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Abstract. The increasing demand of lightweight structures in the aeronautical field 

led to a massive employing of composite materials. The design of complex 

components must guarantee safety in all possible conditions. However, low velocity 

impacts may occur during the lifetime, inducing hidden flaws which require a specific 

maintenance process to be detected. Structural Health Monitoring (SHM) based on 

ultrasonic guided waves is an effective and promising method for continuous 

monitoring of advanced composite structures. Despite the simple conceptual design 

of a SHM system, wave propagation presents several complexities when material 

inhomogeneity, anisotropy and multi-layered construction are considered. Due to the 

layup configuration dependencies, analyzing the propagating waves is a very 

challenging task and signal parameters are not always reliable for damage detection; 

advanced processing is required in order to gain useful information on the health of 

the structure.  

 With the aim to detect and characterize small emerging flaws in composite 

structures, various signal transformation techniques are employed in this work, 

extracting several parametric information from the complex response. Structural 

components typically adopted in the aeronautical field are instrumented using a 

technique based on a distributed network of surface mounted broadband ultrasonic 

transducers. Recorded signals are analyzed considering theoretical aspects for their 

interpretation and then processed in order to evaluate parametric definition of the 

damage. A reliable failure identification is achieved using several statistical 

approaches aimed to account the measurement noise, increasing the system 

probability of detection. An algorithm capable to elaborate several wave features is 

developed in order to provide a probabilistic contour damage plot.  Failure scenarios 

are induced through low velocity impact tests and assessed by traditional ultrasonic 

inspection (C-Scan) aimed to demonstrate the correctness of image reconstruction 

techniques proposed.  

Introduction  

Composite multi-layered structures respond to the mostly increasing demand of stiffer, 

lighter and efficient structures in the field of transportation engineering. In the aerospace 

industry this aspect is strongly regarded to increase the payload. However, it is important to 

remind that each component has to ensure a reliable employing, avoiding catastrophic events. 

During lifetime, impacts on the airplane structure can randomly occur inducing not visible 

or barely visible damages. Assessing the health condition of the component became harder 
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due to such hidden flaw. Currently, one of the most promising approach is based on the 

Structural Health Monitoring (SHM) philosophy. Consisting to assess at every moment the 

health of the structure, continuous SHM is aimed to achieve a reasonable reduction of life 

cycle cost (i.e. reducing inspection frequency and maintenance cost) and payload (i.e. 

reducing design constraints) ensuring the high safety standard required as well. These type 

of structural failures could indeed reduce the safety for passengers as well as be catastrophic 

for operators and manufacturer. Thus, a reliable and cost effective non-destructive inspection 

and maintenance strategy is required to achieve the detection of such hidden flaw. Most of 

the classic inspection techniques are time consuming, often requiring the disassembly of a 

specific component [1]. Instead, a monitoring system permanently installed on the most 

critical aerostructure components allows to restrict comprehensive inspections due to such 

negative SHM interrogation, achieving a cost effective maintenance strategy and minimizing 

the aircraft downtime.  

In view of an effective inspection and condition system, ultrasonic guided waves 

appear to be useful due to the good compromise between sensitivity to damage, extent of the 

area monitored and time required for inspection. Wave propagation reflects indeed changes 

in effective thickness and material properties due to such hidden flaw. Thus, ultrasonic 

interrogations result suitable to periodically inspect the components allowing on-line 

detection and characterization of minor failures within composite aerospace structures. Due 

to these properties, Lamb wave propagation has been studied by many years and several 

techniques have been proposed for damage identification and localization [2]. Their 

dispersive and multimodal behaviour provides several investigation parameters, increasing 

probability of effective detection. From a practical point of view, the wavefield signals 

contain different features, which indeed gather information on the flaw appearance and can 

be extracted to assess the local health of the structure. However, wave propagation presents 

several complexities due to material inhomogeneity, anisotropy and multi-layered 

construction. Furthermore, analyzing a specific and pre-set signal parameter is not always 

effective for damage detection, depending upon the type of damage to be monitored, the 

working frequency and material properties. Thus, the resulting time signals must be 

processed in order to obtain a specific and useful parametric information. From this point of 

view, damage index (DI) formulations constitute a proper technique for damage detection 

purpose. Indeed, the signal response, (i.e. the specific feature extracted from the signal) is 

evaluated in the pristine and current configuration in order to assess the current health index 

for a probabilistic reconstruction technique [3]. Although it is a consolidated approach, there 

is a limited number of studies in which resulting reconstruction images for the same structural 

state are fused to improve damage localization and background noise [4]. 

In the assessment of an unknown structural condition, a crucial role is played by the 

system decision-making procedure, which allows to discriminate the noise from the effective 

system response. The environmental disturbances could decrease the sensitivity of the 

detection, inducing false alarms and missed detection. In a DI based approach, a decision 

value should be set in order to detect damage only when the index overcomes that value, 

while remaining data are automatically censured. In addition, the system detection threshold 

should be identified for a reasonable definition of the minimum index’ value associated with 

the presence of a damage. Although in most cases the threshold selection depends on the 

experience of the user, it certainly depends also on several parameters and is affected by the 

experimental, environmental and operating uncertainties, varying with the aging of the 

structure as well. In this context, statistical approaches are well accepted methods to optimize 

the detection threshold, as is described in more detail in [5]. The detection sensitivity of an 

active SHM system, usually quantified by the POD approach, is really affected by such 

decision parameter. As a matter of facts, both the false alarm and missed detection strongly 

depend on the threshold. More specifically, increasing the threshold implies a decrease in the 
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probability of false alarm but an increase in the probability of missed detection, leading to 

the need of a trade-off to optimize the decision-making procedure [6].  

In this work various signal transformation techniques are employed, extracting 

several parametric information from the complex response with the aim to detect hidden 

flaws emerging in composite due to impact random loads. Structural components typically 

adopted in the aeronautical field are instrumented using a technique based on a distributed 

network of surface mounted broadband ultrasonic transducers. Recorded signals are analyzed 

considering theoretical aspects for their interpretation and then processed in order to evaluate 

parametric definition of the damage. A reliable failure identification is achieved using several 

statistical approaches aimed to account the measurement noise, increasing the system 

probability of detection. An algorithm capable to elaborate several wave features is 

developed in order to provide a probabilistic contour damage plot.  Failure scenarios are 

induced through low velocity impact tests and assessed by traditional ultrasonic inspection 

(C-Scan) aimed to clearly verify the flaw appearance and demonstrate the effective detection 

with the image reconstruction techniques proposed.  

Ultrasonic Damage Detection Approach 

Structural Health Monitoring deals with the development of techniques and systems focused 

on monitoring, inspection and damage detection. Becoming an integral part of structures, 

implementation of SHM can be considered as a matter of automation. From this point of 

view, ultrasonic waves propagating in the structure are useful for continuous interrogation in 

view of structural condition monitoring. The proposed techniques are developed by authors 

in view of an effective diagnostic, gathering more than one information on the health of the 

monitored structure to increase the probability of effective detection. In this section a brief 

overview on the methodology is introduced, focusing on the signal transformation providing 

useful features. Finally two decision making approaches are presented in view of a detailed 

analysis of changes in signal responses. 

2.1 Methodology 

The proposed methodology consists of a technique based on a distributed network of surface 

mounted broadband ultrasonic transducers. The monitored area is instrumented with a pattern 

of lead zirconate titanate (PZT) disks bonded to its surface. Lamb waves are detected in a 

pitch-catch method exploiting the converse and direct piezoelectric effects for excitation and 

detection purposes respectively. Circular transducers are employed generating 

omnidirectional waves by means of a variable voltage input. The enclosed area is monitored 

using all possible lines of sight to generate a network of paths gathering information about 

wave field. Through signal processing techniques, one or more wave features are extracted 

and employed for assessing structural health along such line of sight. Obviously it is expected 

that most paths that cross the damaged area will be affected by the stiffness variation. The 

different vibration response indeed directly affects the signal in time and frequency domain. 

A baseline interrogation is performed on the pristine structure storing the undamaged 

condition of the structure. The health monitoring is finally operated via scheduled 

interrogations tracking any change in the dynamic response by means of extracted feature. 

To this end a damage index formulation is provided by Eq. (1) 

 
BS

BSCS
DI

−=   (1) 

where CS is the current signal, which is the representative feature of the signal recorded on 

the operating structure and BS is the baseline signal, which is the corresponded parameter 
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extracted from the pristine structure. From this definition, the damage index ideally equals 

zero if there is no change in the structure (i.e., CS = BS) while it absolute value increases 

with the severity and the proximity of the damage to the line of sight. From the evaluation of 

the intersection points of the constructed network, the damage can be identified, located and 

reconstructed using the definition of a “damage grid”[5].  

2.2 Feature extraction 

Lamb waves are the most widely used acousto-ultrasonic guided waves for damage detection. 

The presence of several dispersive modes, which can coexist or may be generated by wave-

defect interacting, complicates the method. Nevertheless, they can be easily activated and 

propagate over long distances in a waveguide with low decay. Thus, several wave parameters 

of several wave modes can be easily extracted for tracking changes in the waveguide. For 

wave propagation tuning, a toneburst windowed 4.5-sine-cycle signal is generated, 

minimizing the energy content around the carrier frequency by means of Hanning function 

(see Fig. 1). A low frequency ultrasound excitation is adopted to minimize the propagating 

mode and complexities. A typical response detected in a composite plate is depicted in Fig. 

1 (c) with several modes and reflections from which gather information on structural health. 

 From a theoretical investigation of the wave interaction with damage, it is possible to 

compute different signal responses useful for its detection in composites. An impact induced 

damage can be idealized as a complex discontinuity distributed through the thickness [7]. By 

definition, a discontinuity in a waveguide is an abrupt change of the guide’s characteristics 

along its propagation direction. Composite panels can be characterized by the presence of 

discontinuities related to the local change of cross section. At these discontinuities is given 

the name of “delaminations” to indicate the separation between plies constituting the 

laminated panel. The sketch of an ideal delamination is depicted in Fig. 2. The not-continuity 

 
(a)  (b) 

 
(c) 

Fig. 1. Typically adopted signal for Lamb wave excitation. Time domain modulated signal (a) and 

spectral distribution (b) of the input voltage. Time domain recorded signal (c). Working freq. 40 kHz. 
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between two plies influences the transmission of ultrasonic low-frequency guided wave 

during its propagation along the panel as an extended waveguide. As suggest by Ricci et al. 

[8], the portions of the energy’ content of the propagating wave transmitted and reflected 

depend on the impedance variation due to the discontinuity of upper and lower parts of zone 

2 and of zone 3. Due to such relation, the hidden flaw can be detected investigating the energy 

content transmitted from incident to the detected wave. A transmission coefficients is here 

defined by the Eq. (2) 

 
i

t

E

E
T =  (2) 

where Ei is the representative energy travelling within the incident wave (zone 1), and Et is 

the representative energy within the transmitted wave (zone 3). 

Propagating in the media, the wave velocity can be affected by damage if a dispersive 

behavior is tuned, resulting in a different arrival time. Despite the simple definition of the 

time of flight (ToF) as the time that the wave takes to travel a distance through the waveguide, 

dispersivity makes its computation harder. Although it can be early calculated as 

 0... tTFoT s −=  (3) 

where  sT is the estimated arrival time of the detected wave and 0t the arrival time of the 

excited wave, advanced signal processing is required to estimate that arrival times.  

In this work both transmission factor and arrival times are computed by means of 

Short time Fourier transform (STFT) of the digitized signal (see Eq. 4). Considering the 

squared magnitude of the STFT (see Eq. 5), its maximum value is found to take the TOF (i.e. 

from the time derived information) and the energy content (i.e. from the amplitude derived 

information) of the most tuned wave mode. 

 { } tj

t

ettxXtxSTFT ωτωτωωτ ∑∞−∞=
−== )()(),(),()(  (4) 
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),(),( ωτωτ STFTS =  (5) 

Indeed, the power spectral density of the signal allows to track the energy content of a wave 

mode and how it travels in the structure under investigation. In this way the group velocity 

of a selected wave mode is monitored trough the ToF evaluation and its energy content is 

soon derived from amplitude observation. 

However, when damage occurs, the signal acquired in zone 3 could show a completely 

different waveform respect to the flat case. When a multimodal wave is excited, a mode 

conversion may occur due to discontinuity interaction resulting in a scattering of the incident 

guided mode into a finite number of propagating modes and infinite non propagating 

evanescent modes [9]. The transmitted signal is the result of a very complex wave interaction 

and may contain different modes from the excited one (see Fig. 1c). Generally, a complex 

wave packet is recorded at the sensor location when a finite structure is considered. To 

completely account the changes in the signal modes, it should not be preferable to select only 

a mode, but the entire signal over the time. From the generalized sense of signal processing 

 
Fig. 2. Sketch of a delaminated plate 
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[10], the energy content of the voltage signal )(tx  can be obtained by integrating its squared 

amplitude )(tΦ  with respect the time over the signal duration (See Eq. 6, the impedance of 

the media is neglected for sake of simplicity) 

 dtttE
t

∫ ⋅Φ= )()(  (6) 

According to the Eq.s (2), (3) and (6), different parameters can be extracted from the 

measurements in order to locate the damage.  

2.3 Decision Making Approach 

In order to have a fast and reliable detection and a better resolution of the damage location, 

only few selected “damaged paths” should be considered among all lines of sight using a 

suitable decision-making procedure. In view of an autonomous condition monitoring and 

damage detection system, the censure of results should be achieved with a non-arbitrary 

decision procedure. Indeed, the effect due to such value in terms of an effective detection is 

a crucial issue and should not lie to the operator expertise. To this end, different statistical 

approaches are used in this work. As defined by Eq. (1), the DI should vanish if there is no 

change in the structure and its value should increase with the severity and proximity of 

damage to the line of sight. Measurements show otherwise that the same configuration 

investigated in different times returns nonzero values of the DI. Treating the detection as a 

statistical event, concurrent measurements are carried out on the same configuration when 

the interrogation is scheduled. Then, a rigorous parametric statistics allows to define the 

damage threshold in an unsupervised mode if the normal distribution of signal response noise 

is demonstrated [11]. 

Although the approach is well accepted when a well-known noise distribution is 

considered, such frequency based parameters are difficult to characterize when a discrete 

transformation is required. It is the case of arrival time and energy transmission features, in 

which a time windowing is required for STFT computation, resulting in a coarse frequency 

discretization hiding the measurement uncertainties. For such cases, the acoustic reciprocity 

theorem is used to statistically evaluate the measurement noise in terms of that feature. Given 

a line of sight, the feature extracted in that path should be independent respect to the direction 

of wave propagation. Although concurrent measurements demonstrate in such cases a nearly 

repeatability of feature extraction, they show otherwise a lack of agreement respect to Betti 

reciprocal theorem [12]. Thus, the validity of such theorem suggests to consider the lack of 

validity as due to such uncertainties. The evaluation is thus obtained statistically quantifying 

that lack in terms of the specific feature extracted. 

Experimental Results 

The structure under investigation is a flat composite plate designed for a lower wing panel, 

completely made of composite material. The coupon is 600x600 mm2 large with 6 mm 

thickness and a complex multi-material lamination sequence. The external plies are made of 

carbon\epoxy 5-Harness Satin Weave (5HS), a woven fabric in which the fill yarn floats over 

four warp yarns and under one. Uniaxial and biaxial carbon\epoxy plies are then employed 

within the two 5HS layers, resulting in a 22 plies carbon\epoxy laminate. An array of 13 

broadband PZT transducers (PI Ceramic PIC 255) is bonded to the plate surface through a 

vacuum-based secondary bonding procedure commonly used by aircraft industries. A 

circular pattern constituted of 12 PZT disks is adopted to maximize the ray path density. The 

last sensor is bonded on the network center for dispersion assessment purpose. An arbitrary 

waveform generator (HP/Agilent 33120A) is used to generate the signal with 10 Vpp 
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amplitude in order to polarize the PZT disks. The working frequency (60 kHz) is chosen in 

order to have the best resolution of the different Lamb wave modes excited and propagating 

in the structure. An amplifier is also used to boost the signal up to 80 Vpp, reducing the noise 

to signal ratio. Finally, the ultrasonic signals are measured with an Agilent DSO7104A, four 

channel digital oscilloscope with 1 GHz maximum sampling frequency. Digital signals are 

then downloaded to a personal computer and post-processed for the health monitoring 

purpose. The pristine structure is first interrogated through a concurrent acquisition of 10 

samples. Then, an impact-induced barely visible damage is provided loading a low velocity 

impact of 110 J using a drop weight machine with a 1 inch tip. To clearly verify the 

appearance of any damage, the plate is then inspected with the C-scans around the impact 

location, which reveals a 25x27 mm2 hidden flaw. Then, 10 more measurements are acquired 

to correctly estimate the current state of the structural health. The signal processing described 

in Sec. 2.2 is carried out with the aim to extract successful information on the flaw 

appearance. It is important to remind, that only fundamental Lamb wave modes are excited 

in low ultrasound. Whereas antisymmetric mode appears more tuned, group velocity and 

transmission factor of the A0 mode are evaluated by processing recorded signals. Instead, the 

energy content integrated over the time (see Eq. (6)) allows to account several propagating 

modes. From the comparison of signals recorded along all lines of sight defined by all 

possible pairs of sensors, only some path are selected as those affected by the damage, as 

shown in Fig. 3 for several features. The decision-making procedure is defined with a 

statistical threshold of 42%, 20% and 2.5% respectively processing energy over the time 

(parametric approach), transmission factor and time of flight (reciprocity investigation) 

processing. From the plot of the selected paths (see Fig. 3), it is envisioned that the damage 

(black spot) appears in the region with the maximum number of damaged paths except for 

ToF evaluation. From other investigations omitted for sake of conciseness, the ToF 

ambiguous result is confirmed when low dispersive waves are tuned by combination of 

frequency and thickness. In such cases the local variation of wave propagation velocity due 

to such flaw is commendable and hidden from the noise. However, the decision making 

procedures allow to define always a damage grid on which the damage is detected, located 

and reconstructed. Fig. 4 (left) depicts probability functions of damage appearance (map of 

damage), achieved by processing several features. The probability reconstruction is obtained 

interpolating the specific DI values of selected paths on the intersection points derived from. 

Instead, the impact location is estimated as the center of gravity of a discrete equivalent 

system constructed on that points [7]. The impact location is predicted with a negligible error 

compared to the actual size of the damage, except when the ToF is extracted. The isolevel 

curves are showed in Fig. 4 (right) as well, highlighting areas with equal probability of 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. Selected paths derived from decision making procedure for extracted features. Signal energy (a), 

A0 mode’ transmission factor (b), and A0 mode’ time of flight (c). 



8 

damage occurrence. The depicted images demonstrate that impact location falls always in 

the area with greater probability of damage appearance.  

 
    (a) 

 
  (b) 

 
   (c) 

 
  (d) 

 
    (e) 

 
    (f) 

Fig. 4. Map of damage (left) and isolevel curves (right) resulted by processing of extracted features. Signal 

energy (a-b), A0 mode’ transmission factor (c-d), and A0 mode’ time of flight (e-f) 
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Concluding Remarks 

Structural health monitoring based on guided waves allows to assess the health condition of 

a structure. Lamb waves can be efficiently used for fast damage monitoring in order to 

identify and locate failures. If the most useful feature is extracted from ultrasound 

measurements, almost any type of structural change can be intercepted, especially when 

composite materials are considered. The statistical approaches presented here to define the 

system threshold in an unsupervised learning mode allows to obtain a reasonable 

probabilistic reconstruction. Based on concurrent acquisitions of the same system response, 

they allow to detect clearly the hidden flaw with a very fast exclusion from detection 

algorithms of the paths non affected by damage. Despite in such cases ToF analysis leads to 

a misleading interpretation of structural health, several features extracted from wavefield 

signals appear to be effective for damage detection. The possibility to consider several 

damage parameters increases the reliability of the technique. Moreover, an image fusion of 

different results could optimize the damage detection and localization as well.  

However, it happens that some paths that are indeed affected by the damage do not 

show a response suggesting the presence of such damage. Moreover, in such cases the change 

in signal response can be relevant even if no changes occur. From this point of view, several 

improvements could be made including the possibility to reduce the noisy and achieve a 

supervised learning mode for decision making procedure (i.e. including the current response 

variability in the decision stage). Finally, in view of a real implementation, additional 

investigations involving also numerical simulations are required to understand some aspects 

that could be hidden by the noise in the laboratory tests. 
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