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A Nonlinear ultrasonic SHM method for impact damage localisation in

composite panels using a sparse array of piezoelectric PZT transducers
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Abstract

Structural health monitoring techniques (SHM) for material damage identification have demonstrated higher
sensitivity and accuracy when relying on the assessment of nonlinear features exhibited in the material
response under ultrasonic wave propagation. In this paper, a novel nonlinear ultrasonic SHM method is
introduced for the localisation of impact damage in composite laminates using an array of surface-bonded
sensors. Unlike existing algorithms, this method enables quick selection of a suitable signal transmission
frequency based on the combined sensor-material response, it does not rely on baseline data or complex
measurements of signal arrival time, and it allows identification of malfunctioning sensors to minimise damage
localisation errors. The proposed technique is based on the transmission and reception of ultrasonic waves
through the inspected panel. Initially, the functionality of the transducers is inspected by comparing the signal
amplitude in both directions of sensor-to-sensor paths. Then a planar map of material nonlinearity parameter
[ is created, and the damage position is defined as the point of highest f amplitude. Experimental tests on
three CFRP panels confirmed successful positioning of barely visible impact damage (BVID) within a range of
4-22 mm. Sensor functionality check was demonstrated on one of the composite laminates, and a
malfunctioning transducer was detected. The results suggested that the presented method could be

considered an improved alternative to existing SHM techniques for localisation of BVID in composite panels.
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1 Introduction

Structural health monitoring (SHM) is a general term for the processes aiming at the detection of material
defects or damage using various types of sensing systems, in order to assess the condition and performance
of engineering structures [1]. Examples of SHM methods include those based on the evaluation of thermal
gradients [2-5], Eddy currents [6-8], vibrations [9-11] and acousto-ultrasonic wave propagation [12-16]. Except
for civil, automotive and marine applications, SHM is widely used in aerospace industry mainly because of the
high percentage of composite materials incorporated into aircraft structures [17]. Layered composite parts,
particularly those made from carbon fibre reinforced plastic (CFRP) layers, have a number of advantages over
traditional metal parts. They are strong, stiff and lightweight with great fatigue performance and corrosion
resistance [17]. On the other hand, composite laminates may exhibit reduction of their mechanical properties
at localised areas where damage is present beneath the surface, in the form of delamination or debonding
[18]. This type of damage is not always attributed to manufacturing errors such as fibre misalignment, matrix
voids or trapped moisture [18]. In fact, it can also occur from in-service impacts with low-velocity objects,
leaving shallow surface dents that are hardly detectable under visual inspection [18]. Barely visible impact
damage (BVID) can have serious effects on the integrity of the structure, especially if the damage size grows
due to operating stresses, vibrations and temperature differentials [19]. Therefore, reliable SHM methods for
on-board identification of damage in composite structures such as aircraft wing skins and fuselage panels is of
utmost importance. Ultrasonic techniques (linear and nonlinear) are suitable due to the high damage
sensitivity and long wave propagation distances they offer, but also because they can be implemented using
lightweight piezoelectric transducers permanently attached or embedded into the structure [20].

Over the last years, many research studies focused on the development of ultrasonic SHM methods and
algorithms. Some of them were based on phased array techniques [21-27], which utilised compact sensor
arrays to guide wave-beams in all directions within the material (similar to a radar), for interaction with
possible defects that would result in wave reflection back to the source. This enabled the creation of two-
dimensional cross-sectional images of the inspected material. Another category of SHM methods is that of
delay-and-sum beamforming [28-34], where the energy of scattered waves was delayed and summed to form
images of scatter locations, based on a delay law defined by the geometry of the specific application, as well
as the propagation mode and group velocity of the waves. Moreover, other methods applied the concept of
time-reversal [35-41]. Briefly, the signals generated from a source were captured in different paths within a
sensor network, and the acquired waveforms are then focused on the source by reversing them in time and
re-transmitting them backwards through the material. Any change between the two signals of the same path
could be attributed to the presence of damage. Furthermore, probabilistic techniques such as the correlation-
based algorithms [42, 43], the maximum-likelihood estimation methods [44, 45] and the reconstruction
algorithm for probabilistic inspection of damage (RAPID) [46-52], relied on the comparison between the time-

of-arrival or energy-of-arrival of signals in the forward and backward directions of each sensor path. Assuming



a change to these signal characterises was due to defect presence, then the probability of damage existence
at a certain point was based on the magnitude of signal difference coefficient (SDC).

Although the methods mentioned above were proved capable of identifying and localising damage in
composite materials, the majority of them was dependent on the evaluation of linear ultrasonic features [21-
42, 44-48, 50, 52]. This may not be suitable for defect detection in the micro-scale, since impedance mismatch
is not high enough to cause wave reflection or scattering. On the other hand, ultrasonic techniques relying on
the measurement of nonlinear effects exhibited in the material response (e.g. higher harmonics and sub-
harmonics) due to interaction of propagating waves with damaged interfaces offer higher sensitivity to micro-
flaws [49, 51, 53, 54]. However, most of the aforementioned linear or nonlinear techniques [22-45, 51, 53],
required estimation of wave velocity and arrival time, which can be very complex in composite structures.
Also, in many of the above studies [23, 28, 30, 33-38, 40, 43-45, 48, 49, 52], there was lack of explanation
about the choice of signal transmission frequency, which could be challenging for successful identification of
damage. In addition, the effectiveness of most existing algorithms relied on (i) the changes in the acquired
signals compared to baseline signals originally recorded at the undamaged state of the structure [22, 28-32,
34, 41, 43-45, 47, 50], and (ii) the assumption that the transducers included in the array were all functional
[20-54]. It is very unlikely though for a structure to be subject to future SHM under the same environmental
and boundary conditions as the baseline, and also, sensor networks are susceptible to damage (partial or total)
due to corrosion, degradation or impacts. These two issues can introduce significant defect positioning errors.

This paper focuses on the development of a novel nonlinear ultrasonic method for impact damage
localisation, with the aim of addressing the above challenges. The proposed method is applied through an
algorithm, and it is based on the transmission and reception of ultrasonic waves using a circular array of
sensors coupled to the surface of the inspected panel. It enables quick determination of an appropriate signal
transmission frequency based on the acoustic response of the material and the transducers. In addition,
estimation of damage location does not involve complex calculations related to the time-of-flight, velocity or
time-reversal of propagating waves, and the accuracy of defect positioning does not rely on the acquisition of
baseline signals (i.e. data obtained at the pristine state of the material). Moreover, this technique is capable
of detecting faulty sensors, based on the correlation coefficient between the signals in the forward and
backward directions of the paths located around the periphery of the senor network (ref. Section 3.1). Defect
location is defined as the point (within the inspected area) corresponding to the maximum amplitude of

material nonlinearity parameter 8 (ref. Section 3.2).

2 Nonlinear Parameter Beta
Parameter (8 is directly related to the effect of the second harmonic generation in the acoustic response
of materials. In general, the waves propagating inside a material can interact and excite cracked interfaces and

debonded layers [55]. The frictional (rubbing) or out-of-plane (clapping) excitation at the region of damage



can give rise to waves of higher frequency. In particular, these waves have frequencies that are odd and even
multiples of the original signal frequency, and thus they can be identified as higher harmonics in the frequency
domain of the captured signal [56]. One-dimensional plane waves moving in a single direction (x-direction)

inside the material can be expressed by the following second order elastodynamic wave equation

%u(x,t) _ 2 0%u(x,t) _ e (au(x,t)) (azu(x,t))
ot2 0x2 0x 0x2 ’

(1)

where u(x, t) denotes the wave displacement, c represents the wave velocity and f§ is a pressure-volumetric
nonlinear factor in the second order [57]. The second order perturbation solution of equation (1) is
u(x, t) = Ay sin(kx — wt) — A, cos[2(kx — wt)], (2)

2,2
with Az = %-X ’ (3)

where A; is the amplitude of the waves received at the fundamental harmonic frequency, A4, is the amplitude
of waves received at the second harmonic frequency related to the nonlinear material behaviour, x is the
distance of wave propagation, w is the angular frequency and k is the wave number [58]. Since k is constant,

parameter [ can be considered
A
A12x '

B (4)

Assuming A, amplitude is higher when the receiving transducer is closer to the damage location, due to lower
attenuation of ultrasonic waves, then £ is also expected to be higher in the sensor-to-sensor paths near the
damage. Hence, a map of # magnitude across the inspected area can be created by calculating the 8 values in

all paths.

3 Damage Localisation Method

As illustrated in Figure 1, damage localisation was performed using a circular array of eight ultrasonic
transducers containing piezoelectric lead zirconate titanate (PZT) disks with central frequency of 310 kHz (PI
Ceramic PIC255-00004137). The sensors were coupled to the CFRP panels using water-based gel.
3.1 Sensor Functionality Check

In the initial part of the method, sensor functionality is checked to avoid taking into consideration
additional ultrasonic nonlinearities arising from malfunctioning transducers instead of the acoustic response
of the CFRP material. As shown in Figure 1, the transducers are inspected by assessing the propagation of
ultrasonic waves in both directions of each path on the periphery of the inspected region (d;5, d»1, d23, d32,
etc.). The forward and backward directions between two sensors (e.g. sensors S1 and S2) have the same length
and fibre orientation. Hence, signals in directions d;, and d,; must be almost identical if both sensors are
operating normally and no damage exists in the path. This can be confirmed by calculating the Pearson
product-moment correlation coefficient (r) for the two time signals. This is a numerical measure of the

strength (i.e. signal amplitude) and direction of the linear relationship between two variables. The value of r



ranges from -1 to +1, where %1 indicates the strongest possible agreement and 0 the strongest possible
disagreement [59].

At this point it must be noticed that the comparison between the forward and backward signals is a
common technique for sensor inspection in literature. However, the way the sensor functionality check was
carried out in this SHM method offers some advantages. Firstly, the waves propagating in the short outer paths
are expected to have less interaction with possible material defects compared to the paths crossing through
the inspected area. Hence, a change in the signal is more likely to indicate a malfunctioning sensor. In addition,
each transducer is checked using the signals acquired only in the two paths connecting it to its adjacent sensors
(on either side of it), making the process simpler and quicker. In fact, as illustrated in Figure 1, one value of r
is obtained for every pair of sensors (ry,, 7,3, etc.). A transducer is considered faulty, only if the two values of
r associated with it are both evidently lower than 1. For example, if r4,= 0.323, 153= 0.445 and 13,4 to 13,=
0.998, then there is probably an issue with S2. However, if r;,= 0.997, 1,3= 0.445 and 13,4 to rg,= 0.998, then
sensor S2 cannot be regarded faulty since 7y, is almost equal to 1. This suggests that the effectiveness of
sensor functionality check is not affected by the presence of damage in the peripheral paths, and this is
another advantage. For composite plates with different material properties and lay-up, the magnitude of r
can vary. Therefore, the following calculation is used to determine what magnitude of r is relatively low. At
first, the mean and standard deviation (SD) of all r values is calculated. Then the SD is subtracted from the
mean, and the obtained value is set as a limit. Next, the mean of r values being greater than the limit is re-
calculated, and used as the final limit. Any r values smaller than 95% of the final limit are assumed “low” and
a value of 0.5 is assigned to them. The remaining ones are assumed “high” and become equal to 1. By plotting

the paths with values of either 0.5 or 1 helps to decide whether a transducer is malfunctioning.
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Figure 1: Example of functionality check of sensor S2 based on the correlation coefficients ri2 and r23 of the time signals
in directions d12, d21 and d23, d23 respectively.



3.2 Damage Localisation
The second part of the method enables damage localisation in composite panels by examining the
nonlinear ultrasonic response of the material. Every transducer on the array transmits an ultrasonic signal in
turn, and the waves propagating inside the material are received by the remaining sensors. The input signal is
initially swept from a low frequency (f;) to a high frequency (fy), where f; and fy are around 200 kHz above
and below the central frequency of the transducers. Next, the average of all signals recorded in both directions
of the sensor-to-sensor paths is plotted in the frequency spectrum. This allows the identification of the single
frequency (fs) associated with the highest received signal amplitude. At f, stronger damage excitation is
expected due to higher wave propagation energy. Hence, to achieve damage localisation, the transmission-
reception process is performed using driving signals of fs. The ultrasonic spectrum acquired from each pair of
sensors is used to obtain the received signal amplitude (measured as voltage) at fs and 2f; (i.e. A, and A,,).
According to the theory provided in Section 2, the nonlinear parameter 5 can be calculated using the following
expression
Ay,
(45" )1

where the subscripts i and j indicate the transmitting and receiving sensors, and L;; is the distance between

Bij « , (5)

sensors i and j (i.e. path length).

The path connecting each pair of transducers is then drawn as a flat in-plane ellipse (in x- and y-axes) with
an out-of-plane amplitude (z-axis) equal to the corresponding value of § (Figure 2). By adding up the ellipses,
a map is created showing the in-plane variation of § magnitude on the composite plate, and the location of
maximum f is expected to indicate the position of damage. It must be mentioned that the use of ellipses
instead of lines for path representation is common in literature [43, 50, 51, 60]. The main benefit is that
depending on the number of sensors used, the minor axis (width) of the ellipses can be adjusted to avoid
leaving gaps within the inspected region. This adjustment is required only once for an array of specific size and

number of sensors, and it is achieved by trial and error during the drawing of ellipses.
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Figure 2: lllustration of nonlinear parameter B amplitude assigned to four sensor-to-sensor paths in the form of ellipses.



4 Experimentation
4.1 CFRP Test Panels

The method explained in the previous section, was experimentally tested on three different CFRP panels
of unknown lay-up and prepreg type, with BVID from unknown impact object and energy level. As shown in
Figure 3, panels 1 and 2 were flat and rectangular (~13 mm thick), whereas panel 3 was trapezoid (~6 mm
thick) and slightly curved in the direction of its long axis.

In all composite laminates, the area around the impact location was examined through C-scanning, to
reveal the shape and size of internal delamination. The inspection was performed with a 5 MHz ultrasonic
probe made of 128 elements, connected to an imaging system from Diagnostic Sonar Ltd. The results are

presented in Figure 4.
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Figure 3: lllustration of CFRP panel 1 (a), 2 (b) and 3 (c) - Dimensions in mm. Not to scale.



Figure 4: C-scan around the location of BVID on CFRP panels 1 (a), 2 (b) and 3 (c).



4.2 Ultrasonic Data Acquisition

The set-upillustrated in Figure 5 was used for the acquisition of ultrasonic data in all three CFRP laminates
through eight circular piezoelectric PZT transducers (PIC 255 elements) with 310 kHz central frequency. An NI
PXI-1033 chassis equipped with a single-channel arbitrary waveform generator module (NI PXI-5421) and an
eight-channel signal digitiser module (NI PXI-5105) was controlled by a computer system designed in LabVIEW
platform. The input signal voltage was set to 250 V with the use of an amplifier (Falco Systems WMA-300). The
process of ultrasonic wave transmission-reception was performed sequentially. At every step, one of the
transducers was excited for 10 ms and the propagating waves were captured by the remaining seven sensors
over a period of 11 ms at a sampling rate of 6 MHz. This resulted in a total of 56 signals obtained from 28

sensor-to-sensor paths with two directions each.

Voltage amplifier Computer

CFRP plate

Figure 5: lllustration of the set-up used in the nonlinear ultrasonic experiments.

Prior to performing damage localisation, the ability of the proposed method to inspect the functionality
of sensors was demonstrated on CFRP panel 1 following the procedure described in Section 3.1. The input
signal frequency was swept from 100 kHz (f;) to 500 kHz (fy). Initially, ultrasonic data were recorded using
eight fully functional transducers. Then, sensor S6 was replaced with an identical transducer that was partially
damaged due to accidental application of high voltage for long period, and data acquisition was repeated. In
the latter case, correlation coefficients 154 and rg; were expected to be evidently lower than the remaining r
values, thus they were expected to be assigned with a value of 0.5.

Moving to the damage localisation process, the eight-sensor array was positioned on each CFRP panel as
shown in Figure 6. The exact coordinates of the sensors and the damage were listed in Table 1, with the origin
taken as the bottom left corner of the panels. Starting from panel 1, the sensor array was placed at two

different positions around the BVID (Figure 6a) to confirm that the detected damage location would change



relative to the array. Next, the experiment was carried out on laminate 2 to localise BVID of different size on
a CFRP plate with similar thickness. Finally, the method was tested on sample 3, for the detection of BVID

position on a thinner CFRP laminate of more complex shape (i.e. curved with unparallel sides).

CFRP panel 1 CFRP panel 2 CFRP panel 3

(a) (b) (c)

Figure 6: Positioning of sensor array around the location of BVID on CFRP panel 1 (a), 2 (b) and 3 (c).

Table 1: Coordinates of sensors and damage on CFRP panels 1, 2 and 3.

Sensor/Damage Panel 1-Array 1 Panel 1 - Array 2 Panel 2 Panel 3
ID X,y (mm) X, Yy (mm) X, y (mm) X, y (mm)
S1 125, 226 125, 344 125, 222 260, 225
S2 55, 196 55,314 55,192 190, 195
S3 25,126 25,244 25,122 160, 125
S4 55, 56 55, 174 55,52 190, 55
S5 125, 26 125, 144 125, 22 260, 25
S6 195, 56 195, 174 195, 52 330, 55
S7 225,126 225,244 225,122 360, 125
S8 195, 196 195, 314 195, 192 330, 195
Damage 125, 185 125, 185 125, 185 212,120

The signals of 100-500 kHz sweeps (f;, to fy) that were previously recorded in all paths during the sensor
functionality check, were averaged to obtain the combined frequency response of each CFRP panel. As an
example, the average frequency spectrum of CFRP plate 2 was plotted in Figure 7. From this plot, the single
frequency fs corresponding to the highest received signal amplitude (in mV) was identified as 357.9 kHz.
According to Section 3.2, the ultrasonic transmission-reception process was performed using input signals of
single frequency fs, and the nonlinear parameter f in each of the 56 paths was calculated from the recorded
signal amplitude at f5 and 2f; (ref. equation 5). For example, in the case of panel 2, the spectrum of the signals
captured by S1 and S5 under excitation of S3 was plotted in Figure 8. Paths $3-S1 and S3-S5 had the same
length and fibre orientation in the material, but only $3-S1 was directly crossing through the damage. As can
be seen in Figure 8a, the signal received by S1 had lower amplitude at f5 and higher at 2f;, relative to the

signal captured by S5 (Figure 8b). Therefore, the 8 value of path S3-S1 was twice as big as that of $3-S5. In the



same way, the signals captured in all 56 paths of each CFRP panel were used to create the map of 8 (as

explained in Section 3.2) highlighting the location of impact damage.
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Figure 7: Average plot of the received signals spectrum captured in all paths of CFRP panel 2 under ultrasonic excitation
from 100 kHz to 500 kHz.
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Figure 8: Frequency spectrum of the signal received by (a) sensor S1 and (b) sensor S5 on CFRP panel 2 under ultrasonic
excitation of sensor S3 at fs = 357.9 kHz
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5 Results and Discussion

Starting from the sensor functionality check conducted on CFRP panel 1, when all eight transducers were
operating normally, the correlation coefficients between the signals in both directions of each sensor-to-
sensor path (ie. 1y, to rg;1) were all assigned with a value of 1 (see Figure 9a) based on the procedure explained
in Section 3.1. However, when a partially damaged transducers was included in the array at position S6, both
Tse and 147 were marked with a value of 0.5 while the remaining r values remained equal to 1 (Figure 9b). This
confirmed the capability of the proposed algorithm to detect a malfunctioning sensor.

About the damage localisation results, in CFRP laminate 1 the determined value of fs related to the
highest signal amplitude was found to be 280 kHz for sensor array position 1, and 237.1 kHz for position 2. In
panels 2 and 3, fs was 357.9 kHz and 341.9 kHz respectively. After performing ultrasonic wave transmission at
fs (ref. Section 3.2), the normalised map of nonlinear parameter 8 on CFRP panel 1 was plotted for each sensor
array position (1 and 2), as illustrated in Figure 10a and Figure 10b. The analogous maps of 8 for panels 2 and
3 were presented in Figure 10c and Figure 10d. In Figure 11, the same maps were plotted after applying a
threshold from 0.99 to 1, for better illustration of the peak values of 8. According to these maps, the BVID was
successfully located in all different cases within an error range of 4 to 22 mm (average of ~12 mm). It must be
noted that the localisation error was measured from the estimated damage location to the boundary of BVID.
If the error was measured from the centre of impact, the corresponding range would be 23 to 43mm. However,
this would not be sensible because stronger acoustic nonlinearities may arise from specific areas (e.g. bigger
delamination areas) within the damaged region, and not necessarily from the centre of impact. In fact, the C-
scans provided in Figure 4 indicated that the areas of bigger delamination were off-centred, and in most cases,
they were close to the estimated damage position.

Finally, it is important to be noticed that in the experiments of this paper the transducers were not placed
symmetrically away from the laminate edges, and panel 3 was slightly curved with unparallel sides. This
suggested that multi-directional wave reflections of different amplitude had not a significant effect on the

accuracy of the presented method.

11



Damaged

sensor

(a) (b)
Figure 9: Plot of correlation coefficients between the forward and backward signals in outer sensor-to-sensor paths using
eight functional sensors (a) and after replacing S6 with a partially damaged sensor (b).
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Figure 10: Normalised map of nonlinear parameter B in CFRP panel 1 - array position 1 (a), panel 1 - array position 2 (b),
panel 2 (c) and panel 3 (d). The ellipses represent the actual size of internal delamination.
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Figure 11: Normalised map with threshold of nonlinear parameter B in CFRP panel 1 - array position 1 (a), panel 1 - array
position 2 (b), panel 2 (c) and panel 3 (d). The ellipses represent the actual size of internal delamination.

6 Conclusions

A new method for nonlinear ultrasonic localisation of BVID in composite materials was introduced in this
paper. This method involves simple determination of the required signal transmission frequency, there is no
need for complex measurements related to the time-of-flight of propagating waves, and the accuracy of
damage positioning does not rely on the acquisition of baseline signals (i.e. data obtained at the pristine state
of the material). The proposed technique is based on the transmission and reception of ultrasonic waves
through the material using a circular array of transducers coupled to the surface of the inspected laminate. As
explained in Section 3, this method is capable of checking the functionality of sensors, based on the correlation
coefficient between the signals in the forward and backward directions of the paths around the periphery of
the senor network. Regarding the detection of damage location, this can be achieved by acquiring ultrasonic
signals in sensor-to-sensor paths over a wide range of frequencies (frequency sweep). Once the average of all
received signals in the frequency domain is calculated, the frequency associated with the highest received

signal amplitude can be determined. Ultrasonic signals of the chosen frequency are then re-transmitted from

13



every transducer in turn, and the value of nonlinear parameter f in the individual paths is calculated from the

signal received by the remaining sensors. By summing up the f values, a map of the material nonlinearity

amplitude across the composite panel can be created.

The effectiveness of the presented method was experimentally tested on three CFRP panels of unknown

lay-up and prepreg type with different dimensions, shape and size of BVID. In all cases, the position of damage

was estimated with an accuracy of 4 to 22 mm, and the detection of a malfunctioning transducer was

successfully demonstrated on CFRP laminate 1. Based on the above, it is concluded that the proposed method

can be considered an improved alternative to existing techniques for localisation of damage in fibre reinforced

composite laminates.
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