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Abstract
Aerospace composite components require effective monitoring techniques to detect possible internal damage from
impact events. To ensure reliable impact identification, sensor measurements can provide valuable information about
impact energy and identify potential issues that may require further investigation. However, selecting the most appropri-
ate sensor technology to measure impact force and energy is a challenge. In this article, a systematic and structured
approach is presented to compare the expected performance of sensors and their metrological parameters in terms of
their ability for impact identification in aerospace composites. The proposed methodology is demonstrated using an
application example where fibre Bragg grating (FBG) are compared with piezoelectric (PZT) sensors through compre-
hensive tests. These tests include the correlation test, the sensitivity test, and the factor test. The correlation test
showed a high agreement between FBG and PZT sensors in the time and frequency domain. The sensitivity test indi-
cated a significant correlation between the signal features and the impact energy levels in the energy profiling diagrams,
revealing nonlinearities and energy losses indicative of damage. Furthermore, these results emphasise the superior reso-
lution of the FBG sensors and the comparable repeatability of the two sensor types. Finally, the factor test showed that
FBG sensors are sensitive to different angles of incidence, while PZT sensors have a more stable directivity. Further anal-
ysis also showed that the signal strength of both sensor types decreases with increasing distance from the impact
source. Overall, the proposed approach enables a thorough evaluation of the capabilities and limitations of both sensor
types. Consequently, it provides information to make an informed decision on the most suitable sensor for impact mon-
itoring systems.
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Introduction

In aerospace applications, high-performance composites
offer several advantages, including high strength-to-weight
ratio, optimal aeroelastic tailoring, superior aerodynamic
efficiency, low coefficient of thermal expansion, versatile
design options, high-dimensional stability and excellent
wear resistance.1 However, the primary safety issue for
aerospace composites is the so-called ‘barely visible impact
damage’ (BVID).2 BVID can result from impact events
with no visible surface effects and can lead to catastrophic
failure if not detected in time.3

The need to better detect and characterise BVID
and to optimise maintenance actions has led to the
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development of more efficient and integrated monitor-
ing techniques. Consequently, structural health moni-
toring (SHM) has emerged as a promising method for
assessing the condition of composite structures. SHM
methods have been developed to improve current air-
craft maintenance practises through advanced and
automated technologies that incorporate built-in sen-
sors and intelligent algorithms.4,5

In this context, sensor readings can offer valuable
information for establishing a reliable impact identifi-
cation method, developing condition monitoring sys-
tems, predictive maintenance techniques and efficient
design strategies. However, identifying the most suit-
able sensor technology for performing an inverse
impact response analysis is a significant obstacle in
providing a practical solution for SHM in aerospace.

A number of studies in the literature report discus-
sions on sensor solutions for monitoring systems in
impact identification applications, many of them based
on fibre Bragg grating (FBG) measurements. Frieden
et al. (2012)3 used strain data from FBG sensors to
evaluate natural frequencies for an optimisation
approach to characterise impact damage in composite
materials. The identification results showed reasonable
agreement between numerical and experimental
changes in natural frequency. Similarly, Rezayat et al.6

developed a model-based identification approach based
on FBG-measured strain signals to localise and recon-
struct single-point forces on structures. The proposed
method, based on variable selective least squares,
achieved better accuracy than the classical methods,
such as the pseudo-inverse method. In addition, Jang
et al.7 investigated a neural network algorithm for iden-
tifying impacts in a composite wing box structure using
FBGs. The research focused exclusively on source loca-
lisation and showed greater efficiency when applied to
realistic structures compared to previous work.

However, despite the promising results reported on
FBG monitoring systems, there is a lack of comprehen-
sive studies that systematically and impartially evaluate
the performance of a specific sensor technology com-
pared to a well-established sensor system. Previous
studies relied on test setups designed for a single-sensor
technology and limited quantitative assessment. To
overcome these limitations, this article introduces a
novel structured scheme for measuring and evaluating
sensor performance and metrological parameters for
impact identification.

When evaluating the performance of sensors, it is
crucial to assess the effectiveness of their signal fea-
tures. These features play a critical role in the accuracy,
sensitivity and robustness of identification and moni-
toring systems. Efficient features enable accurate detec-
tion and identification and reduce false alarms and
missed detections, especially in noisy environments. In

this context, previous research8–15 has consistently
associated high noise levels with reduced performance
and increased modelling errors in impact identification
methods. Therefore, the proposed approach also
implements a stepwise signal processing framework to
extract relevant features and improve the signal-to-
noise ratio, thus deriving valuable information from
the sensor data.

Moreover, signal features with high discriminatory
power and interpretability are particularly valuable for
informed decision-making and diagnosis. Accordingly,
this article proposes the use of energy-sensitivity fea-
tures as input for the comparative analysis. These
energy sensitivity features, also referred to as relative
energy measures, are essential for accurately character-
ising the dynamic response to impacts and precisely
quantifying energy transfer during impact. For
instance, their integration into neural networks has
been shown to enhance predictive accuracy, as demon-
strated by Sharif et al.16 and Kalhori et al.17

Additionally, they contribute to solving inverse prob-
lems, identifying and localising damage, and distin-
guishing between impact severities.18,19 This approach
optimises detection capabilities and supports the devel-
opment of more efficient monitoring systems.20,21

Establishing effective impact monitoring systems
requires consideration of both optimised signal features
and critical interaction factors. As such, several factors
can influence impact response and measurement per-
formance. In particular, the sensitivity of optical sen-
sors varies depending on the direction of propagation
of the dynamic waves, as the grating period and refrac-
tive index are mainly influenced by the axial strain.22

In addition, attenuation is another important influen-
cing factor, especially for composite materials. These
materials are susceptible to attenuation effects due to
energy dissipation and wave scattering caused by the
viscoelastic nature of the matrix and material inhomo-
geneities.23 Therefore, within the proposed framework,
a comprehensive investigation is carried out to analyse
how the directivity and attenuation properties influence
the selected signal characteristics.

In order to validate and contextualise the designed
framework for its application in impact identification,
a drop-weight impact test was conducted. Overall, the
main objective is to assess the ability of state-of-the-art
sensors to estimate impact energy in a test setup
designed to position both sensors in the same location
under various impact scenarios. Low-energy and high-
energy impacts are applied to the target structure so
that impact responses can be analysed in both the pris-
tine and damaged states. The data was collected using
two prominent sensor technologies: FBG and
Piezoelectric (PZT) sensors. Piezoelectric sensors offer
high sensitivity, compact size, lightweight, robustness
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and low-power consumption and serve as both actuators
and sensors.24 However, they are susceptible to electro-
magnetic interference, require wired connections and have
an operating temperature limit of up to 150�C.1,4 In con-
trast, FBGs are immune to electromagnetic interference,
offer high sensitivity and are easy to integrate. These opti-
cal sensors are sensitive to axial displacements and use a
multiplexed optical fibre with a narrow-band reflector
consisting of uniformly distributed gratings.1,25,26

Although FBG sensors are well-suited for dynamic strain
detection, they also have limitations, such as directionality
and limited sampling rate.

Several authors16–21,27–31 have validated the effec-
tiveness of PZT sensors in SHM systems. These studies
underline the robustness, high sensitivity and reliability
of PZT sensors in detecting and localising impact
events. Therefore, the results of PZTs are used as a ref-
erence for evaluating the performance of FBGs. This
evaluation includes comprehensive tests to analyse sig-
nal correlation in both the time and frequency domain,
sensitivity to noise and impact energy, and the effects
of attenuation and directivity. Using a robust metho-
dology, this work presents for the first time a struc-
tured approach to evaluating the strengths and
limitations of sensor technologies, providing key
insights for informed decision-making in the selection
of sensors for impact monitoring systems. The poten-
tial of this approach is significant as it can be extended
to evaluate the performance of any emerging sensor
system for impact monitoring systems. Such evaluation
is particularly important given the ongoing efforts to
develop new sensor technologies to overcome the lim-
itations of current sensors, such as long-term durabil-
ity, integration into composite materials and signal
interpretation under operational conditions.

This article is structured as follows: Drop-weight
impact tests section outlines the application example,
which includes the description of the material, the
dynamic properties, the experimental procedure and
the damage assessment by phased array scan inspec-
tions. Systematic comparison method section presents
the structured approach to measuring sensor perfor-
mance, focusing on relative energy measures, metrolo-
gical parameters, signal processing schemes,
comparison metrics and comprehensive testing.
Results and Discussion section summarises the main
findings and demonstrates the application of the fra-
meworks. Finally, the last section explains the main
conclusions.

Drop-weight impact tests

The application example presented in this section is
based on a standard impact test, capable of addressing

various sensor evaluation aspects in impact identifica-
tion methods.

Material description

A square composite panel (1000 3 1000 3 3.55 mm)
with a quasi-isotropic lay-up of 24 layers [245, 0, + 45,
90]3s and a ply thickness of 0.14 mm was manufactured
by an autoclave moulding process with Toray Cetex�

TC1320 PEKK (PolyEtherKetoneKetone) AS4D pre-
preg thermoplastic composite. Table 1 shows the elastic
properties of the composite material at the lamina level,
as specified by the manufacturer.

Dynamic properties

Dynamic properties are crucial to understanding the
complex response observed in intermediate-mass
impacts33 and are, therefore, essential for a comprehen-
sive comparison of the sensor technologies. In order to
perform frequency analysis of the composite plate sys-
tem, a finite element (FE) model was developed using
the ABAQUS� software with a linear perturbation
procedure. Given the small thickness of the composite
laminate, it was discretised with linear four-sided shell
elements (S4R). The composite layup was defined by
specifying the orthotropic material engineering con-
stants in a composite section. The orientation, geome-
try and material properties of the lamina were assigned
as described in Table 1. The modelled area of the speci-
men corresponds to 960 3 960 mm, and the boundary
conditions simulate clamped edges, as shown in Figure
1. The results of this analysis are summarised in Table
2 and include the first 10 natural vibration modes of
the plate.

Experimental procedure

The composite panel was subjected to intermediate-
mass impacts33 using an impactor with a head diameter
of 16 mm and a mass of 1.154 kg in accordance with
the ASTM D7136M-1534 guidelines. The test setup,

Table 1 Mechanical properties of Toray Cetex� TC1320 PEKK
AS4D.32

Mechanical properties Unit

Longitudinal elastic modulus E11 GPa 135
Transversal elastic modulus E22 GPa 10
In-plane shear modulus G12 GPa 5.2
Resin content by weight RC % 34
Density r kg/m3 1590
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shown in Figure 2(a), included an aluminium clamping
frame to fix the panel onto the drop tower table.

The instrumented drop-weight impact tower was
designed to measure the contact load and velocity of
the impactor during an impact. The assembly of the
drop weight tower and its dimensions, namely sflag, sh
and h, are shown in Figure 2(b). It is noteworthy that
sflag and sh are constant throughout the experiment and
are determined by the impactor characteristics. In con-
trast, the height h varies depending on the impact
energy. A force transducer based on strain gauges, with
a typical sensitivity of 0.5868 mV/V and a capacity of
9.961 kN compressive load, recorded the contact force

during impact. The transducer was attached to the
hemispherical tip of the impactor. In addition, a photo-
sensor measured the velocity of the impactor before
and after impact, as suggested in ASTM D7136M-15.34

An HBM MGCplus measurement amplifier system
and a National Instruments NI� USB-625 data acqui-
sition module were used to acquire the impact load and
photosensor output signals at a sampling frequency of
250 kHz.

The measured values of the external excitation for
the different impact energies are shown in Figure 3.
Additionally, Table 3 contains details of 12 impact
locations (I1–I12), including their respective coordi-
nates and the nominal impact energies applied at each
location. Notably, although Table 3 lists a maximum
impact energy of 50 J, the corresponding force history
is absent in Figure 3 due to unexpected issues with the
load cell data collection for this specific impact.
However, this limitation does not undermine the find-
ings or the discussion that follows, as data from the
other sensors were successfully recorded for this test
run.

The experimental design, shown in Figure 2(c), pre-
sents both sensor and impact locations. The impact
locations were systematically selected to take into
account the factors that could influence the impact
response. To measure the impact response, a single
optical fibre equipped with eight FBG sensors and six
piezoelectrics (P- 876 DuraAct Patch Transducer) were
mounted on the test structure. The detailed configura-
tion of the sensor network, including the specified
coordinates, can be found in Table 4. Due to equip-
ment constraints, the number of PZTs was limited to
six, corresponding to the channel capacity of the oscil-
loscope. In contrast, the multiplexing capability of the
FBG interrogation system allowed for eight sensors
along the same fibre, explaining the differing quantities
of PZTs and FBGs in the setup. The sensor readings
were acquired using the USB Oscilloscope Handyscope
HS6DIFF + HS5 data acquisition system for PZTs
and the PhotonFirst interrogation system for FBGs.
During impacts, the discrete impact response was
recorded at a 100 kHz sampling frequency for PZTs
and at approximately 19,230 Hz for FBGs. An exam-
ple of a time signal during the impact test is shown in
Figure 4.

Phased array scan

Before and after the impact tests campaign, non-
destructive inspections (NDI) were performed at all
impact locations to characterise both the pristine and
damaged states of the composite panel. Phased array
scan tests were performed using an Olympus
Omniscan-M-PA16-128 device equipped with a phased

Figure 1. FE model for modal analysis.
FE: finite element.

Table 2. Modal analysis output.

Mode n� Frequency [Hz]

1 35.49
2 68.84
3 75.54
4 106.82
5 122.18
6 136.65
7 157.11
8 169.11
9 193.11
10 215.40
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array transducer with 128 elements sampled at
100 MHz, 256 focal laws, 80 V pulse voltage per ele-
ment and automatic probe recognition. A water-based
couplant was used during the inspections to improve
the transmission of sound energy from the transducer
to the test piece.

Systematic comparison method

This section presents the structured approach for eval-
uating sensor performance for impact monitoring sys-
tems by analysing signal features and metrological
parameters using comparison metrics.

Relative energy measures

Comparison metrics for different sensor technologies
were obtained by analysing features extracted from the
signals, which incorporated both time- and frequency-
domain characteristics. This analysis focused on two
key signal features: transmitted energy and spectral
energy. These features were chosen due to their known
sensitivity to variations in energy levels. As a result,
they offer valuable applications for impact identifica-
tion in composite structures.

The transmitted energy (Et)
35 is assumed to be the

area under the square value of the time-domain curve,
y(t). Essentially, it is a representative measure of the
kinetic energy transferred to the sample due to the
impact load captured by the sensor readings.
Mathematically, it is expressed as follows:

(a) (b) (c)

Figure 2. Test setup and schematic experimental design: (a) test set-up and plate fixture, (b) schematic drop-tower assembly
(sflag = 15 mm, sh = 127 mm), (c) sensor network configuration and impact locations (–FBG � PZT w Impact Locations).
Dimensions in millimetres.
FBG: fibre Bragg grating; PZT: piezoelectric.

Figure 3. Force history at I12.
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Et ffi
ðtend

t0

y tð Þj j2dt; ð1Þ

where the t0 and tend are the integration time limits.
Here, t0 represents the time corresponding to the first
data point at which the signal exceeds a predefined
threshold, while tend corresponds to the moment at
which the signal falls below a predefined threshold.

In addition, a detailed investigation of the low-
frequency range of the power spectral density (PSD) was
carried out using Welch’s method.36 According to
Plancherel’s theorem, integrating the squared value of the
PSD curve, denoted as A(v), over the frequency range
provides a measure of the power of signals that can be
related to the impact energy,16,37,38 as expressed in

Es ffi
ðvf

0

A vð Þj j2dv; ð2Þ

where vf is the maximum value in the frequency spec-
trum of the signal that is limited by the Nyquist fre-
quency of the windowed discrete Fourier transform.39

As also noted by Hirano et al.,40 spectral energy distri-
butions (Es) can be influenced by variations in
absorbed energy and impact damage, particularly at
frequencies associated with dynamic impact responses.

Both signal features, namely the transmitted energy
and the spectral energy, ideally reflect the behaviour
observed in the absorbed energy profiling diagram.41,42

The latter diagram is derived from the measured values
of the droptower and illustrates the absorbed energy
path of an impact event with variations in the energy
levels.

In order to construct these diagrams, both the
impact velocity (vi) and the rebound velocity (vr) are

Table 3. Summary of drop-weight intermediate-mass impact
tests.

ID Coordinates Nominal energy

x [mm] y [mm] E [J]

I1 254 703 4
I2 328 629 4
I3 402 555 4
I4 479 480 4, 6
I5 294 779 4
I6 302 733 4
I7 319 689 4
I8 349 653 4
I9 387 623 4
I10 431 605 4
I11 477 600 4
I12 574 282 4, 6, 10, 15, 20, 25, 30, 35, 40, 45, 50

Table 4. Sensor network configuration.

Sensor Position Coordinates Sensor angle

x [mm] y [mm] [�]

FBG1 POS1 177 779 245
FBG2 POS2 474 779 90
FBG3 POS3 777 780 245
FBG4 POS4 178 478 0
FBG5 POS5 778 477 0
FBG6 POS6 178 179 45
FBG7 POS7 479 178 90
FBG8 POS8 779 182 45
PZT1 POS1 188 786 245
PZT2 POS2 478 780 90
PZT3 POS3 779 781 0
PZT4 POS5 779 481 0
PZT5 POS6 188 172 45
PZT6 POS8 768 174 0

FBG: fibre Bragg grating; PZT: piezoelectric.

(a) (b)

Figure 4. Raw signal response recorded by sensors at POS2 due to an impact event of 6.0 J at impact location I4: (a) impact
response recorded by PZT2 and (b) impact response recorded by FBG2.
FBG: fibre Bragg grating; PZT: piezoelectric.
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measured with the instrumented impact device. The
total energy absorbed by the panel under the impact
load (Ea) can, therefore, be derived from the difference
between the measured impact energy and the rebound
energy according to43

Ea ¼
mðv2

i � v2
r Þ

2
: ð3Þ

These parameters, specifically the transmitted
energy, the spectral energy, and the absorbed energy,
represent relative energy measures. Based on this
understanding, the following sections describe methods
for evaluating and comparing these energy metrics,
providing useful guidance for comparing sensor
technologies.

Metrological parameters

Further to analysing signal features and droptower
readings, the comparison between the sensors also
includes their metrological parameters. In particular,
the resolution and repeatability are investigated, as
they contribute to characterising the noise level, robust-
ness and reliability of the measuring instrument.

In this study, resolution refers to the variation of the
monitored signal that exceeds one standard deviation
of the noise level.44 It is assumed that the noise b is sta-
tionary and, therefore, statistically independent over
successive measurements under the same test condition.
As a result, the resolution r is defined by

r ¼ sb ¼
1ffiffiffi
2
p s

Dm
; ð4Þ

where sb is the standard deviation of the measurement
noise and s

Dm
is the standard deviation of subtraction

of the noise from two consecutive measurements (b0,
b1) averaged over the total number of sensors (N), as
given by

Dm ¼ 1

N

X
N

ðb0 � b1Þ; ð5Þ

Finally, repeatability relates to the precision of mea-
surements under the same conditions. It reflects the
accuracy and noise level of acquired signals.44,45

Accordingly, repeatability involves the quantification
of similarity in repeated experiments performed under
identical setups.

For inverse impact identification problems, it is cru-
cial to ensure that changes in sensor readings are easily
distinguishable from the intrinsic characteristics of the
device, such as resolution and repeatability. Overall,
ensuring high repeatability and low resolution supports
consistent and reliable results over the measurements.46

Signal processing framework

A stepwise signal processing and data reduction scheme
are implemented to improve feature extraction for the
subsequent comparison metrics, as shown in Figure 5.
Given the inherent presence of noise under real experi-
mental conditions and the attenuation effects due to
the peculiarities of the material system, preprocessing
before feature extraction was a crucial step. Therefore,
a discrete wavelet transform (DWT) denoiser47 was
applied to mitigate the influence of noise.

The DWT supports various mother wavelets, includ-
ing Harr, Daubechies, Biorthogonal, Symlet, Meyer
and Coiflets. For this study, Daubechies wavelets of
order 4 (db4)48 were selected due to their orthogonality
and effectiveness for non-stationary signals.49–52 It is
noteworthy that this orthogonality property contributes
to computational efficiency and numerical stability in sig-
nal processing applications. Also, this approach is in line
with the work of Khodaei et al.15 The effectiveness of the
selected Daubechies wavelets in reducing the noise and
improving the overall signal quality is evident in Figure
6, which highlights the contrast between the noisy and
the denoised signal.

Following the denoising step, a threshold is set by
identifying the first peak that is above the noise level of
the denoised signal (see Figure 7). In this study, a
threshold value is chosen that is significantly higher
than the nominal resolution of the sensor and higher
than twice the noise level. Trial runs with random mea-
surement samples have shown that the selected promi-
nence argument provides a reasonable approximation
of the first peak with respect to the surrounding points
within the noise floor. This identified peak determines
a time window that ensures a meaningful time signal
for the subsequent analysis and helps to filter out the
remaining noise components.

The analysis proceeds with the extraction and selec-
tion of signal features, incorporating both time- and
frequency-domain characteristics. In particular, the
relative energy measures (see section Relative energy
measures) are evaluated through comprehensive
testing.

Comparison metrics

The impact responses from FBGs and PZTs have dif-
ferent physical units and scaling conventions. Optical
signals result from variations in the optical path and
are expressed in length units. In contrast, electrical sig-
nals resulting from the piezoelectric effect are expressed
in voltage. In order to compare sensor parameters
unbiasedly, each quantitative assessment value is
rescaled to the range 0 and 1 using min- max normali-
sation. The general formula for scaling features is53

Marinho et al. 7



x
0 ¼ xi �min xð Þ

max xð Þ �minðxÞ ð6Þ

where xi is the original value, x is the normalised value,
and x is the array with all data values. In addition, the
parameters are averaged across all sensors in the
network.

A similarity score is then calculated using normal-
ised values to quantitatively assess the correspondence
between FBG signal features and reference features,

such as outcomes derived from piezoelectric transdu-
cers, total absorbed energy or a reference time signal.

Overall, the similarity scores depend on the applica-
tion.54 The Euclidean distance, D(S, Q), was chosen
due to its frequent use in similarity queries.55–58 and its
common use as a distance metric for individual fea-
tures.59,60 The more similar the values are, the shorter
the absolute spatial distance between them. Based on
Faloutsos et al.,56 the Euclidean distance (D) denotes
the distance between two (equal length) sequences, S
and Q, as given in

D S;Qð Þ ¼
Xl

i¼1

S i½ � � Q½i�ð Þ2
 !1=2

; ð7Þ

where l is the total length of the sequences. The signal
features were then compared using a similarity index
(SI). For this purpose, the Euclidean distance scores
between the signal features were converted using the
inverse relationship

SI ¼ 1

1 + D S;Qð Þ , ð8Þ

where SI 2 ½0; 1� and SI= 1 means 100% similarity.
Besides the similarity indices, the comparison metrics
also include a quantitative correlation assessment in
both time and frequency domains. This correlation
assessment uses the normalised time amplitude as input
to constrain the absolute peak values to 1, defined by

x
0
t ¼

xt0

max Xtj jð Þ ; ð9Þ

where xt0 is the original time amplitude value, xt is the
normalised value and Xt is the array with all-time data
values. The normalisation approach mentioned above
preserves crucial information that allows an analysis of
the effects of tension (+ 1) and compression (21) on
impact-induced deformation strains. This justifies the
use of a different normalisation strategy than that of
Equation (6). Finally, the correlation coefficients
between two discrete-time sequences and associated
spectral energy distributions were calculated using the
correlation function available in the sub-package signal
of SciPy,61 which uses the cross-correlation method.
The correlation coefficients range from 0 to 1, where 1
indicates identical discrete-time sequences.

Performance evaluation

The proposed framework includes a correlation test, a
sensitivity test and a factor test to comprehensively
evaluate the capabilities of the sensors.

Figure 5. Signal processing and data reduction framework for
comparative analysis of sensors performance.
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For the correlation test, the processed data are used
to quantitatively evaluate the impact responses of sen-
sors in both the time and frequency domains, as shown
in Figure 8. Before calculating the correlation coeffi-
cients, the processed time signal data must be
resampled and synchronised to match the lower sam-
pling frequency between the two sensor technologies.
The correlation coefficients are then calculated for the
normalised impact response (Equation (9)) and for the
related PSD in the low-frequency range.

The sensitivity tests, illustrated in Figure 9, address
two critical aspects: sensitivity to noise and sensitivity
of impact energy. The evaluation of sensitivity to noise
involves examining the metrological parameters of sig-
nal responses. The resolution (Equation (4)) is deter-
mined by assessing the normalised measured noise
(Equation (9)) from repeated test runs using raw data.

In contrast, repeatability assessment employs processed
data to measure the normalised impact response
(Equation (9)) for repeated test runs and to calculate
the Euclidean distance (Equation (7)) under the same
test conditions.

Furthermore, the sensitivity of impact energy is
evaluated by analyzing the performance of the sensors
at various impact energies. In this context, similarity
indices (Equation (8)) are computed for the normalised
transmitted energy (Equations (1) and (6)) and the nor-
malised spectral energy (Equations (2) and (6)). As
explained in relative energy measures, these parameters
are sensitive to variations in impact energy and are
therefore suitable for such analysis.

Finally, the performance assessment of the sensors
entails evaluating the directional and attenuation
effects using the factors test, as shown in Figure 10.
This test evaluates the aspects of the signal

Figure 6. Comparison between the noisy and the denoised
signal response recorded by PZT2 due to an impact event of
6.0 J at impact location I4.
PZT: piezoelectric.

Figure 7. Threshold definition in the signal response recorded
by PZT2 due to an impact event of 6.0 J at impact location I4.
PZT: piezoelectric.

Figure 8. Correlation test framework.

Marinho et al. 9



measurements over different distances to the source
and varying angles of incidence using the normalised
transmitted energy (Equations (1) and (6)) as input.

Overall, this systematic approach, embedded in
comprehensive testing frameworks, considers both
qualitative and quantitative aspects. As a result, it
offers a comprehensive assessment of the capabilities
and limitations of the target sensor.

Results and discussion

The performance evaluation of the sensor system is dis-
cussed as described in the previous section. The follow-
ing results outline the key outcomes of the
experimental investigation using the designed
frameworks.

Correlation test

In correlation tests, the signal responses of FBG and
PZT sensors were quantitatively evaluated in both the

time and frequency domains. Specifically, the analysis
used signals recorded by sensors located at POS6 due
to 4.0 J impact at the I4 location, as well as signals
recorded by sensors placed at the POS2 for varying
impact energies at the I12 location. The choice of I4
was based on its central position and alignment with
the sensor angle orientation, while I12 was selected for
analysis as multiple energy levels were available at this
location. Also, it is important to note that the sensors
are located on opposite sides of the panel, which can
lead to opposing behaviour in terms of tension and
compression during impact. For this reason, FBG time
signals are presented with an inverted y-axis to improve
the clarity of the correlation analysis.

Time domain measurements showed a typical decay
waveform for both sensor technologies, consistent with
expectations for an intermediate-mass impact source.
Furthermore, a comparison of the force-time curve and
impact responses revealed a strong correlation between
PZT and FBG signals during contact prior to collision
during unloading (see region a in Figure 11).

Figure 9. Sensitivity test framework.
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Despite these significant similarities, there were evi-
dent differences that developed after the collision dur-
ing the upward phase (see region b in Figure 11). In
addition, significant deviations can be seen once the
impactor is no longer in contact with the target struc-
ture, possibly indicating dynamic waves reflected from
the boundaries in the sensor readings. These different
patterns can be caused by multiple reflections at the
boundaries, non-uniform wave propagation and the
directional nature of wave propagation in composite
materials.62–64

Further analysis of the time series data revealed that
different impact energies produced comparable wave-
forms, as shown in Figure 12. However, following the
contact duration, the FBG impact response (Figure
12(b)) showed more irregular patterns compared to the
PZT response (Figure 12(a)). This irregularity can be
attributed to the directional measurement of the optical
sensors in combination with the unpredictable angle of
incidence of the reflection waves. In contrast to FBG
sensors, PZT sensors are designed to have isotropic
sensitivity, that is, they respond more uniformly to
forces applied from different directions. Their isotropic
nature ensures consistent performance across varying
wave propagation angles.

In addition, an observable shift of the waveform to
the left with increasing impact energy was noted for
both FBGs and PZTs. This shift in the time domain
may induce alterations in the slope of the phase and
can be interpreted as a phase lead, indicating that one
waveform is advanced relative to another.65–67 It is
worth noting that these findings have implications for
interpreting the frequency composition of the impact
response.

For the low-frequency analysis, the PSD of the sig-
nals was calculated in the frequency range from 0 to
300 Hz with a frequency bin size of approximately
1 Hz. Consequently, in this calculation, the first 10
natural frequencies previously defined in Table 2 were
taken into account. One of the primary outcomes is
that the PSD of the FBGs (Figure 13(b)) shows a high
agreement with the PZTs (Figure 13(a)). In addition,

Figure 10. Factors test framework.

Figure 11. Impact response and impact load recorded by the drop tower force transducer and the sensors at POS6 due to an
impact event of 4.0 J at impact location I4.
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the measured PSD revealed that the energy of the
impact load is concentrated on the natural vibration
modes or a combination of them, with the frequency
peaks slightly deviating compared to the results of the
numerical simulation (see section Dynamic properties).
However, this contrast could be due to the simulated
boundary conditions, which may differ from the actual
experimental conditions and can be adjusted accord-
ingly. These results are consistent with earlier studies,33

which also demonstrated the predominance of the low-
est vibration modes of the impactor-plate system for
intermediate-mass impacts.

These findings suggest that PSD analysis of FBGs
and PZTs can provide valuable information on the

dynamic behaviour of the structure for damage detec-
tion and impact classification purposes, as reported
in previous research.16,71 In the PSD plots (Figure
13), the dominant frequency between 55 and 75 Hz is
highlighted. The dominant frequency represents the
primary mode of vibration, revealing sensitivity to
structural changes. The results indicate nonlinear
resonance and changes in damping around the domi-
nant frequency with increasing impact energy.
However, due to the limitations on frequency resolu-
tion imposed by the dimensions of the frequency
bins, drawing explicit conclusions about the relation-
ship between this observation and impact energy lev-
els is challenging.

(a) (b)

Figure 12. Impact response recorded by sensors at POS2 due to an impact event of various energies at impact location I12:
(a) impact response recorded by PZT2 and (b) impact response recorded by FBG2.
FBG: fibre Bragg grating; PZT: piezoelectric.

(a)

(b)

Figure 13. PSD at POS2 due to an impact event of various energies at impact location I12: (a) PSD PZT2 and (b) PSD FBG2.
PSD: power spectral density; FBG: fibre Bragg grating; PZT: piezoelectric.
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Previous studies68–70 indicate that non-linear
responses to impact events may result from large
deflections or structural damage. This research exam-
ines non-linearities primarily attributed to geometric
effects stemming from large deformations under high-
energy impacts. Non-linearities linked to damage
initiation and progression could not be verified, as
NDI were conducted only at the beginning and end of
the experimental sequence rather than following each
impact level. Nonetheless, although precise conclusions
on the onset of damage remain limited, inspections fol-
lowing the experiments confirmed clear evidence of
internal damage caused by a 50.53 J impact (Figure
14). Overall, the phased array scan results indicated the
presence of dents (Figures 14(a) and (c)) and delamina-
tion (Figures 14(b) and (c)). The latter is known to sig-
nificantly reduce the amplitude spectrum in bending
modes, as the bending stiffness relies on the integrity
and interaction of the laminate layers,71 changing the
mechanisms of load transfer between separated layers.

Moreover, the impact at I12 significantly affects the
frequency and amplitude of the second mode more
than the first mode, which is primarily due to the non-
central location of the impact. Moreover, it is worth
noting that the dominant frequency is associated with
the second mode of vibration, which is a bending mode.
Consequently, the presence of damage is also indicated
by a significant reduction in the amplitude of the domi-
nant frequency observed in both the FBGs and the
PZT power spectra. This phenomenon, known from

classical structural dynamics, occurs due to the reduced
local stiffness of the structure resulting from the dam-
age and thus leads to a change in the natural frequency
amplitudes.72

Finally, correlation coefficients were computed to
quantify the similarity for different impact energies in
the frequency domain. For these calculations, the PZT
measurements and the lowest energy levels for both
FBG and PZT were used as references. The analysis
focused on the general behaviour of the low frequency
(0–300 Hz) and the different frequency ranges (0–90,
90–165, 165–240 and 240–300 Hz). These intervals
were systematically chosen to contain two resonant fre-
quencies that potentially reflect modal participation
factors and describe the contribution of each mode
shape to the overall response. This approach made it
possible to identify the frequency range that is most
sensitive to variations in impact energy and to recog-
nise the damage-induced changes.

Overall, the correlation coefficients between FBGs
and PZTs decay with increasing energy, as illustrated
in Figure 15(a). This decay can be attributed to the
non-linear resonance. The peak shift notably affects
correlation coefficients more than varying frequency
amplitude or modal participation factors. To support
this conclusion, simplified tests were conducted. The
spectrum of an artificial sine signal was analysed, and
then correlation coefficients were calculated by com-
paring the original signal with signals with peak shift
and varying amplitude ratio. The results showed a 56%

Figure 14. Phased array scan images after 50 J impact at location I12: (a) attenuation of the backwall (C-scan), (b) reflection view
(C-scan), and (c) cross-sectional view (B-scan).
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drop in correlation coefficient with a peak shift, while
considering varying amplitude ratio only resulted in a
10% drop.

Furthermore, the behaviour in the lower-frequency
range (0–90 Hz) is generally consistent with the overall
pattern (0–300 Hz), except for the drop at 50 J related
to damage. However, the intervals for the higher-
frequency ranges (165–240 and 240–300 Hz) deviate
from the general behaviour, indicating a steeply
decreasing curve and a high sensitivity to variations in
impact energy. Despite these clear trends, the inter-
mediate frequency range of 90–165 Hz does not show
a consistent pattern, making it difficult to establish a
direct link between the specific spectrum and its
response to impact energy.

When analysing the correlation of the FBG spec-
trum with increasing energy levels (Figure 15(b)), the
behaviour of the diagram indicates an almost quadra-
tic decay, as demonstrated by the rapid decrease in the
coefficients. The frequency range 0–90 Hz shows an
explicit agreement with the general behaviour (0–
300 Hz). However, the intermediate range (90–165 Hz)

shows a deviation at higher-energy levels. In addition,
the deterioration of the correlation parameters is more
pronounced in the higher-frequency ranges (165–240
and 240–300 Hz) than in the lower ones. The steep
drop of the correlation coefficient values in this analy-
sis is a clear indication that the non-linearity of the sys-
tem increases with increasing impact energy.

In the PZT correlation evaluation, the correlation
values also decrease with increasing energy level, as can
be seen in Figure 15(c). The general characteristic of
the curves is approximately linear, whereby this beha-
viour can be observed in all frequency intervals, except
in the range of 90–165 Hz, which has no monotonic
curve. It is particularly noticeable that the changes
caused by the damage are more pronounced in the
lowest-frequency range.

A more detailed analysis also shows that the overall
curve (0–300 Hz) for PZT at energies higher than 40 J
is more consistent with the existing literature than that
of FBGs. In general, higher impact energies and the
presence of damage can be expected to increase nonli-
nearities, leading to additional changes in natural

(a) (b)

(c)

Figure 15. Correlation values of the PSD plots from sensors at POS2 due to an impact event of various energies at impact
location I12: (a) correlation between FBG2 and PZT2 for varying impact energies, (b) correlation between varying impact energies
for FBG2, and (c) correlation between varying impact energies for PZT2.
PSD: power spectral density; FBG: fibre Bragg grating; PZT: piezoelectric.
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frequencies. These changes may lead to lower correla-
tion coefficient values that do not match the increasing
values for impact energies greater than 40 J in the
FBG correlation assessment (Figure 15(b)).

Sensitivity test

Sensitivity tests are performed to evaluate the main per-
formance indicators of sensor systems for characteris-
ing impact events. These tests analyse the sensitivity of
the sensors to normalised transmitted energy and spec-
tral energy, which are important metrics for evaluating
their response to different impact energies. In addition,
the tests also evaluate noise sensitivity, focusing on res-
olution and repeatability measurements, which are crit-
ical for characterising the signal-to-noise ratio and
robustness of the measurement device.

In this context, the energy profiling diagrams are
used to investigate how signal features are correlated
with changes in impact energy. In this diagrams, the
transmitted energy (Figure 16(a)) and spectral energy
(Figure 16(b)) of the FBG and PZT signals are com-
pared with the absorbed energy, with all values nor-
malised for an unbiased comparison. By analysing
these plots, consistent patterns can be seen in the
energy profiling curves of the absorbed energy and the
signal features. For low-energy impacts (0–20 J), a lin-
ear behaviour is observed. However, as the impact
energy increases (20–30 J), non-linearities become
more apparent.

Furthermore, a loss of transferred kinetic energy is
observed at impact energies greater than 30 J, indicat-
ing possible damage. This energy loss can be partly
attributed to the fact that the energy absorbed by the

(a) (b)

(c) (d)

Figure 16. Energy profiling diagrams indicating sensitivity of impact energy and similarity between signal features and absorbed
energy at impact location I12: (a) energy profiling diagram comparing transmitted energy from PZTs (Et, PZT) and FBGs (Et, FBG) with
absorbed energy (Ea), (b) energy profiling diagram comparing spectral energy from PZTs (Es, PZT) and FBGs (Es, FBG) with absorbed
energy (Ea), (c) similarity between absorbed energy and transmitted energy from FBGs (SIFBG (Et, Ea)) and PZTs (SIPZT (Et, Ea)), and
(d) similarity between absorbed energy and spectral energy from FBGs (SIFBG(Es, Ea)) and PZTs (SIPZT (Es, Ea)).
FBG: fibre Bragg grating; PZT: piezoelectric.
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test structure is dissipated by the formation of dam-
age.73 At higher impact energies, the normalised spec-
tral energy appears to be more sensitive to damage
compared to the transmitted energy for both sensor
types. This enhanced sensitivity is due to the ability of
spectral energy to detect changes in specific frequency
components that indicate damage, such as shifts or
reductions in the amplitude of natural frequencies. In
contrast, the broader, less detailed nature of the trans-
mitted energy can cause these changes to be overlooked
as it is limited to the total energy transmitted through
the material.

The relative energy measures in the energy profiling
diagram were used to quantify the similarity between
the normalised signal features and the absorbed energy.
It was found that the similarity between the signal fea-
tures and the absorbed energy is high for both sensors.
Figure 16(c) shows that the transmitted energy of
FBGs and PZTs have very comparable similarity
indices. In particular, the average m and the standard
deviation s for the transmitted energy were identical
for PZTs and FBGs. There was also no significant dif-
ference in these statistical measures for the normalised
spectral energy, as can be seen in Figure 16(d). The
average value for PZTs in the spectral analysis was
only 3% higher, indicating a slightly better agreement
with the absorbed energy behaviour, while the standard
deviation was also identical compared to the FBGs
results.

In addition, the signal features of FBGs were quan-
titatively compared with those of PZTs by using simi-
larity indices as described in performance evaluation.
The similarity matrix comparing the transmitted
energy of the PZTs with that of the FBGs (Figure
17(a)) shows values closer to one and centred on the
main diagonal, indicating a high degree of similarity
between the sensor signals for the corresponding fea-
ture. On the other hand, the similarity matrix compar-
ing the spectral energy of the PZTs with that of the
FBGs (Figure 17(b)) shows indices closer to one scat-
tered across the matrix, especially at energies above
20 J. This observation indicates discrepancies between
the power spectra of the FBGs and the PZTs and no
apparent correlation across the different energy levels.
This conclusion is also confirmed by the correlation
test (Figure 15(a)), which showed that the correlation
coefficients decrease in the higher-frequency range
(165–300 Hz) and approach zero, especially at impact
energies higher than 20 J.

In the last part of the sensitivity tests, the metrologi-
cal aspects were evaluated. The resolution performance
of the sensors r was determined by averaging the values
obtained across all sensors in the network. For this
evaluation, the measurement noise of two consecutive
6.0 J impact responses (b0, b1) at the central location I4

were considered. Table 5 shows better resolution per-
formance of the FBG sensors compared to the PZT
results. On average, the resolution of the FBG network
was about 3.7 times lower compared to the PZT out-
comes, indicating that the optical sensors had lower
noise levels.

A further metrological analysis was performed to
assess the repeatability performance of the PZTs and
FBGs. This analysis aimed to determine the consis-
tency of three successive replicate measurements under
identical conditions. To evaluate the repeatability mea-
surements, the Euclidean distance of the processed
data was averaged across all sensors in the network,
denoted as �D(y0, y1). Examination of the time domain
curves (Figure 18) revealed high qualitative similarities
between the repeated waveforms for both sensor types,
which were confirmed by the close values for the calcu-
lated Euclidean distance (Table 5). Taken together,
these results indicate that both PZTs and FBGs have
similar performance in terms of metrological para-
meters for impact responses.

Factors test

The directional performance was experimentally evalu-
ated by measuring the normalised transmitted energy
resulting from 4 J impacts. To investigate the effect of
the propagating wave incident angles on the sensor,
impact locations (I5–I11) were arranged in a quarter
circle around the sensors at POS2, as shown in Figure
2(c). This configuration defined seven evenly spaced
angles, ranging from 0� to 90� relative to the main
direction of the sensors. The distance between the sen-
sor position and the impact source was kept constant
at 180 mm.

Overall, the FBG sensor showed a higher sensitivity
to different angles of incidence compared to the PZT
sensor, as evidenced by the steeper slope in the linear
fit (Figure 19(a)). The analysis showed a sharp decrease
in directivity between 0� and 45�, followed by relatively
constant values between 45� and 90�. Similar patterns
were observed for PZTs, although they exhibited less
pronounced directionality at lower angles of incidence
(0� to 45�). In agreement with these results, previous
studies22,74,75 have also emphasised the directional sen-
sitivity of FBG sensors in monitoring systems.

It is worth noting that despite the lower sensitivity
of PZTs to different angles of incidence and their
inherent isotropic sensitivity, a drop in the impact fea-
ture was also observed. This is mainly attributed to the
rectangular geometry of the sensor, which affects the
directional dependence of the mechanical properties
and the stress concentrations at the edges.
Consequently, this leads to different responses to
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(a)

(b)

Figure 17. Similarity matrices for an impact event of various energies at impact location I12: (a) similarity matrix comparing
transmitted energy from PZTs with FBGs, SI(Et, PZT, Et, FBG) and (b) similarity matrix comparing spectral energy from PZTs with
FBGs, SI(Es, PZT, Es, FBG).
FBG: fibre Bragg grating; PZT: piezoelectric.

Table 5. Metrological aspects comparing FBGs with PZTs due to consecutive measurements of an impact event of 6.0 J at I4.

PZT FBG

Resolutiom r (b0, b1) 0.078 0.021
Repeatability �D (y0, y1) 1.661 1.875
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impacts along different axes, influencing the overall
performance of the sensor.

The evaluation of the attenuation effect on the sen-
sors at POS1 was performed using the normalised
transmitted energy extracted from 4 J impacts at four
evenly distributed locations (I1–I4) 106 mm apart. The
analysis revealed a significant decrease in normalised

amplitude with increasing distance for both PZT and
FBG sensors (Figure 19(b)). These results are consis-
tent with previous studies by Wei et al.76 and Pang
et al.,77 who also reported decreasing amplitudes with
increasing distance from the impact source, indicating
higher accuracy at shorter distances. Although the
curve trends for both sensors are relatively consistent,

(a) (b)

Figure 18. Three repetitions of the signal recorded by sensors at POS2 due to an impact event of 4.0 J at impact location I4:
(a) repeatability recorded by PZT2 and (b) repeatability recorded by FBG2.
FBG: fibre Bragg grating; PZT: piezoelectric.

(a) (b)

Figure 19. Factors test for an 4.0 J impact event: (a) normalised transmitted energy for varying incident angle (I5–I11) to sensors
at POS2 and (b) normalised transmitted energy for varying distance (I1–I4) to sensors at POS1.
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the limited number of impact runs makes it challenging
to draw definitive conclusions regarding the influence
of distance on signal strength.

In addition to directivity and attenuation, several
factors can influence sensor performance in practical
applications, affecting both the dynamics of trans-
mitted energy and sensor sensitivity. Key variables
include impactor dimensions, boundary conditions,
impact velocity, vibration noise and temperature
changes.

While assessing every possible variation within the
current experimental framework may be impractical, it
is crucial to acknowledge the benefits of a broader eva-
luation for impact identification. This assessment
would include a range of material properties, more rea-
listic structural geometry and diverse operational and
environmental conditions. Expanding the scope of
investigation can enhance the reliability and adaptabil-
ity of sensors in monitoring systems, as discussed by
Seno and Aliabadi.78

Concluding remarks

This article presented a practical and structured frame-
work for comparing sensor performance in identifying
impacts on aerospace composites. This framework
enabled a thorough evaluation of each sensor type and
provided important information for the selection of the
optimal sensor for impact monitoring systems. To
demonstrate the proposed approach, a relevant appli-
cation example compared FBGs with PZTs in a stan-
dard impact test setup. The comprehensive comparison
included three main tests, which led to the following
results:

� Correlation test: This test revealed a reasonable
agreement between FBG and PZT sensors in both
the time and frequency domains. While both sensor
technologies exhibited similar waveforms for
impact events of different energy, the responses of
the FBG sensors showed more irregular patterns
by contact duration, which can be attributed to the
directional nature of optical sensors. In addition,
the spectral correlation between FBG and PZT
sensors decreases with increasing impact energy,
highlighting the influence of non-linear resonance.

� Sensitivity test: The sensitivity test indicated the
similarity between the signal features at different
energy levels and also highlighted non-linearities
and damage-sensitive aspects from the energy pro-
filing diagram. Furthermore, the FBG sensors
exhibited better resolution, while both sensor types
showed comparable repeatability.

� Factors test: This test demonstrated that FBG mea-
surements were more sensitive to varying angles of
incidence, whereas PZT sensors have a more con-
sistent directivity. In addition, there was a notable
decrease in signal feature values for both sensor
types as the distance to the impact source
increased.

Indeed, the presented systematic comparison
method offers the potential to optimise sensor net-
works for accurate and cost-effective structural health
monitoring. In future investigations, this includes over-
coming the challenges posed by geometrically complex
full-scale aircraft components by selecting high-
performance sensors. In addition, investigating the
applicability of this approach to other emerging sensor
technologies can provide valuable insights for the fur-
ther development of impact monitoring systems.
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Natália Ribeiro Marinho https://orcid.org/0000-0002-
1042-3571

Richard Loendersloot https://orcid.org/0000-0002-1113-
8203
JanWillemWiegman https://orcid.org/0000-0002-1066-7234
Frank Grooteman https://orcid.org/0000-0001-8036-3845
Tiedo Tinga https://orcid.org/0000-0001-6600-5099

References

1. Giurgiutiu V. Structural health monitoring of aerospace

composites. San Diego: Academic Press, 2015.
2. Giurgiutiu V. Structural health monitoring (SHM) of

aerospace composites. In: Irwin PE and Soutis C (eds)
Polymer composites in the aerospace industry, Cambrid-
ge:Woodhead Publishing, 2020, pp. 491–558.

3. Frieden J, Cugnoni J, Botsis J, et al. Low energy impact

damage monitoring of composites using dynamic strain
signals from FBG sensors–Part II: damage identification.

Compos Struct 2012; 94: 593–600.
4. Sause MGR and Jasi�unien_e E. Structural health monitor-

ing damage detection systems for aerospace. New York:
Springer, 2021.

Marinho et al. 19

https://orcid.org/0000-0002-1042-3571
https://orcid.org/0000-0002-1042-3571
https://orcid.org/0000-0002-1113-8203
https://orcid.org/0000-0002-1113-8203
https://orcid.org/0000-0002-1066-7234
https://orcid.org/0000-0001-8036-3845
https://orcid.org/0000-0001-6600-5099


5. Foote P. New guidelines for implementation of structural

health monitoring in aerospace applications. SAE Int J

Aerospace 2013; 6: 525.
6. Rezayat A, De Pauw B, Lamberti A, et al. Reconstruc-

tion of impacts on a composite plate using fiber bragg

gratings (FBG) and inverse methods. Compos Struct

2016; 149: 1–10.
7. Jang BW, Lee YG, Kim JH, et al. Real-time impact iden-

tification algorithm for composite structures using fiber

bragg grating sensors. Struct Control Health Monit 2012;

19: 580–591.
8. Li S, Peng G, Ji M, et al. Impact identification of com-

posite cylinder based on improved deep metric learning

model and weighted fusion tikhonov regularized total

least squares. Compos Struct 2022; 283:115–144.
9. Liu R, Dobriban E, Hou Z, et al. Dynamic load identifi-

cation for mechanical systems: a review. Arch Comput

Methods Eng 2022; 29: 831–863.
10. Qiu B, Zhang M, Xie Y, et al. Impact force identification

on carbon fibre–epoxy honeycomb composite panel

based on local convex curve criterion. Exp Mech 2019;

59: 1171–1185.
11. Fu D, Wang L, Lv G, et al. Advances in dynamic load

identification based on data-driven techniques. Eng Appl

Artif Intell 2023; 126: 106871.
12. Yan G. A Bayesian approach for impact load identifica-

tion of stiffened composite panel. Inverse Problems Sci

Eng 2014; 22: 940–965.
13. Sun R, Chen G, He H, et al. The impact force identifica-

tion of composite stiffened panels under material uncer-

tainty. Finite Elem Anal Des 2014; 81: 38–47.
14. Yue N and Aliabadi MH. Hierarchical approach for

uncertainty quantification and reliability assessment of

guided wave-based structural health monitoring. Struct

Health Monit 2021; 20: 2274–2299.
15. Sharif-Khodaei Z, Ghajari M and Aliabadi MH. Deter-

mination of impact location on composite stiffened

panels. Smart Mater Struct 2012; 21: 105026.
16. Sharif-Khodaei Z and Aliabadi MH.Impact detection

and identification with piezoceramic sensors: passive sen-

sing. In: Structural health monitoring for advanced compo-

site structures 2018, pp. 215–265.
17. Kalhori H, Ye L and Mustapha S. Inverse estimation of

impact force on a composite panel using a single piezo-

electric sensor. J Intell Mater Syst Struct 2017; 28:

799–810.
18. Sultan MTH, Worden K, Pierce SG, et al. On impact

damage detection and quantification for CFRP lami-

nates using structural response data only. Mech Syst Sig-

nal Process 2011; 25: 3135–3152.
19. Kim IG, Lee HY and Kim JW. Impact damage detection

in composite laminates using PVDF and PZT sensor sig-

nals. J Intell Mater Syst Struct 2005; 16: 1007–1013.
20. Hu N, Fukunaga H, Matsumoto S, et al. An efficient

approach for identifying impact force using embedded

piezoelectric sensors. Int J Impact Eng 2007; 34:

1258–1271.

21. Wait JR, Park G, Sohn H, et al. Plate damage identifica-

tion using wave propagation and impedance methods. In:

Health monitoring and smart nondestructive evaluation of

structural and biological systems III 2004; vol. 5394, pp.

53–65.
22. Takeda N, Okabe Y, Kuwahara J, et al. Development of

smart composite structures with small-diameter fiber

bragg grating sensors for damage detection: quantitative

evaluation of delamination length in CFRP laminates

using lamb wave sensing. Compos Sci Technol 2005; 65:

2575–2587.
23. Mal AK, Bar-Cohen Y and Lih SS.Wave attenuation in

fiber-reinforced composites. In: M3D: mechanics and

mechanisms of material damping 1992, vol. 1169, pp.

245–261.
24. Sharif-Khodaei Z and Aliabadi MH. Damage detection

and quantification of composite structures using surface

bonded sensors. Compos Part B: Eng 2018; 138: 52–67.
25. Di Sante R. Fibre optic sensors for structural health

monitoring of aircraft composite structures: recent

advances and applications. Sensors 2015; 15:

18666–18713.
26. Cai J, Qiu L, Yuan S, et al. Structural health monitoring

for composite materials. Composites and Their Applica-

tions. London: IntechOpen, 2012.
27. Ciampa F, Meo M and Barbieri E. Impact localization

in composite structures of arbitrary cross section. Struct

Health Monit 2012; 11: 643–655.
28. Janapati V, Kopsaftopoulos F, Li F, et al. Damage

detection sensitivity characterization of acousto-ultra-

sound-based structural health monitoring techniques.

Struct Health Monit 2016; 15: 143–161.
29. Nucera C, White S, Chen ZM, et al. Impact monitoring

in stiffened composite aerospace panels by wave propa-

gation. Struct Health Monit 2015; 14: 547–557.
30. Jung KC and Chang SH. Advanced deep learning model-

based impact characterization method for composite

laminates. Compos Sci Technol 2021; 207: 108713.
31. Guemes A, Fernandez-Lopez A, Pozo AR, et al. Struc-

tural health monitoring for advanced composite struc-

tures: a review. J Compos Sci 2020; 4: 13.
32. Toray Advanced Composites, Toray Cetex TC1320

PEKK, Number TC1320 PDS v4.0 2022-03-28, v4.0,

2022.
33. Olsson R. Mass criterion for wave controlled impact

response of composite plates. Compos Part A: Appl Sci

Manuf 2000; 31: 879–887.
34. ASTM D7136/D7136M – 15. Standard test method for

measuring the damage resistance of a fiber-reinforced

polymer matrix composite to a drop-weight impact event.
35. Tabian I, Fu H and Sharif-Khodaei Z. A convolutional

neural network for impact detection and characterization

of complex composite structures. Sensors 2019; 19: 4933.
36. Welch P. The use of fast Fourier transform for the esti-

mation of power spectra: a method based on time aver-

aging over short, modified periodograms. IEEE Trans

Audio Electroacoust 1967; 15: 70–73.

20 Structural Health Monitoring 00(0)



37. Youngworth RN, Gallagher BB and Stamper BL. An

overview of power spectral density (PSD) calculations.

Opt Manuf Testing VI 2005; 5869: 206–216.
38. Ohayon R and Soize C. Structural acoustics and vibra-

tion: mechanical models, variational formulations and dis-

cretization. San Diego: Academic Press, 1997.
39. Cooley J, Lewis P and Welch P. The finite Fourier trans-

form. IEEE Trans Audio Electroacoust 1969; 17: 77–85.
40. Hirano N, Mamizu H, Kuraishi A, et al. Detectability

assessment of optical fiber sensor based impact damage

detection for composite airframe structures. In: 7th Eur-

opean Work- shop on Structural Health Monitoring 2014,

pp. 41–48.
41. Boria S, Scattina A and Belingardi G. Impact behavior

of a fully thermoplastic composite. Compos Struct 2017;

167: 63–75.
42. Rahman AS, Mathur V and Asmatulu R. Effect of nano-

clay and graphene inclusions on the low-velocity impact

resistance of Kevlar-epoxy laminated composites. Com-

pos Struct 2018; 187: 481–488.
43. Torre L and Kenny JM. Impact testing and simulation

of composite sandwich structures for civil transportation.

Compos Struct 2000; 50: 257–267.
44. Grediac M and Hild F. Full-field measurements and iden-

tification in solid mechanics. New Jersey: John Wiley &

Sons, 2012.
45. BiPM, IEC, IFCC, ILAC, IUPAC, IUPAP, and ISO,

OIML. The international vocabulary of metrology—

basic and general concepts and associated terms (VIM),

2012, p. 200.
46. Chapuis B and Sjerve E. Sensors, algorithms and applica-

tions for structural health monitoring. New York:

Springer, 2017.
47. Hubbard BB. The world according to wavelets: the story

of a mathematical technique in the making. New York:

Taylor and Francis, 1998.
48. Daubechies I. Orthonormal bases of compactly supported

wavelets. Commun Pure Appl Math 1988; 41: 909–996.
49. Van der Walt MD.Wavelet analysis of non-stationary sig-

nals with applications. St Louis: University of Missouri-

Saint Louis, 2015, p. 195.
50. Rhif M, Ben Abbes A, Farah IR, et al. Wavelet trans-

form application for/in non-stationary time-series analy-

sis: a review. Appl Sci 2019; 9: 1345.
51. Zhuang C and Liao P. An improved empirical wavelet

transform for noisy and non-stationary signal process-

ing. IEEE Access 2020; 8: 24484–24494.
52. Daubechies I. The wavelet transform, time-frequency

localization and signal analysis. IEEE Trans Inform The-

ory 1990; 36: 961–1005.
53. Patro SG and Sahu KK. Normalization: a preprocessing

stage, arXiv preprint arXiv:1503.06462, 2015.
54. Agrawal R, Faloutsos C and Swami A. Efficient similar-

ity search in sequence databases. In: 4th International

conference foundations of data organization and algo-

rithms, Chicago, IL, USA, 13–15 October 1993, vol. 4,

pp. 69–84.

55. Chan KP and Fu AWC. Efficient time series matching by

wavelets. In: Proceedings 15th international conference on

data engineering (Cat. No. 99CB36337), 1999.
56. Faloutsos C, Ranganathan M and Manolopoulos Y.

Fast subsequence matching in time-series databases.

ACM Sigmod Record 1994; 23: 419–429.
57. Keogh E, Chakrabarti K, Pazzani M, et al. Locally adap-

tive dimensionality reduction for indexing large time

series databases. In: Proceedings of the ACM SIGMOD

international conference on management of data, 21–24

May 2001, Santa Barbaa, CA, USA, pp. 151–162.
58. Popivanov I and Miller RJ. Similarity search over time-

series data using wavelets. In: Proceedings 18th interna-

tional conference on data engineering, 2002.
59. Qian G, Sural S, Gu Y, et al. Similarity between Eucli-

dean and cosine angle distance for nearest neighbor

queries. In: Proceedings of the ACM symposium on

applied computing, 14–17 March 2004, Nicosia, Cyprus,

pp. 1232–1237.
60. Suebsing A and Hiransakolwong N. Feature selection

using Euclidean distance and cosine similarity for intru-

sion detection model. In: First Asian conference on intelli-

gent information and database systems, 1–3 April 2009,

Dong hoi, Vietnam, pp. 86–91.
61. Virtanen P, Gommers R, Oliphant TE, et al. SciPy 1.0:

fundamental algorithms for scientific computing in

Python. Nat Meth 2020; 17: 261–272.

62. Theodosiou TC, Rekatsinas CS and Saravanos DA. Esti-

mation of impact location and characteristics in lami-

nated composite plates. In: Proceedings of the European

workshop on structural health monitoring series, 10–13

July 2018, Manchester, UK, pp. 10–13.
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