
with an output gain up to 20dB. The digital oscilloscope used here was a RIGOL
DS1102E device with 16 channels and up to 100 MHz bandwidth. An essential
feature for the selection of the oscilloscope is its data transferability. A USB host
with simple integration to a computer unit is highly beneficial for data processing.
A GW-Instek AFG3081 was used in the present work as the AFG. This AFG has
a maximum frequency of 80 MHz and peak-to-peak voltage up to 20 Volt. The
AFG was operated at the Lamb wave frequency for thin flat plates, i.e. around
100-500 kHz, at the maximum voltage amplitude.

Figure 13 Experimental set-up of the SHM system (top part, from left to right:
the charge amplifier, digital oscilloscope and AFG).
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4 Damage Detection Test

4.1 Velocity Directional Dependency Evaluation

As shown in Figure 8, the transducers formed four quadrants in a polar coordinate
system with a transducer in the middle (transducer 0) as the center. By defining
transducer 0 as actuator while the remaining ones act as sensors, eight
actuator/sensor pairs were enabled. The wave velocity could be verified by
evaluating the arrival times of the first wave to each sensor. In the present case,
the excitation frequency was varied from 230 kHz to 260 kHz.

A relatively uniform velocity distribution was obtained for all pairs, with an
average value of 3459 m/s. This velocity indicates that the initial assumption of
velocity directional independency of the wave traveling in the quasi-isotropic
plate is still acceptable. A frequency selection that does not produce a significant
difference implies that the frequency selected is within the dispersion curves’
non-dispersive region.

4.2  Voltage Signals of Healthy and Damaged Plates

The main excitation frequency applied to actuator was 240 kHz. Figure 14 shows
the recorded voltage signals of the 8-1 transducer pair for both the healthy and
the damaged plate. The waves’ average velocity was considered to verify the
measured responses. As depicted in Figure 8, the shortest distance between
actuator 8 and sensor 1 was 22 cm. Hence, the time traveled by the waves from
actuator 8 to sensor 1 was around 60 microseconds, i.e. an average wave velocity
of 3459 m/s. This estimation verifies the response shown in Figure 14, in which
the first oscillation patterns start at around 60 microseconds for both the healthy
and the damaged plate. It should be noted that there were small oscillation
patterns at the beginning of the measurements on both plates. These patterns
represent some noise and do not represent the measured response and thus can be
neglected.

A significant difference was observed in the damaged plate’s response compared
to the healthy plate. The measured response from the healthy plate shows that the
second wave started at around 120 microseconds. However, on the damaged
plate, some disturbances occurred at about 90-110 microseconds. In this case, the
red-circled area indicates the presence of a damage-reflected wave. It can be seen
in Figure 15 that the region that displayed a damage-reflected wave resulted in
another peak of energy.
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Figure 14 Recorded voltage signals of the 8-1 actuator-sensor combination for
the healthy plate (left) and the damaged plate (right).
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Figure 15 Energy envelope curves of the 8-1 actuator-sensor combination for the
healthy plate (left) and the damaged plate (right).

The TOF value can be readily obtained and used as input for the imaging
algorithm by using the correlation coefficient difference. Figure 16 shows the
correlation coefficients for the healthy and the damaged plate and their variance
for the 8-1 actuator-sensor pair.

The TOF values were extracted from the maximum variances of the correlation
coefficients. For the image reconstruction process, from the four actuator-sensor
pairs, the three maximum variances from each pair were applied to reconstruct
the locus of possible damage. The details of this process are discussed in Section

5.
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Figure 16 Correlation coefficients (top) and correlation coefficient variance
(bottom) measured from the 8-1 actuator-sensor combination.

5 Damage Location Imaging

One of the most effective ways to communicate the SHM sensing activity result
is by creating an image that shows where the damage is most probably located.
This can be done by creating a digital image consisting of a finite set of pixels.
Each of them corresponds to a limited volume located at specific coordinates
within the structure. Based on the initial actuator and sensor coordinates, using
the same equation as applied in the calculation of damage loci, each pixel in this
image will be assigned a new TOF value obtained by assuming that that pixel is
the center of a damaged area.

This set of newly computed TOF values is then compared to the actual TOF
values obtained using the signal processing method. Pixels whose computed TOF
has a small difference with the actual TOF implies that the volume it represents
in the existing structure is located close to the real damage. How small that
difference is, is quantified by a new variable called the damage index, which is
visually shown by color variation.
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In the present work, a different algorithm was developed to combine images
produced by other actuator/sensor pairs. In this phase, the ellipses’ intersection is
emphasized by the increase of the damage index of the pixels surrounding it. As
more ellipses are used, more crossings are created, where the highest intersection
area can be inferred as the most probable damage location.

5.1 Ellipse Image Generation (4 Pairs)

The ellipses for the case of four actuator/sensor pairs are depicted in Figure 17.
In this case, one ellipse was generated from each pair. The ellipse was
reconstructed from the TOF value concerning the first peak of the correlation
coefficient variance. Hence, four ellipses were created from four different
actuator/sensor combinations. Piezoelectric patches number 8 and 5 were used as
actuators, while patches number 1 and 2 were used as sensors. It can be seen that
each ellipse follows the direction of the activated actuator and sensor. As an
example, the ellipse created from the 8-1 combination was elongated in the x-
direction. The intersections of the four ellipses depicts the area that has the
highest probability of damage.

In the present case, all four ellipses may not intersect in one point, but their
intersections localize the damaged area. As displayed in Figure 17, the ellipses’
intersections agreed well with the designed damage location. Despite this fact,
during the data extraction for TOF (correlation coefficients), there is a possibility
that multiple peaks occur at the beginning, which may cause misinterpretation of
the results. Therefore, in the next step of the experiment more combinations were
utilized. It was expected that with more combinations the most probable damage
location could be better justified by taking the ellipses’ intersection point with the
highest intensity.
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Figure 17 Reconstructed ellipses of the 8-1, 5-1, 8-2, 5-2 actuator/sensor pairs.
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5.2 Ellipse Image Generation (20 Pairs)

By employing multiple actuator/sensor pairs, the uncertainty of the damage
location can be reduced. In this study, 20 actuator/sensor pairs were used for
further investigation. The experimental set-up for both the healthy and the
damaged plate is shown in Figure 18. The actuator/sensor pairs are depicted in
Table 1.

Figure 18 Final experimental set-up.

A particular TOF extraction procedure was used, where only the highest
correlation difference peak was chosen as the TOF value. The ellipse images
generated from the first ten pairing combinations are displayed in Figure 19. It
can be seen that each pair had a different region of focus. However, by combining
all ellipses, intersecting regions could be defined.

Table 1 20 Pairing Actuator-Sensor Combinations

Actuator Sensor Pair No. Actuator Sensor Pair No.

0 1 0 13

4 2 7 14
! 5 3 4 8 15

8 4

0 5 0 16

4 6 4 17
2 5 7 > 6 18

8 8

0 9 7 19

4 10 8 20
3 5 11 6

6 12
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Figure 19 Ellipses generated from the first 10 actuator/sensor pairs.

The resulting ellipses from the 20 pairs were connected as shown in Figure 20.
Image smoothing was conducted; the resulting image is also shown. In this phase,
there was a group of intersecting loci near the damage location. From the smoothed
image, the area with the highest color intensification could be seen at around x =
17 cm and y = 19 cm; thus, it was well verified with the designed damage location
shown in Figure 9. In a future work, optimum locations of the piezoelectric
actuators/sensors will be determined to provide maximum area coverage [27,28].

X

Figure 20 Ellipses intersection of 20 actuator/sensor pairs (left); smoothing
result of the image (right).

6 Conclusion

A Lamb wave-based SHM system was developed. The system was set up at
laboratory scale. Investigation on a healthy and a damaged composite plate was
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conducted. Piezoelectric transducers were utilized as actuators and sensors to
provide TOF information on the propagating wave.

An inclusion was applied to simulate delamination of the composite plate.
Apparent differences were found between the signals recorded for the healthy and
the damaged plate. Additional reflected waves indicate the existence of damage
in the composite plate. By employing digital imaging the locus or ellipse of each
actuator/sensor pair could be displayed. Visualization of the damage location
based on the intersections of the ellipses was enabled. The accuracy and
consistency of the present system were validated by varying the number of
actuator/sensor pairs.

It is necessary to consider the optimal placement of the actuators/sensors in the
SHM system. In the present case, a relatively small structure was observed.
However, in practice much larger structures, e.g. aircraft structures, need to be
evaluated. Hence, the wave traveling coverage area from the actuator to the
sensor needs to be as large as possible.
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