
Chapter 7
Acoustic Emission
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Steve Grigg, Tomaž Kek, and Yu-Kun Lai

Abstract Acoustic emission (AE) is one of the most promising methods for struc-
tural health monitoring (SHM) of materials and structures. Because of its passive and
non-invasive nature, it can be used during the operation of a structure and supply
information that cannot be collected in real time through other techniques. It is based
on the recording and study of the elastic waves that are excited by irreversible
processes, such as crack nucleation and propagation. These signals are sensed by
transducers and are transformed into electric waveforms that offer information on the
location and the type of the source. This chapter intends to present the basic
principles, the equipment, and the recent trends and applications in aeronautics,
highlighting the role of AE in modern non-destructive testing and SHM. The
literature in the field is vast; therefore, although the included references provide an
idea of the basics and the contemporary interest and level of research and practice,
they are just a fraction of the total possible list of worthy studies published in the
recent years.
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7.1 Introduction

The safety of structures is of paramount importance. Operational loads, environ-
mental influences and random phenomena such as impacts accumulate damage and
compromise the durability of structures. To avoid human casualties as well as loss of
capital, structural health monitoring (SHM) procedures are implemented in all fields
of engineering, including aeronautics. These procedures involve detection, geomet-
ric localization and characterization of damage that allows proper engineering
decisions concerning maintenance or replacement of the component. Because of
the deterioration of materials and structures, the necessity for suitable inspection and
maintenance is crucial. In addition, AE is a valuable tool in any platform for
investigation and development of materials in laboratory conditions. It can be
applied in intervals or continuously to supply the information in real time as well
as a reliable evaluation of the damage condition in materials and structures (Prosser
2002). AE is a monitoring technology that offers certain advantages in the evaluation
of materials as well as structures. Some of the basic features include the high
sensitivity, which leads to the detection of the actual onset of micro-cracking and
the possibility of characterization of the failure mode based on the recorded wave-
form. In addition, it offers the localization of the sources in one, two or three
dimensions.

The sensitivity of AE is demonstrated if we consider that the absolute energy of
AE signals is measured with the unit of atto-Joule (or 10�18J!). Therefore, the
method allows the detection of the actual initiation of micro-cracking or any other
event that would be impossible to detect through other techniques. It is characteristic
that a common mosquito of mass 2.5 mg, flying at a speed of 10 cm/s obtains a
kinetic energy of approximately 1.25 � 10�8 J, which is already 10 orders of
magnitude higher than the limit of the technique (Fig. 7.1).

Fig. 7.1 The amount of
energy that can be measured
via AE systems is 10 orders
of magnitude lower than the
kinetic energy of a mosquito
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Another advantage is the potential to characterise the fracture mode or generally
the source or excitation type. This may seem to some as a ‘detail’, since for many
people, the fact that damage exists is important, disregarding the actual mode.
However, for composites the mode of the crack in a matrix or the type of failure,
such as delamination or fiber pull-out is indicative of the current deterioration stage,
and thus, it allows projections on the useful life of the component. This mode
characterization is due to the fact that distinct processes involve different motions
of the crack tips and emit elastic waveforms with different characteristics. A
common example is the fracture of fibrous composite materials. At low load or
fatigue cycles, the matrix is expected to crack first. Then, as loading progresses, the
density of debonding and pull-out events will increase, whereas eventually, fiber
rupture is also possible. The analysis of the waveforms recorded at each loading
stage enables the classification of the signals to the different original sources and the
evaluation of the current operation stage.

Source localization is an additional strong feature of AE. By applying multiple
sensors, the coordinates of the active sources can be defined with good engineering
accuracy in one, two or three dimensions, which means that even if a crack is inside
the volume of the material and not visible, its location can be evaluated. The
localization in most cases is based on the delay of recording of successive signals
of the same source event at the different sensors. Considering the material’s wave
speed, which can be measured using the same sensors, the location of the source can
be determined. Certainly, the different wave modes excited in plate components
typical in aeronautics structures, complicate the assessment, but there are strategies
to overcome the difficulties, which will be explained in the corresponding section.

Because of the extensive use of AE technology in fracture monitoring studies,
some people hesitate to call it a non-destructive testing technique. However, it
should be clear that the AE sensors themselves do not inflict any damage (they do
not even excite elastic waves as happens in ultrasonics). AE is a ‘passive’ technique.
It is similar to filming an impact or a blast by a high-resolution camera. The camera
monitors a destructive process, but it is just the monitoring tool, not the cause of
damage. Because of the aforementioned advantages, AE is used for fracture moni-
toring, which is a very demanding and dynamic process, but it is also used for
problems of different nature, e.g. the detection of gas leakage from a pipe network or
corrosion development in industrial settings.

An interesting correspondence between AE and medical diagnosis is given in
Wevers (1997) (see also Fig. 7.2). AE inspection is parallelised to a patient telling a
doctor how she/he feels when examined without directly going into surgery to deal
with the problem. The advantage of an examination over the surgery is of course that
it is non-invasive and can be done for the whole body (global examination).
Conversely, the disadvantage is that great skills from the doctor’s side are required
to interpret the surface information from the patient (or in engineering the structure)
and to relate it to a specific source. In addition, the same medical condition may be
manifested by different symptoms in different patients, meaning that a specific way
of interpretation AE data in a material using a specific detection system may not be
adequate for another material and a different detection system. In any case, AE
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allows continuous monitoring from the moment of damage initiation until the failure
of the subject.

7.2 Basic Experimental Details and Parameters

The AE technique detects and monitors the transient elastic waves that are emitted
after an irreversible phenomenon or process in the material. In most cases, piezo-
electric transducers are placed on the surface of the material under test. A layer of
‘couplant’ or viscous liquid is applied between the sensor and the material surface to
ensure adequate wave transmission. The couplant may well be petroleum jelly, or
roller bearing grease. The sensors transform the pressure on their surface into electric
signals. These signals are pre-amplified and are led to the digitization and acquisition
board to obtain the signal as a function of time. Apart from recording the full signals,
which is always an option in most contemporary systems, the basic parameters of
each signal (waveform) are measured and stored as well. Figure 7.3a shows a typical
AE system with the main elements, and Fig. 7.3b presents some indicative photo-
graphs of measurements.

The total activity of AE (simply how many signals or ‘hits’ were detected) is
indicative of the phenomenon under monitoring. In case this is fracture, the number
of hits is related to the damage degree and the rate of crack formation and propaga-
tion. In addition, the shape of the waveform yields important information relative to
the source of the emission. The early AE systems, with no capacity for recording full
waveforms, extracted only a set of features indicative of the waveform shape that
were also useful for source characterization. Therefore, several parameters are used
for the quantification of the waveform. Figure 7.4 shows some of the most basic ones
(a, time, and b, frequency domain).

Fig. 7.2 Correspondence between medical stethoscope and AE transducer
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A basic experimental setting is the ‘threshold’, which is a voltage that should be
overpassed to trigger the acquisition. This is an easy way to avoid low amplitude
noise (extraneous AE, for example from rubbing) and is relevant to the measurement
of most parameters. A parameter that is related to the intensity of the phenomenon is
amplitude (Α). This is the voltage (V) of the highest peak of the waveform and can
also be measured in decibels (dB). dB is defined as:

Fig. 7.3 (a) Schematic representation of a typical AE system, (b) photograph during three-point
bending testing of glass fiber plate (Ospitia et al. 2020) with four AE sensors, and (c) tensile test of
curved carbon fiber composite with AE monitoring by two sensors and digital image correlation
(DIC) (Murray et al. 2020)
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dB ¼ 20 ∙ log A
Aref

� �
ð7:1Þ

where A is the measured voltage and Aref a constant reference value.
Additionally, energy (E) which is defined as the measured area under the rectified

signal envelope, considers the content of the whole waveform. Another definition of
energy, ‘absolute energy’, comes from the integration of the rectified waveform
envelope squared and is measured in ‘attoJoule’. It is considered analogous to the
energy released from the source:

Eabs ¼
Z t1

0
V2 tð Þdt ð7:2Þ

where the waveform starts at time 0 and ends at t1.
The delay between the first threshold crossing and the highest peak is called

signal rise time, RT. Duration (Dur) is defined as the delay between the first and the
last threshold crossings. Based on the shape of the first part of the waveform, the RA
value has been introduced, which is defined by RT over A and is the inverse of the
opening slope of the waveform or ‘Grade’ (Philippidis et al. 1998). The frequency
content is also important. Different parameters are used for the process of this field of
information. The simplest is the average frequency (AF) that is calculated in the time
domain as the ratio of the total number of threshold crossings (counts) over the
duration of the waveform in kHz. Other parameters such as the peak frequency and
the central frequency are calculated in the frequency domain. The former is the
frequency with the highest magnitude, and the latter is the centroid of the spectrum
(see Fig. 7.4b). To measure these features, the full waveform should be recorded
(Grosse and Linzer 2008). Parameters including the energy, RT, Dur, RA and
frequency content exhibit sensitivity to fracture sources and are used for fracture
mode characterization as will be discussed in more detail below. Practically, the
initial part of the waveform contains information more relevant to the source

Fig. 7.4 (a) Typical AE waveform with basic AE parameters and (b) fast Fourier transform with
basic spectral parameters
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mechanism, whereas the latter part may contain reflections and generally can be
more strongly influenced by the geometry.

There are different approaches as to the analysis of data depending on the
application, the setup (sensors, acquisition board) and the preference of the user.
Some are based on the AE activity recorded at specific load levels. In other cases, the
statistical distribution of the amplitudes is used, whereas in others, the waveform
parameters are analyzed (possibly with pattern recognition tools). The treatment of
full waveforms (as in ‘signal based’ analysis) is also very widely used; tools such as
wavelets and spectral analysis are very useful in revealing hidden information of the
sources.

For AE measurement systems with digitization capability, two parameters play a
very important role: the ‘sampling rate’ and the ‘dynamic range’. The sampling rate
or frequency determines how dense the points within the waveform are or in other
words the time lap between two successive points. For example, a sampling rate of
10 MHz means that a waveform that lasts 1 s is represented by 10,000,000 points,
and consequently the points are separated by 0.1 μs. According to Nyquist theorem
(Bendat and Piersol 1993), the sampling rate must be at least double than the
frequency of the actual signal. In reality, to have a credible representation of the
continuous signal to a digitised waveform, the sampling must be 10 times higher or
even more. This will improve the credibility of any further analysis in time (local-
ization) or frequency domain. Regarding the dynamic range, this governs the
corresponding ‘resolution’ in the voltage scale and expresses how many different
voltage readings or levels can be taken between the minimum and maximum
voltage. This is given as a power of 2. For example, if the voltage of the acquisition
board is 20 V peak to peak, and the number of levels is 216 (16 bits) ¼ 65536, then
the resolution in voltage is 20/65536 ¼ 0.000305 V, meaning that signals with
amplitudes differing by less than this value may be measured as equal.

Examples of the application of the aforementioned and other parameters will be
discussed in the following sections.

7.3 Fracture Mode Characterization in Plate Structures

Before the detailed description of the fracture mode characterization, a very basic
phenomenon in AE should be reported. Its name is derived from Joseph Kaiser who
was one of the pioneers of the modern AE testing. Since mechanical load is
increasing in a specimen, acoustic activity is normally recorded (moderate load P1
in Fig. 7.5). If the material is unloaded and reloaded to the previous load P1, no AE is
observed. This is the ‘Kaiser’ effect (Kaiser 1950), and the lack of recorded AE can
be attributed to the fact that the damage related with the specific load level P1 has
already occurred during the initial cycle. By increasing the load higher than P1 (up to
P2 in Fig. 7.5), AE is again recorded since ‘fresh’ sources are created. Now,
assuming that the load P2 caused serious damage, in the event of unloading and
reloading, AE will commence at a load lower than the previous maximum
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(e.g. P3 < P2). This can be considered as the result of the cracks and corresponding
stress concentrations that locally increase the stress even before the load reaches the
previous maximum level. The load at the onset of AE, over the previous maximum
load (in this case P3/P2), is called the ‘Felicity’ ratio (FR) (Fowler 1977). FR is close
to 1 when the material is intact, meaning that the ‘Kaiser effect’ is valid. When the
FR decreases, it indicates the accumulation of damage and is commonly used as a
powerful parameter in the evaluation of composites (Hamstad 1986; Ono and
Gallego 2012; Aggelis et al. 2013; Esola et al. 2018).

The Kaiser effect and FR are quite widespread in the evaluation of structural
condition, but they do not directly provide information on the specific manner the
material is failing (fracture mode), something that is crucial for composites. Gener-
ally, when loading a technical structure made from monolithic materials or mixed
materials, the recorded AE signals will likely not originate from the same source
type. A basic categorization is the distinction between ‘useful’ signals, such as these
originating from any damage formation as outlined in Chap. 3 and ‘useless’ signals,
such as, e.g. friction noise from the regular operation of the structure. The successful
separation of these two categories is a key item to address for SHM applications and
allows to focus on the portion of data that is of interest for the integrity assessment.

To understand and categorise different AE sources in materials, considering their
functional principle is helpful. Basic relationships of buried AE source types, their
direction of radiation and rise-time with their corresponding AE signal have been
discussed in the generalised theory of acoustic emission by Ohtsu and Ono (1984,
1986). In these publications, clear emphasis is made on the importance of the source
dynamics for the generation of the acoustic wave. Specifically, for crack growth,
Scruby and Wadley have proposed basic relationships between the speed of crack
growth, as well as directional radiation effects for metallic materials (Wadley and

Fig. 7.5 ‘Kaiser effect’ and Felicity ratio
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Scruby 1981; Scruby 1985). These principles also apply to other materials and are
therefore considered as consistent theoretical framework, which forms the baseline
for various other analytical descriptions (Wadley and Scruby 1981; Ohtsu and Ono
1984, 1986; Scruby 1985; Green 1995, 1998; Lysak 1996; Giordano et al. 1999;
Wilcox et al. 2006).

As a common denominator in these theories, the dynamics of the AE source are
inevitably linked to the dynamics of the crack growth. Hence, both the fractured
material and the external loading determine the crack speed, which translate into a
frequency bandwidth of the source. This results in characteristic frequency range for
the AE signals between 10 kHz and 1MHz observed for most materials, although the
experimentally measured bandwidth is additionally compromised by the bandwidth
of the type of sensor used.

The amount of energy released by an AE source event and the amplitude of the
signal are related to the magnitude and also the velocity of the source event. As result
from the basic theories above, the amplitude of the emission is expected to be
proportional to the speed of crack propagation and the amount of surface area
generated. Thus, large discrete crack jumps generate larger AE signals than those
generated by cracks that propagate slowly over the same distance.

Another key characteristic of the AE source is the orientation and movement
direction of the crack, which causes a distinct radiation pattern. For the typically thin
structures used in aerospace applications, the position of the (microscopic) AE
source in the thickness direction will additionally influence the excited frequency
range since the originally undisturbed radiation pattern is turned into a guided
acoustic wave.

However, material attenuation and guided wave dispersion effects will signifi-
cantly affect the radiated frequencies and amplitudes as explained in Sect. 7.5.
Therefore, numerous attempts have been published that provide analysis strategies
for source identification considering the complexity of the situation faced.

7.3.1 AE Source Types

In the following, distinction is made for the established cases of AE source identi-
fication procedures for the types of defects categorised in Chap. 2.

For metallic materials, AE can result from the initiation and growth of cracks,
particle fracture, sliding and dislocation movements, twinning or phase transforma-
tions (Grosse and Ohtsu 2008). Especially for aluminum, several researchers
reported that particle fracture is one of the dominant sources for AE (Bianchetti
et al. 1976; McBride et al. 1981; Cousland and Scala 1983; Wisner and Kontsos
2018; Wisner et al. 2019). For the fabrication of aircraft parts, typically thin metallic
plates are applied, whereas reinforcement and joint elements can be associated with a
more complex geometry. For the flat plate structures, substantial research was
conducted to understand the relationship between source position, plate thickness
and radiation direction. The use of numerical tools such as finite element modeling
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provided huge insight in the way guided wave formation occurs in aluminum plates
(Prosser et al. 1999; Hamstad et al. 2002a, 2002b; Hamstad 2010). This gave rise to
the use of modal AE analysis and time frequency-based interpretation of AE signals
as outlined in Sect. 7.3.2.

For composite materials, fracture may refer to the generation and propagation of
cracks within the matrix material, along the matrix–fiber interface, or to the fracture
of single fiber filaments or as a bundle. Another highly relevant source of AE found
in fiber-reinforced polymers is the friction of existing crack surfaces. This occurs
often during unloading and re-loading of damaged composites. Since many com-
posites are laminates made from stacked layers with varying fiber orientations, the
next scale for categorizing AE sources is the level of individual layers. When such
laminates are loaded, cracks occur between the fibers, which grow parallel to the
fiber orientation. Their dimensions are limited by the thickness of the layer (or the
thickness of several layers when the fibers are oriented together). In addition, the
stress concentration caused by such cracks as well as bending loads can induce
delamination between the layers. During loading of a composite material or struc-
ture, all the mechanisms mentioned above may accumulate and interact until they
ultimately cause a complete failure. AE is able to identify all these failure mecha-
nisms, as it is sensitive to the multitude of different damage types spanning from the
microscopic to the macroscopic scale (Sause 2016; Sause and Hamstad 2018).
Meanwhile, this is not only supported by numerous experimental findings but now
also by modelling approaches to predict the AE signal of a given source type, by
analytical methods (Wilcox et al. 2006) and by finite element modelling (FEM)
(Prosser et al. 1999; Sause and Horn 2010a, 2010b; Sause and Richler 2015).
Therefore, considering the expected sequence of occurrence of the different fracture
mechanisms, being able to identify the dominant one in real time offers information
on the current structural condition and allows projections to the useful life span. As
understood, fracture in composites is a fairly complicated and stochastic process
because of several mechanisms as well as their possible overlap in time. This
complexity is inevitably transferred to the AE signal making the interpretation less
than straightforward. Still, some basic indicative principles can be mentioned as the
starting point of the effort to understand the connection between AE signals and the
original event. As Fig. 7.6 shows, a crack propagation event extending vertical to the
axis of the plate results in waveform with different characteristics from a similar
crack in the parallel direction. In the case of plates, the reason can be sought in the
different amount of energy forming the ‘symmetric’ and ‘antisymmetric’ wave
modes (Scholey et al. 2010; Eaton et al. 2011), depending on each case. When a
vertical crack is extended (Fig. 7.6a top), this motion excites mostly symmetric
components that have higher propagation velocities than antisymmetric, as already
discussed in Chap. 5.2. A waveform containing stronger symmetric component is
expected to have higher energy in the opening part rather than the later part; see
example of Fig. 7.6b. By contrast, when a horizontal crack (delamination in the case
of laminated plates) is extended (Fig. 7.6a bottom), the transient motion gives rise to
the antisymmetric wave mode. Thus, it is reasonable that for the extreme cases of
event orientation, differences are noticed in the waveform shape, practically
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resulting in shorter rise time for vertical cracks and longer durations for delamina-
tions. Possible single fiber or fiber bundle rupture is expected to obtain even shorter
duration characteristics and higher frequency content, as the fracture incident is
usually shorter in time due to the limited fiber cross section to be fractured in one
step and the higher speed of crack propagation within the high modulus fiber. The
final waveform shape will be influenced by a number of aforementioned factors apart
from the orientation, such as the position of the crack in the thickness (non-central
sources will yield combination of modes instead of a single one), their displacement
increment and speed and the propagation distance to the sensor and sensor charac-
teristics as mentioned below. Despite the strongly stochastic nature of the processes,
this visualization can be treated as a starting point of analysis, since it is supported by
extended literature in the composites field (Sause and Hamstad 2018; Li et al. 2015;
Blom et al. 2014; Kolanu and Raju 2019; Aggelis et al. 2012). Furthermore, recently
AE has proven sensitive to the mode of the strain field (shear/tensile) before damage
is inflicted in any measurable form (Kalteremidou et al. 2021).

In Fig. 7.7, the wavefields caused by a transverse crack and a delamination type
source are contrasted. The source is assumed to happen at the same spot close to the
hinge of a landing flap. The color scale is providing the out-of-plane velocity
component of the guided waves excited in the airplane wings skin at two discrete
time steps after crack growth. Based on the significantly different wavefields, it can
readily be understood that the signals picked up by a sensor system will be signif-
icantly different as well. In addition, the different AE sources cause different guided
wave modes as mentioned above, which will see different propagation behavior as
described in Sect. 7.5.

For aircraft structures an additional item is the use of adhesives, coatings or
interlayers combined with structural parts made from metals or composites. For the
flat plate-like structures, they may be considered as an additional layer of different
material that is attached or integrated with the plate. During the lifetime of the
component, cracks may form inside the adhesive or coating or at the interface to the

Fig. 7.6 (a) Representation of vertical crack (top) and delamination (bottom) in a laminated
composite plate and (b) typical AE waveforms from the two events
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structural material (Sause 2010). This sort of crack growth is expected to cause AE
and was reported in literature several times (Piotrkowski et al. 2005; Sause et al.
2008; Sause et al. 2009; Yao et al. 2012).

7.3.2 Procedures for AE Source Identification

In the last twenty years, many approaches have been proposed that attempt to
identify AE sources. These concepts include moment tensor inversion, time inver-
sion approaches, guided wave analysis and pattern recognition techniques. When
discussing these techniques, it is useful differentiating between signal classification
and source identification. In signal classification, the task is to group signals based
on similarity measures. Such clustering is often achieved by data analysis of multiple
AE characteristics. The applied methods for AE signal clustering ranges from simple
discrete feature value analysis to automated pattern recognition. After clustering of
the AE signals, the task of source identification is to assign a specific cluster to a
specific source type. Since all source identification procedures are based on the
detected signal information it is essential that the AE sensor used does not inhibit the

Fig. 7.7 Visualization of the out-of-plane velocity component of the wavefield emitted by a
transverse crack (upper row) and delamination (bottom row) at two discrete time steps after the
occurrence of the crack in aircraft wing skin.
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recording of the required information. Therefore, if frequency information is desired
as means of distinction of source types it is mandatory that the sensor covers enough
bandwidth and does provide reasonable flatness to ensure proper detection of the
propagating wave’s frequencies.

Although, in volumetric media, the source type can be derived by moment tension
inversion (Aki and Richards 1980; Ohtsu and Ono 1984; Grosse and Ohtsu 2008;
Green 1995, 1998), this approach cannot be used in thin structures mainly because
most of the information on the orientation of the source is lost in a few millimeters of
propagation.

In recent years, the time reversal AE approach has been used to yield the
(temporal) source function and the radiation behavior of the source (Ciampa and
Meo 2010a; Ozevin and Heidary 2011; Ernst and Dual 2013). This has been
demonstrated to measure the orientation of cracks in thin metal plates (Ozevin and
Heidary 2011). Consequently, the time reversal approach could be used to obtain
further information regarding the origin of the source. However, the approach faces
the same challenge as moment tensor inversion, i.e. the precise knowledge of the
Green’s function of the propagation medium.

Another classification technique that is more suitable for composite materials is
the analysis of guided waves. This approach uses the relationship between certain
source types and their corresponding guided wave modes as occurring in in plate-
like structures (Gorman 1991, 2011; Gorman and Prosser 1991; Gorman and Ziola
1991; Prosser et al. 1995, 1997; Prosser 1996; Morscher 1999; Surgeon and Wevers
1999). The aim is to find specific ratios of certain guided wave modes that are
characteristic for a particular type of source. Although such ratios are partly
expected, clear assignment of guided wave mode ratios to particular source mech-
anisms remains challenging. This whole procedure also requires the use of multi-
resonant or broadband sensors to cover the frequency range of interest. Ideally, ‘flat’
sensors are used to avoid that additional resonance artifacts are superimposed on the
signatures of the guided wave modes. As an example, it can be mentioned that in
certain studies such as Martínez-Jequier et al. (2015), higher energy at low frequency
content is associated to delamination events, whereas higher frequency content is
associated either with matrix cracks in some cases or with fiber rupture. Practically,
the above-mentioned processes are translated to different amplitude and frequency
distributions for different failure mechanisms. Despite the general overlap that is
stressed in all studies, in some of them, some general separation is suggested based
on their amplitude or frequency content (Liu et al. 2012; Mahdavi et al. 2016;
Chandarana et al. 2017; Li et al. 2014; Ramirez-Jimenez et al. 2004; De Groot
et al. 1995; Li et al. 2014), where fiber breakage shows higher values than those of
delaminations and even higher than those of matrix cracking. It is again highlighted,
however, that although these processes are reasonably based on the physics of wave
propagation in plates after specific source excitation and they are confirmed and used
in several cases in literature, they exhibit stochastic character, and their validity for
each separate AE event cannot be taken for granted and should be tested by
secondary means such as post-mortem studies or validated modeling strategies.
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In contrast to classical single AE feature analysis, pattern recognition techniques
use a variety of AE features and can therefore be used to group different signal types.
This helps to classify signals even when they cannot be distinguished by discrete
feature limits, such as a particular peak frequency or particular signal amplitude. In
principle, pattern recognition techniques can be divided into two branches, namely
supervised pattern recognition and unsupervised pattern recognition. Some of the
established pattern recognition approaches can be understood as more general
classification routines that follow the idea of mode analysis of guided acoustic
waves. Therefore, similar requirements apply to sensor technology (multi-resonant
or broadband sensors).

In unsupervised pattern recognition the task is the separation of a set of given
objects without prior knowledge into different groups based on their similarity
relative to each other. Various approaches have been applied (Anastassopoulos
and Philippidis 1995; Anastassopoulos et al. 1999; Baensch et al. 2015a, 2015b;
De Oliveira et al. 2004; Doan et al. 2014; Huguet et al. 2002; Kostopoulos et al.
2003; Marec et al. 2008; Philippidis et al. 1998; Ramirez-Jimenez et al. 2004;
Richardson et al. 1984; Sause and Horn 2010b; Sause et al. 2009; Sause et al.
2012; Vi-Tong and Gaillard 1987; Yu et al. 1996). As an alternative approach,
supervised pattern recognition techniques comprise two successive stages. In the
first stage, a set of objects with known assignments (so-called labels) is required. An
algorithm is trained to establish a functional relationship between a given set of
characteristics and their respective label. In the second stage, the algorithm is applied
to objects with the same characteristics, but unknown labels. Based on the
established functional relationship the algorithm then provides the object labels
based on a measure of similarity to the training data. For this purpose, the distinction
of noisy and non-noisy AE signals can be accomplished via unsupervised pattern
recognition techniques (Anastassopoulos and Philippidis 1995; Philippidis et al.
1998). Acoustic emission signals resulting from friction and electromagnetic induc-
tion can be easily identified in this respect because of their inherent characteristic
difference from transient acoustic emission signals (e.g. long constant amplitude
signals with broad frequencies or short duration spikes). Through appropriate exper-
imental considerations and finite element simulations, the respective signal types can
also be associated with specific failure mechanisms (Bohse and Chen 2001;
Haselbach and Lauke 2003; Huguet et al. 2002; Li et al. 2014; Li et al. 2015;
Marec et al. 2008; Ramirez-Jimenez et al. 2004; Richardson et al. 1984; Sause and
Horn 2010b; Sause et al. 2009; Sause et al. 2012).

Even though pattern recognition techniques are frequently used for AE signals,
none of the approaches have yet made it to recognised standards. Meanwhile robust
approaches for identification of natural clusters of AE signals have been proposed
(Sause et al. 2012) and adopted for composites, wood fracture and study of plant
dehydration (Njuhovic et al. 2014; Ritschel et al. 2014; Vergeynst et al. 2014a;
Baensch et al. 2015b; Prieß et al. 2015). Influencing factors such as signal propaga-
tion, sensor type, pre-damaged material and geometry were identified (Sause and
Horn 2010b; Sause 2013; Sause 2016; Sause et al. 2014). However, the main
challenge still is the correct assignment of a group of signals to a corresponding
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failure type. Therefore, the occurrence of natural clusters is worth considering, but is
not sufficient for the correct labelling of the underlying AE source types. In addition,
such labelling must be re-validated in each test configuration.

There are several established ways to perform such a task. One choice are
phenomenological observations (Prosser et al. 1995), comparative measurements
on specimens with known types of AE sources (Huguet et al. 2002; Scholey et al.
2010; Aggelis et al. 2012) or subsequent microscopy (Giordano et al. 1998;
Kalteremidou et al. 2018) to verify the existence of damage types reaching to the
surface level. X-ray micro computed tomography (μ-CT) has also been used to
examine the damage within the volume of the components (Maillet et al. 2019;
Zhou et al. 2021). However, these approaches have some drawbacks, as they require
in-depth expertise and an understanding of the way signals propagate from the
source to the sensor. The use of representative samples with model sources may
also be misleading, because multiple microscopic AE sources may be generated at
the same time instead of an intended single AE source.

Finally, modelling approaches have been used to allow the assignment of specific
groups of signals to specific failure mechanisms, which allows to generate synthetic
AE signals that can be subjected to the same feature extraction procedures as the
experimental AE signals and then be compared (Sause and Horn 2010b; Burks and
Kumosa 2014; Vergeynst et al. 2014b).

However, a general drawback of these AE source identification procedures is the
assumption of a singular event happening isolated in time. In reality, damage
formation may happen simultaneously and overlap in time. In addition, the time of
occurrence of subsequent microscopic sources of damage may begin to overlap with
the decay of earlier AE signals. This may lead to a ‘continuous’ stream of AE signals
instead of single isolated signals for example when high loading rates are present. In
case of such high AE activity, a clear distinction between different failure events is
no longer feasible and partly renders source localization or source identification
impossible.

Besides the AE sources from damage formation in the material, there are many
other possible AE sources that might disturb the interpretation of damage-related
AE. During the loading of a structure, there are inevitable physical connections to the
surroundings. Oftentimes, the area of load introduction will be subject to stress-
concentration effects, which results in preferential AE activity in that area. Since this
additional AE activity can easily be detected by the AE sensors, it can easily be
misunderstood as result of damage progression in the test section, although the
material in the test section is barely damaged. The localization of AE sources can
be helpful to reduce the recorded AE signals to those originating only from specific
sections of the test structure. Moreover, structural supports are well-known to cause
stick slip frictional movement between the support and the loaded structure. Stick-
slip-friction is known to be a source that causes high AE activity. To reduce this
contribution, a good practice is the use of lubricants at the supports to minimize the
friction, or to apply source localization techniques to limit the interpretation on AE
signals coming from other parts of the structure. It is also known that electrically
driven machines or other powerful electronic devices may cause electromagnetic
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induction in the sensor cabling, resulting in spike signals that are not resulting from
any damage. In particular, changing the orientation of the cabling relative to the
electric devices, as well as adequate grounding, can improve the situation and thus
avoid such signals. Generally, the use of sensors with internal preamplifiers can
reduce extraneous signals induced in cables, as the signal voltage level is raised
directly behind the sensor, therefore resulting in a voltage level much less influenced
by the induced noise floor. In addition, actuators or rotating components are subject
to internal friction, which can also lead to the generation of artificial AE sources that
are detected by the AE equipment. In particular, servo-hydraulic machines usually
generate noticeable AE by operating the servo valve, which may interfere with
proper detection of AE signals from crack formation. Unlike these artificial AE
noise sources, audible noise or vibrations do not necessarily interfere with AE
measurements, since these are often predominantly active in the audible range and
below. Compared to that, AE measurements start above 10–20 kHz and typically
extend to 1 MHz.

Regardless of the type of approach pursued, it is a key requirement to be able to
detect the AE signals at all. Based on signal propagation effects (see Sect. 7.5), the
signals may easily fall below the detection threshold. Even long before, the reduction
of signal-to-noise ratio may lead to severe difficulties for proper source identification
as the signal information is affected by digitization effects and coverage by the
system electronics noise.

7.4 Localization

From aerospace point-of-view, AE-based inspection strategies are concerned with
thin plates and large monitoring areas. This fact reduces the dimensionality of the
problem, from 3D to 2D. Although the basic principle of localization is founded on
the time difference of arrival (TDOA) measurement for different sensors, physics of
wave propagation in plates make the acoustic source localization procedure (ASLP)
quite complex. Frequency-dependent wave velocity (i.e. dispersion), multi-modal
wavefield, mode-dependent amplitude characteristics make the ASLP difficult (see
Chap. 5.2 for guided wave characteristics). Further complexity on the localization
procedures may be imposed by direction-dependent properties of fiber-reinforced or
woven plastic composites that are common in aerospace structures. Although in
many practical cases composite plates are designed as orthotropic or transversally
isotropic, non-uniform distribution of fibers or other design-specific features may
result in substantial deviations from quasi-omnidirectional wave speed characteris-
tics. Anisotropic elastic properties, resulting in different wave propagation velocities
for different directions, bring severe complexity to source localization. Another
consequence of anisotropy is difference between the direction of wave propagation,
i.e. the wavevector k, and the energy propagation direction (i.e. the group velocity
vector, Vg) due to non-circular constant-frequency contours of the dispersion rela-
tion (Wolfe 2005). Since localization techniques estimate direction of arrival of the

190 D. G. Aggelis et al.

https://doi.org/10.1007/978-3-030-72192-3_5


incident wave using different features of the waveform, e.g. local wavenumber,
phase or amplitude correlation etc., it needs to be carefully analyzed whether the
direction of Vg or k is found. For the former, those techniques are approximately
valid for materials displaying small directional deviations between k and Vg, and/or
sources aligned with material symmetry planes—weakly anisotropic composites.

The inspection strategy adopted for ASLP also plays an important role for
accuracy. Two main approaches for ASLP rely on periodic or continuous monitor-
ing. In each case, different factors influencing the localization process need to be
considered. Some of the factors include mounting and dismounting AE sensors to
the structure and their repositioning contrasted to fixed and permanently mounted
devices; temperature and time, i.e. aging factors (related to both the structure and the
AE system elements), calibration and re-calibration, operator specific issues
(e.g. mounting, coupling, calibration) and other. It is therefore of interest to employ
ASLP techniques that will be possibly robust to the above factors. This can be
(at least partially) achieved by using wave features displaying least possible sensi-
tivity to system’s conditions in a particular application, e.g. phase for systems in
stable—and energy for unstable—environmental conditions.

This section aims at outlining most widely used ASLP techniques and discussing
their capabilities in the context of the above-mentioned requirements. It should be
noted that the methods listed in this section are selected from a wide variety of
available techniques. Their application typically depends on a number of factors like
the type and characteristics of the sensors, acquisition mode, accessibility to the
structure hot-spots, time, desired accuracy, availability of material properties of the
structure, its geometrical and material complexity, expected type of acoustic source
(e.g. impact/crack or leakage) and others. One of important restrictions for a
potential ASLP method is the number of sensors applied. A localization method
should use minimum possible number of sensors due to: weight and service issues,
redundancy and self-check/self-diagnostics and calibration should be possible within
the network of sensors, robustness of the system to a single-sensor failure; amount of
transferred/processed data etc.

The ASLP methods can be in general classified into two groups: localization with
and without knowing material properties of the medium. Knowing material proper-
ties substantially simplifies and in general improves accuracy of localization. How-
ever, precise information on elastic properties of the medium is most frequently
unknown, in particular in the case of anisotropic media. In fact, most of the methods
of practical importance are applicable up to moderately anisotropic plates due to fact
that for non-coincident k and Vg, the direction of energy propagation does not point
to the source in general. What is more, for isotropic media, those methods can be
frequently applied directly and without the need for solving complex nonlinear
equations. Approximate estimates of wave velocities may partially circumvent the
problem, but impact localization accuracy. Consequently, methods that do not
require material properties for finding the acoustic source location are appealing.

The classical state-of-the-art localization is based on the time difference of arrival
(TDOA) measurement for a network of sensors. TDOA is computed from signals
acquired by the sensors. During monitoring, all sensors simultaneously register
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signals and store them in a circular buffer. The signals are continuously checked and
recording starts upon threshold crossing at any of the sensors. After registering an
AE event, the signals are analysed and localization estimates are computed by
dedicated algorithms, as discussed later. Threshold value depends on application,
type of sensor and coupling agent used and is typically adjusted by the operator. Too
low threshold value may result in registering invaluable data while too high—
missing AE events. Particular localization strategy depends on whether the wave
speed in the plate is known at least approximately or unknown—then the TDOA can
be combined with a simple iterative triangulation search (Tobias 1976) or a solution
of a set of nonlinear equations (frequently solved through an optimization) (Liang
et al. 2013). The method has been widely applied in laboratory and industrial
conditions, for isotropic and weakly anisotropic plates.

For a triangulation of an acoustic source when the wave speed, c, for an isotropic
plate is known, the following simple procedure can be followed (Tobias 1976;
Kundu 2014). A set of three sensors—1, 2 and 3, as shown in Figs. 7.8 and 7.9—
is placed non-collinearly on the plate. Acoustic source generates an elastic wave that
travels from point S (source location, denoted by the yellow star) to the sensors.
Although the moment of emission—hence the travel time—from the source is
unknown, the TDOA between the sensor that receives the event first (e.g. 1) and
the two remaining sensors (e.g. 2 and 3), e.g. T12 and T13, are known. Consequently,
the distances travelled by the wave in that times are d12,13 ¼ c T12,13. Next, circles of
diameters d12 and d13 are drawn with sensors 2 and 3 in the centers, respectively
(circle at sensor 1 is of radius zero). Finally, to locate the source S, the radii of the
three circles are increased uniformly by h until they meet at a common point, as
shown in Fig. 7.8. It needs to be noted that the initial estimate of c is important for
localization and different values of wave velocity result in different predicted

Fig. 7.8 Acoustic source
localization via triangulation
for known wave speed c
(after Kundu 2014)
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positions of S, as shown in Fig. 7.9. This ambiguity can be (at least partially)
resolved by adding redundant sensors to the system.

The above-mentioned triangulation technique for ASLP can be re-formulated in
order to avoid the requirement of knowing the wave velocity, c. In that case
however, a set of nonlinear trigonometric equations need to be solved in order to
locate the source (Liang et al. 2013).

ASLP techniques for plates that require the wave speed as an input parameter
suffer additional accuracy problems due to multimodal and dispersive nature of
Lamb waves that propagate in these structures. A single value of wave speed does
not account for multiple wave modes and the fact that waves at different frequencies
propagate at different speeds. Since AE signals are mostly broadband or narrow-, but
finite, band, the dispersion effect plays a substantial role in ASLP in guiding media.
A method combining the simplicity of the triangulation approach with basic infor-
mation on wave physics in plates can be found in (Grabowski et al. 2016a). The
method employs the time-distance domain transform (TDDT) for mapping the
signals acquired by the sensors, transforming them from the time to the distance
domain. Subsequently, the localization is performed immediately in the distance
domain to find the acoustic source.

In the TDDT-based ASLP (Grabowski et al. 2016a) it is assumed that the source
generates a signal whose Fourier transform is denoted by Sexc(ω). The signal travels
through the plate and is acquired by the jth sensor as Sacq, j(ω). The propagation
medium (i.e. the plate) transforms the excited signal into the acquired signal as
follows

Fig. 7.9 Acoustic source
localization via triangulation
for known wave speed 2c
(after Kundu 2014)
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S acq,jð Þ ωð Þ ¼ G r j,ω
� �

Sexc ωð Þ,G r j,ω
� � ¼ A r j,ω

� �
e�ik ωð Þr j ð7:3Þ

where the signal deformation due to the acquiring sensor characteristics has been
neglected (for a full derivation the reader is referred to (Grabowski et al. 2016a). In
Eq. (7.3), G is the transfer function of the plate (assuming the far field propagation
conditions), A(rj,ω) is the frequency- and distance-dependent amplitude character-
istic of the plate, k(ω) is the dispersion (phase) characteristic and rj is the unknown
distance between the source and the jth sensor. Clearly, the dispersion curves, k(ω),
impose a phase shift for each frequency component of the excited signal.

When material properties and plate thickness are (at least approximately) known,
then k(ω) can be computed and used for mapping the acquired signals from the time
to the distance domain. The latter is possible through the sequence of mapping
transforms: time-to-frequency (t ! ω), frequency-to-wavenumber (ω ! k),
wavenumber-to-distance (k ! r). Therefore, the dispersion characteristics work as
the TDDT map. Using k(ω), Eq. (7.3) can be rewritten as

Sexc k�1 ωð Þ� � ¼ Sexc kð Þ ¼ A�1 r j, k
�1 ωð Þ� �

eik ωð Þr jSacq,j k
�1 ωð Þ� � ð7:4Þ

In Eq. (7.4), all characteristics are presented as functions of the wavenumber k,
e.g. Sexc(k

�1(ω)) ¼ Sexc(k). The distance-domain dispersion-compensated source
signal, Sexc(r), can be therefore obtained by the inverse Fourier transform of Sexc(k)
and immediately used for ASLP. For this purpose, three circles of radii r1, r2 and r3
are drawn around respective sensors, analogously to those presented in Fig. 7.8. The
crossing point of the three circles, or the area left between them, is the acoustic
source location estimate.

The radii r1, r2 and r3 are unknowns of equations generated from Eq. (7.4).
Therefore, direct inversion of Eq. (7.4) is not possible until rj are known. Location of
the source, given by rj, is found by realizing that: (a) all acquired signals should be
the same after the mapping procedure (namely, there is one source signal that has
been deformed differently along different propagation paths rj) and (b) the amplitude
envelope of the compensated signal is at its maximum for the correct rj values (or,
equivalently, the width of the source wave packet is the shortest). By iteratively time
shifting the acquired signals and processing by the proposed algorithm, rj
corresponding to the actual source-sensor distances can be found. An example of
the shifting procedure used for determining rj is shown in Fig. 7.10, where the
compensated signal amplitude and wave packet width are presented. Clearly, both of
these parameters assume their extreme values for the same (or very close) time shift
(meaning the same distance). Dispersion-compensated signal after transformation to
the distance domain—obtained by applying the procedure outlined above—is shown
in Fig. 7.11, along with the waveform before signal processing is applied.

An interesting feature of the TDDT-based method is its ability to differentiate
between Lamb wave modes in the signals acquired at the sensors. By selecting
different mode-specific branches from the dispersion plot and mapping the same
(multi-modal) signal, it may be noted that only parts of the signal corresponding to
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Fig. 7.10 Amplitude and width of a wave packet after dispersion compensation with various time
shifts (after Gawronski et al. 2016)

Fig. 7.11 Example signals: time-domain signal acquired at the source (top) and dispersion-
compensated and transformed to the distance domain (bottom), after (Grabowski et al. 2016a)
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the mode that match the dispersion branch are properly compensated and placed at a
correct distance. An example of such mapping is presented in Fig. 7.12 where the
same time signal—containing the S0 and A0 wave packets—registered by a sensor
was compensated by using the S0 and (independently) A0 mode characteristics
(black and red lines, respectively). Each time the compensation is carried out only
one of the wave packets is properly compressed, proving the ability of the method to
distinguish between multiple wave modes.

It needs to be pointed out that the proposed mapping has important consequences
and advantages for the localization process. First, the ASLP is performed in a
natural, distance, coordinates. Second, no fixed assumption on a single wave veloc-
ity is made, but the full spectral characteristics of the medium are used. Therefore,
any wave mode of arbitrary frequency band can be transformed. The effect of TDDT
is compressive, i.e. the signal is dispersion-compensated and resembles the original
signal shape at the source (pertaining to source identification). Finally, various wave
modes can be selectively filtered by subsequent processing of the signals with
different dispersion branches. As the above brief outline of the TDDT-based ALS
neglects the impact of amplitude-frequency characteristics of the plate, the reader is
referred to (Grabowski et al. 2016a, 2016b) for details.

In contrast to sparsely distributed sensors, a whole group of cluster-based local-
ization techniques for plate-like structures is based on the concept of a group of three
or more AE sensors (Kundu 2012), as shown in Fig. 7.13. The sensors forming a
cluster need to be closely-spaced with respect to the distance to the source (D). In
(Kundu 2012), a minimum of three sensors are arranged in a right-triangular setup
(the so-called L-shaped cluster), however, other arrangements have also been devel-
oped, e.g. square (Sen et al. 2020), M-shaped (Grabowski et al. 2015) or Z-shaped
(Yin et al. 2018). The concept of the cluster aims at immediately estimating the
direction of incident wave knowing the sensors positions not material properties of

Fig. 7.12 A dispersion-
compensated signal mapped
through dispersion branches
for S0 and A0 modes
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the medium. As shown in Fig. 7.13 for a single cluster, the incidence angle, α, for the
source signal is estimated from two time delays of signals registered by the cluster,
namelyΔt12 andΔt13 (12 and 13 being the wave delays between sensors 1 and 2, and
1 and 3, respectively). Then, the angle is given as α ¼ tan�1(Δt13/Δt12). It may be
also noted that the two time delays allow for estimation of the group velocity along α
direction, namely V αð Þ ¼ d=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δt212 þ Δt213

p
. By using two clusters, two angles are

found and the source is localised by solving two linear equations in two unknowns in
a 2D space, as shown in Fig. 7.14. This procedure works for isotropic and weakly
anisotropic materials, however, for the isotropic case only four sensors, i.e. a three-
sensor cluster and a single additional sensor are sufficient for localization (Kundu
2012). In (Ciampa and Meo 2010a) also six sensors were used for ASLP on a
composite plate, however, they were grouped in three clusters of two sensors each.
This latter approach required the solution of a nonlinear set of equations. A hybrid
approach based on the clusters and source location optimization was proposed in
(Kundu et al. 2015), where the estimate of the source location is first is given by the
technique outlined above (Kundu 2012), and this estimate is further improved by
minimizing an error function.

Substantial difficulty with source location using incidence angle prediction may
arise for moderately and strongly anisotropic materials. For certain wavefronts and
cluster positions with respect to the source, the predicted angles may assume similar
values, indicating that the source is very far from the sensing positions (or cannot be
found when the predicted angles are equal, e.g. for a plane wave). A cluster-based
solution for anisotropic materials, addressing the above issues, can be found in (Park

Fig. 7.13 A minimal cluster of three sensors required for estimation of direction of arrival (after
Fig. 1 of Kundu 2012)
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et al. 2017), where a set of three-sensor clusters was combined with an optimization
procedure to locate the source. Knowing that for an anisotropic plate the wavefront
assumes shapes different than circular, the proposed method assumes a parametric
description of the wavefield emitted from the source and performs best fit for the
model parameters using the arrival directions estimated by the clusters. In particular,
two wavefront shapes—characteristic to weakly and moderately anisotropic plates—
were assumed, i.e. elliptic and rhombus, respectively. The corresponding goal
functions employ the ellipse and rhombus equations and include angles determined
by the clusters. An example of an elliptic wavefront, requiring a minimum of three
clusters is shown in Fig. 7.15, while for a rhombus wavefront—for which four
clusters are needed—in Fig. 7.16.

Another approach to ASLP that uses collective response of possibly closely-
spaced sensors, i.e. clusters, can be achieved by beamforming (McLaskey et al.
2010). Although beamforming (BF) techniques are widely known in active NDT and
SHM, their application to acoustic emission is not that common. Acoustic source
localization with beamforming employs the same signal processing techniques as in
active methods and requires knowledge on material properties of the medium. Both
isotropic (McLaskey et al. 2010) and anisotropic (Nakatani et al. 2012) structures
can monitored with beamforming, if the wave speed profile—constant or angle-
dependent, respectively—is known.

A method based on two perpendicular clusters of a total of 9 sensors and the
beamforming algorithm for AE was proposed in (McLaskey et al. 2010; Xiao et al.
2014). The corresponding setup of ASLP with BF is shown in Fig. 7.17. Each of M
sensors, placed at positions rm, acquires signal Sm(t) in case an AE event is gener-
ated. The cluster sweeps the two-dimensional space of possible acoustic source

Fig. 7.14 A set of three clusters for (redundant) estimation of source localization (after Fig. 2 of
Kundu 2012)
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locations (also known as focal points, red star in Fig. 7.17), r, by applying time
delays

Δm ¼ rj j � r � rmj jð Þ
V

ð7:5Þ

to each of the Sm time signals and summing them

Fig. 7.15 Elliptic wavefront in an anisotropic plate with three clusters required for source local-
ization (after Park et al. 2017)

Fig. 7.16 Rhombus wavefront in an anisotropic plate with four clusters required for source
localization (after Park et al. 2017)
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b r, tð Þ ¼ 1
M

XM
m¼1

wmSm t � Δmð Þ ð7:6Þ

In Eq. (7.6), wm are weights that can be applied to each individual sensor. b(r, t)
assumes maximum value if the focal point r coincides with the source position. In
(Nakatani et al. 2012) this concept was further extended to anisotropic media by
using direction-dependent wave speed V(α).

Clusters provide highly accurate localization results for isotropic and (weakly)
anisotropic media, thus are of wide practical interest. The following factors, how-
ever, influence the cluster-based ASLP accuracy. (1) the distance between sensors, d,
needs to be small, requiring small sensor footprints; (2) along with small d, the
sampling frequency for the signals must be high enough to accurately capture
waveform shifts between the sensors (i.e. accurate measurement of Δt); (3) the
distance to the source, D, should be large compared to d, allowing for the planar
wavefront approximation (and certain assumptions on incidence angles), (4) sensors
need to be positioned very accurately within the cluster. Condition (3) implies the
ability of monitoring large areas, however, with increasing D, the localization
accuracy for anisotropic materials drops. The latter is a result of the non-colinear
wave and energy propagation vectors.

To cope with AE localization problems with more sophisticated geometric
structure, material/wave propagation characteristics, and flexible sensor configura-
tions, AE localization can be formulated as an optimization problem, seeking a

Fig. 7.17 Acoustic source
localization with the
beamforming approach
(after Xiao et al. 2014)
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solution (predicted source location) that leads to TDOA as consistent as possible
with the measures. Such methods are mostly formulated as an iterative optimization
process, starting from some initial guesses. Existing research proposed to use
different optimization techniques. (Ciampa and Meo 2010b) uses Newton’s method
to optimise a nonlinear formulation to find the source location from an initial guess.
Newton’s method is known to converge quickly (with quadratic convergence) when
the current estimate is close to the true solution. They further incorporate a line
search strategy to optimise the step size to ensure improvement during iterations, to
improve the robustness of the method. However, such local optimization methods
may still converge to local minima. Alternative techniques have considered using
more global optimization, such as genetic algorithms (Veloso et al. 2006), particle
swarm optimization (Wang et al. 2017), an iterative evolutionary method named
Iterative Planar Source method (Mirgal et al. 2020), etc. These methods typically
start with a set of initial guesses (e.g. 50). For each estimated source location, they
work out the calculated travel time to sensors, and the differences between calculated
and measured travel times to sensors are used to calculate fitness values
(or equivalent) of the estimated source location. These are then used to update sensor
location estimations in the next iteration, with the exact formulae determined by the
optimization techniques used. The iterative process tends to converge to a solution
close to the true location. By using multiple estimated locations and iteratively
optimizing them, such methods have a higher chance of finding the global optimum.
More recent methods tend to converge more quickly than previous techniques.

These AE localization techniques still face challenges to cope with potentially
complex reflections and reverberations of waveforms, and often ignore the rich
signal content . In recent years, with the development of deep learning, techniques
based on deep neural networks have been proposed as a way to tackle these
challenges (Kalafat and Sause 2015; Ebrahimkhanlou and Salamone 2018a,
2018b). Thanks to the strong learning capabilities, deep neural networks often
directly take some representations of the AE waveform as input, such as continuous
wavelet transform to retain information in the rich waveform signal. Unlike many
conventional techniques, typically based on using a single waveform feature, neural
networks may exploit wider frequency bands—therefore richer signals. Different
network architectures have been investigated, including an architecture that involves
stacked autoencoder layers (which can be trained in an unsupervised manner to learn
to extract useful features), followed by supervised layers to predict localization
zones as a classification problem (Ebrahimkhanlou and Salamone 2018a) or regress
the source location (Ebrahimkhanlou and Salamone 2018b). Alternative architec-
tures such as those based on convolutional neural networks (CNNs) are also
considered, where the waveform is analyzed with different times and frequencies
to form an image-like input for the CNN to be applied (Ebrahimkhanlou and
Salamone 2018a). Deep learning-based methods are able to utilise richer information
in the waveform, which rather than being negatively impacted by reflections and
reverberations, can effectively exploit such clues to help with localization. Studies
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show that this can lead to more accurate localization (Kalafat and Sause 2015) or
localization with fewer sensors including one sensor (Ebrahimkhanlou and
Salamone 2018b), although sufficient amount of training data is required and more
studies are needed for network architectures that reach a better balance of data
demands and effectiveness of the learned models.

7.5 Influence of Propagation

A cracking source may be simulated by a near-step function or by half a cycle of
short duration in case of impact, as studied in literature (McLaskey and Glaser 2012;
Prosser 2002). However, this has no similarity to the much longer waveform
recorded by a sensor just a few cm away, due to the complicated physics of wave
propagation and transduction, see Fig. 7.18. The initial excitation (crack propagation
increment or ‘source’ in our case) propagates through a material with certain
characteristics (stiffness, density, attenuation coefficient, heterogeneity, as explained
later in the chapter) which strongly influence its shape. Then at reception, the
characteristics of the sensor, mainly frequency response will further influence the
waveform (not forgetting the coupling conditions), while the acquisition system may
also impose further distortion. Therefore, the final digitised waveform has very few
similarities to the original source, see Fig. 7.18.

Making certain assumptions, like the point nature of the receiver, the final
waveform (W) can be expressed as the convolution (*) between the initial excitation

Fig. 7.18 Process chain of AE production and reception (Similar to McLaskey and Glaser 2012)
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(E), and the transfer functions of the material (M), the sensor (S) and the amplifier/
system (A)

W ¼ E �M � S � A ð7:7Þ

This is easier handled in frequency domain, where the convolution is expressed
by the product of the FFTs of the above functions.

Precise knowledge of the transfer functions of the material and system may allow
therefore, to derive the source excitation using the waveform as received at the
sensor, assuming that the sensor is not highly resonant. Still this is a tedious process
and even slight mistakes in the included process links, may result in significant
distortion at the end. Although, tracing back the exact source function may be
difficult (though not impossible), still comparisons between sources can be readily
conducted, if the experimental conditions remain the same (sensors, material, dis-
tance), that is all intermediate transfer functions are constant and therefore, they do
not impose differential distortion between different signals.

Below follows a detailed discussion on the exact factors contributing to the
above-mentioned material transfer function, which is also related to the Sect. 5.2
that described the formation and propagation mode of guided waves. There are
several items that make the occurrence of guided waves unique in the context of AE
measurements. Other than for active guided waves, AE sources cannot select a
particular frequency or guided wave mode. Instead, based on the duration of crack
growth they excite a certain bandwidth and—depending on the position in through-
thickness direction—may excite one or more guided wave modes at the same time.
Therefore, the interpretation of the AE signals has to deal with this additional
complexity.

With the propagation of information in form of guided waves, several items
happen. First, the whole wave undergoes attenuation, which can originate from
several contributions. Secondly, the guided waves themselves suffer from informa-
tion distortion due to dispersion. As consequence, after a certain propagation
distance, the information contained in the AE signals will be altered, so that
information retrieval about the source origin is only feasible up to a limited distance.

As discussed by Pollock (Pollock 1986) and Prosser (Prosser 1996) from the
point of view of acoustic emission, there are five key contributions to attenuation:

1. Geometric spreading
2. Thermoelastic and Akhieser dissipation
3. Dispersion
4. Scattering
5. Dissipation into adjacent media

In the near-field range, close to the AE source, the geometrical spreading is the
main reason for the attenuation. In volumetric media this is caused by the spherical
radiation of energy into the volume, which leads to an energetic decay per dihedral
angle with inverse propagation distance. For plate-like structures, the radiation is
limited to two dimensions, after the 3D spreading in the very near field over the plate
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thickness, causing an energetic decay with square-root of distance to the source. If
such guided waves are excited, additional amplitude decay is present since the
energy of the elastic waves is split into the distinct modes. In addition, these
modes suffer from velocity dispersion, as described below.

In the far field of the AE source, the main contributions to the attenuation are due
to thermoelastic and the Akhieser dissipation. The first results from the irreversible
heat losses caused by compression during longitudinal wave propagation. The
second mechanism results from the disturbance of the equilibrium distribution of
the thermal acoustic waves (phonons), which leads to a dissipative energy contribu-
tion. In homogeneous isotropic solids, the thermoelastic and the Akhieser dissipation
lead to an attenuation for elastic waves as a function of the square of the oscillation
frequency.

In the case of guided waves, other effects contribute to the overall AE attenuation.
In the case of Lamb waves, contributions to the total damping result from the spatial
dispersion and the frequency dispersion (Neau et al. 2001). The attenuation from the
spatial dispersion is caused by the relation between phase velocity and wave vector.
As discussed by Ward et al. for dispersive media, the phase velocity is directly
related to the attenuation by a Kramers-Kronig relationship (Ward 1971). The effect
of attenuation due to frequency dispersion occurs during the propagation of
non-monochromatic wave packages. Since each frequency component propagates
at a certain velocity, an initially short pulse begins to spread in time during
propagation. This causes an effective amplitude attenuation with distance of prop-
agation. This is of great importance for the case of guided waves, since the different
modes have different attenuation coefficients in addition. These effects are
superimposed on the thermoelastic dissipation, since individual guided wave
modes are dominated by distinct frequency portions (Prosser 1996). In addition,
the propagating waves can be scattered by inhomogeneities depending on the wave
frequencies and sizes of the inhomogeneities. Typical examples are the grain
structure within metals, fibers in composites or cavities. This can lead to additionally
strong attenuation and must be considered when discussing attenuation effects
(Aggelis et al. 2004).

In real test settings or in SHM applications, AE signals propagate within the
structure under test, which is typically in contact with adjacent items such as nearby
structural parts, fittings, fasteners or supply lines. Since a partial transmission of the
AE signal into adjacent media leads to a corresponding intensity loss of the reflected
wave, such losses can be considerably high and thus even dominate the acoustic
attenuation in a given scenario.

As a result of these propagation effects, the information contained in the ampli-
tude and frequency of the AE signal formed during excitation is changed during
propagation. Consequently, the detection and identification of a failure mechanism is
limited to a certain distance around the position of the acoustic emission excitation.
The influence of reflection should be mentioned as they contribute to the recorded
signals and influence the obtained waveforms.

For fiber reinforced materials, the attenuation is typically much higher than for
metallic materials. This increase of attenuation is due to the pronounced viscoelastic
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response of the polymeric matrix materials, which are more prone to thermoelastic
dissipation. Since higher frequencies are subject to higher attenuation, the relative
loss of intensity can make it quite difficult for pattern recognition approaches to
properly cluster AE signals of the same source type. Nevertheless, the attenuation
effects can be investigated both experimentally and by FEM (Gallego and Ono 2012;
Sause 2016) to consider their impact on AE signal interpretation.

In the following figure (Fig. 7.19a), an example of the influence of propagation on
the waveform shape is shown. The simulations made through finite difference
method concern a vertical crack propagation event in the middle of the thickness
of a 20 mm thick plate of material with corresponding longitudinal wave velocity
3000 m/s. Despite the same origin, the two waveforms received at different spots
exhibit strong differences in their shape. The amplitude of the second is significantly
lower, while the aforementioned ‘spreading’ is obvious. Indicatively, the amplitude
drops by 89% while the RT increases from 13 to 65 μs in just 230 mm of
propagation. Fig. 7.19b shows an experimental example of such an effect, where
the influence of distance on the average frequency ‘AF’ is shown for two major
fracture mechanisms. Vertical cracking is connected to much higher frequency
content for any corresponding distance than delaminations (shear), however, the
decreasing trend is obvious due to aforementioned attenuation and dispersion mech-
anisms. It is seen therefore, that consideration of the distance (through localization)
is of paramount importance, since signals emitted by high frequency sources but
collected far away from the source, tend to obtain similar characteristics to signals
coming from low energy sources but recorded close to the source (Aggelis et al.
2017).

Fig. 7.19 (a) Simulated waveforms received at different distances from the source on a plate of
20 mm thickness, (b) average frequency, AF, for two fracture mechanisms vs. propagation distance
in glass fiber composite (Aggelis et al. 2017)
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7.6 Different Sensor Types

As thoroughly examined above, various physical phenomena in the material can
cause elastic waves, which propagate throughout the material. The basic task of
sensors is therefore, to detect surface displacements (typically out-of-plane) and to
generate an electrical or optical signal. Piezoelectric sensors with an integrated
element made of special ceramic, such as Pb(ZrxTi1-x)O3 or Lead Zirconate Titanate
(PZT) are most often used in practice (Enoki et al. 2000; Moore 2005). PZT sensors
need acoustic coupling for the dynamic surface motion of the specimen to result in
dynamic strain in the piezoelectric transduction element which is reflected in voltage
versus time signal. Piezoelectric transducers are most practical, they offer high
sensitivity and are robust. PZT transducers are similar to PZT accelerometers except
that the proof mass is replaced by a backing material to control damping. Resonant
transducers that have one or more preferred frequencies of oscillation governed by
crystal size and shape usually exhibit higher sensitivity and are less costly than
broad-band piezoelectric transducers. The proper design of the PZT transducer offers
a detection frequency range from 30 kHz to 1 MHz or in the case of resonant sensors,
smaller frequency ranges. The transducers can have integrated preamplifier or the
preamplifier is connected separately to the sensor. The amplified AE signal is
transmitted via signal cables that can be of several hundred meters long to the AE
system. Besides the mentioned advantages, they also have disadvantages, namely,
the signal does not exactly resemble the actual surface displacements due to limited
bandwidth, resonance, and are not always close to the point receiver concept,
meaning that their response is the average field acting on their surface. This may
cause serious distortion and attenuation when the wavelength is much smaller than
the physical size of the transducer, especially for high frequencies (McLaskey and
Glaser 2012; Ono 2017; Tsangouri and Aggelis 2018). PZT sensors are electrical
sensors and therefore, are susceptible to electromagnetic interference, they also have
a limited temperature range of operation (normal PZT cannot be used at temperatures
more than 150 �C). In case high temperature application is necessary, the use of
waveguides is essential (Godin et al. 2018; Papasalouros et al. 2016).

Recently, optical fiber systems have been gaining more importance for the
detection of elastic waves in materials, thus directing research in the field of AE
from electro-acoustic sensing technology to photoacoustic sensing technology. In
general, optical fiber systems comprise optical sources that can be a laser, laser diode
or light emitting diodes (LED), optical fibers, sensing element to transduce the
measurement to an optical signal, an optical detector, and processing unit in a
form of oscilloscope or optical analyzer. Based on the sensing location, an optical
fiber sensor can be classified as extrinsic where the optical fiber is used to carry light
to and from an external optical device for sensing or intrinsic where environmental
perturbations influence the physical properties of the optical fiber. External pertur-
bations can influence intensity, phase, frequency and polarization. In general,
advantages of optical fiber sensors over conventional piezoelectric sensors are
their relatively easier integration with little interference into a wide variety of
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structures of different materials, immunity to electromagnetic interference, resis-
tance to harsh environments, robustness, lightweight, multifunctional sensing capa-
bilities such as strain, pressure, temperature and acoustic signals (Fidanboylu and
Efendioglu 2009). Optical fiber sensors include single fiber and fiber device sensors,
optical fiber interferometers, and fiber Bragg grating sensors (Wild and Hinckley
2008). There are many single fiber sensing methods for the detection of AE signals
such as evanescent field coupler, fused tapered fiber coupler, frustrated total internal
reflection, and fiber microbending. Several interferometer configurations have been
proposed i.e. Michelson, Mach-Zehnder, Fabry-Perot, and Sagnac. Interferometric
optical fiber sensors have limitation regarding gauge length of the sensor and
consequent cross-sensitivity problems with other measurands such as static strain
and temperature. Short length Fabry-Perot interferometers offer a significantly
reduced gauge length. Shorter gauge lengths can be accomplished with various
intensity based single fiber optical methods or with fiber Bragg grating sensors
(Wild and Hinckley 2008). FBG sensors are small in size, can be embedded in the
structure, and have high sensitivity that is directionally dependent and can affect its
performance (Perez et al., 2006; Mabry et al. 2011; Wu and Okabe 2012).

Another type of contact acoustic emission sensor is the capacitive sensor. They
constitute two separate electrodes where one electrode is fixed to the substrate.
Electrodes are separated by a small gap and form a capacitor under a DC voltage
bias. The vibration of the electrode produces a time-varying current. They have been
successfully used in laboratory tests. Such transducers can have good fidelity where
the electrical signal very closely follows the actual dynamic surface displacement,
but typically minimum displacement measured is lower than with PZT sensors
(Moore 2005). Capacitive sensors can be in the form of micro-electro-mechanical
system (MEMS). MEMS-based transducers for AE can be small, and if produced on
a large scale inexpensive. They can integrate several transducers with different
resonant frequencies on the chip that covers the frequency range of interest(Ozevin
et al. 2006). Ozevin reported almost three times lower signal to noise ratio in the dB
scale for MEMS transducers compared to conventional PZT transducer with results
in fewer AE events detected.

Contact transducers for AE measurements have disadvantages in monitoring AE
behavior in small or thin specimens related with the size of the transducer.
Non-contact optical transducers in a form of laser interferometry offer quantitative
and highly localized measurements of the surface motion. They do not disturb elastic
waves, also they are not limited by frequency response (Kline et al. 1978). Out-of-
plane displacement and velocity of the surface movement can be measured. The laser
beam can be focused at a very small spot of the order of microns. For higher
sensitivity a reflective surface is needed and it is difficult to get an adequate signal
to noise ratio (Enoki et al. 2000). The interferometer can be internally calibrated to
yield absolute displacement amplitudes.
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7.7 Dedicated Aeronautics Applications and Examples

Over the last 30 years AE monitoring has been used to assess damage initiation and
growth in aircraft structures, primarily during ground testing (Martin et al. 1995).
Within this early testing, problems arose regarding the quantity of data produced,
distinguishing noise from damage, and accurate source localization in complex
structures. In recent years the increasing use of carbon fibre reinforced polymers
(CFRP) has introduced new challenges, in addition to those already faced. Recent
developments have enabled more success with the technology in real applications.
Although there are only limited cases of AE monitoring being used for in service
structures, ground-based testing has been improved greatly by these advances. Haile
et al. (2017) used 12 AE sensors to monitor four high risk areas during fatigue testing
of a full-scale UH-60 helicopter fuselage. The composite fuselage was manufactured
from advanced thermoplastics and thermoset carbon-fibre, with additional stiffeners.
Time of arrival (TOA) was used to locate sources, however, complicity made this
difficult. The work concluded that further methods were required to enable large-
scale monitoring of complex structures in real operating conditions. A technique
applied to aircraft structures to improve AE localization is the Delta-T approach.
Initially developed by Baxter (Baxter et al. 2007) the technique requires the structure
to be mapped with Hsu-Nielsen sources. From this, a map of the difference in arrival
times at each pair of sensors can be created. Pearson et al. (2017) trialled the
technique on a relatively simple A320 wing rib, where an average 9.3 mm increased
accuracy was seen. Fatigue testing of an aluminium panel with a number of large
holes was also presented. In this testing the Delta-T technique located AE events
generated from a crack with greater accuracy, increased confidence and a greater
number of lower energy events which were unsuccessful with the standard TOA
technique. The technique was also used for location of damage on an A320 landing
gear fatigue test, where a crack was located to 10 mm accuracy (Holford et al. 2017).
In the early days of AE monitoring, only the amplitude and other simple features of
the event were considered; this enabled noise filtering, however was very reliant on
the skill of the engineer (Martin et al. 1995). As aforementioned, recent advances in
classification, through approaches such as artificial neural networks ANN, enable
automatic classification of waveforms, which enables clear differentiation between
damage and noise (Crivelli et al. 2014).

Impact monitoring in aircraft structures is vital, in particular within carbon fibre
reinforced polymers (CFRP) where barely visible impact damage (BVID) result in
delamination of fibres, causing the strength of the structure to be compromised.
Traditional non-destructive testing (NDT), required technicians to manually inspect
the structure using ultrasonic probes, a time-consuming process that requires down-
time for the aircraft. As existence of damage is inevitable, aircrafts are designed
damage tolerant (Talreja and Phan 2019), increasing their weight. AE can be used to
detect impact to an aircraft structure, either by detecting the impact itself, or any
growth under fatigue. After the loss of space shuttle Columbia due to impact damage
Prosser (Prosser et al. 2004) investigated the use of AE monitoring of the leading
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edge of space shuttles. It was found that although accelerometers could locate impact
events, ultrasonic sensors had lower background noise and so were more suited for
impact detection. The detection of impact in a composite aircraft is not only vital
during service, but also during manufacturing, where tools drop and knocks during
transport cause damage. The earlier damage is detected, the quicker itis resolved,
saving money. To detect impact during manufacture, wireless systems have been
utilised, as the associated problems with battery life are less vital. Giannì et al. (2020)
developed a low power system, capable of accurately determining the time of arrival
of an impact wave at a piezoelectric sensor. The distributed array of sensor nodes
were time correlated via GPS, and source localization performed at a central hub.
Within this work impact sources were located on a simple aluminium plate, however
advanced localization algorithms, such as the Delta-T method could be used.

In another application, the integrity of bearings within a helicopters main gearbox
is vital, as the large speed reduction causes high forces, which make them prone to
pitting, spalling and contact wear. SHM of these has been applied since the 1990s,
known as Health and Usage Monitoring Systems (HUMS), which record and
analyse vibrations. Although these systems have reduced accidents, they are not
completely accurate, and failures still occur. This failure is generally attributed to the
noise produced within the system masking the useful signals. In recent years AE has
been applied to the problem, since the frequency of interest is higher than that
generated by sliding and friction in the bearing. This has been shown to enable AE
monitoring to identify the presence of damage significantly earlier than vibration
techniques (Elasha et al. 2018).

7.8 General Considerations

While the use of SHM systems is imperative in an aerospace structure, several points
should be examined to make sure the system works properly, and it is compatible
with in-flight requirements. One is the additional weight the SHM system will bring,
something that eventually accounts for higher fuel consumption and air transport
cost. The potential weight saving of removing non-essential wiring from an aircraft
could save an estimated 14–60 million over a commercial aircrafts life (Gao et al.
2018). Doing so would reduce costly and time-consuming maintenance and instal-
lation of wiring (Yedavalli and Belapurkar 2011). Commercially available wireless
AE systems with transmission capacity of several hits/s exist (Mistras 2013; Shen
2017). However, while wireless systems are promising, they still require power.
Batteries could supply the required energy, but are heavy, expensive and their
performance is low in cold conditions typical of a flying aircraft, while their use is
restricted in aerospace industry. Therefore, energy harvesting is a requirement
combined with an energy storage device, such as a super capacitor. Vibrational
harvesters and thermal-electric generators show potential, however, there is cur-
rently a gap between the generated and the required energy. Another issue of an
in-flight SHM system is the generation of large amount of data, that could easily
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reach rates of tens of MB/hour/channel. Transmission of such large amounts of data
and especially full waveforms would be costly and power consuming (Anastasi et al.
2009). Therefore, intelligent processing and data management is needed to filter out
non-essential data, something that would require integration of improved algorithms
for damage localization and characterization into the hardware. Finally, another
important point is the harsh environments that the wireless SHM system should
operate in, meaning that any devise on board must pass a series of tests ranging from
temperature to vibration-based testing. Only combination and optimization of all
above aspects will enable unlocking the potential the true potential of a SHM system,
while the specific issues are dealt with in more detail in the respective chapters.
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