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ABSTRACT

An inversion algorithm (termed AEDep) is proposed for estimating the depth of acoustic emission (AE) sources in
plate-like structural components. The work is motivated by the need for characterizing early-stage fatigue crack
growth in such components. The algorithm achieves depth estimation by automatically extracting the depth-
dependent amplitude ratio between the fundamental Lamb modes which comprise the AE signals. A finite
element model is designed to study the frequency-dependent forward problem of Lamb wave motion due to a
given source, from which the relation between source depth and amplitude ratio is established. Elastodynamic
theory is used to validate the model in the frequency domain, as well as to derive a sensor tuning factor which
may be incorporated into the solution. The proposed algorithm was tested on two plate-like specimens: a 6061-
T6 aluminum plate and a 2025-T6 aluminum aircraft fuselage panel. Validation of the algorithm was achieved
by generating controlled AE sources at various depths along the edges of the specimens, in the form of Hsu-
Nielsen pencil lead breaks. Good agreement was found in the aluminum plate between the true and estimated
source depths. A slight decrease in accuracy was found in the fuselage panel between the true values and their
estimations. However, both experimental cases demonstrated the ability to distinguish between sources origi-
nating near the mid-plane of a plate-like structure from those near the surface. Lastly, the fast computation of the

inversion algorithm shows strong potential for real-time monitoring applications.

1. Introduction

In nondestructive testing and structural health monitoring, there is a
hierarchy of damage diagnosis [1]. Beyond lower-level diagnosis such
as damage detection and localization, it is extremely valuable to per-
form damage characterization. For instance, determining the depth of
an advancing fatigue crack through the thickness of a plate-like struc-
ture provides essential damage information during the early stage of
crack propagation. Indeed, the stress intensity factor is a function of the
crack depth (e.g. when originating from a hole [2]), with the range of
the stress intensity factor governing the crack growth rate [3]. The early
stage of crack propagation (beginning at the microstructural scale) is an
important one, constituting more than 60% of a component’s lifespan
[4]. In the last decades, the acoustic emission (AE) method has ad-
vanced to perform damage detection and localization [5-8], as well as
limited amounts of characterization [9-12]. The operating principle of
AE involves monitoring acoustic energy emitted from damage evolu-
tion, and its success in these aspects arises from the sensitivity of the
acoustic waves to various damage characteristics.

To monitor large plate-like structures, Lamb wave-based AE must be

* Corresponding author.
E-mail address: salamone@utexas.edu (S. Salamone).

https://doi.org/10.1016/j.ultras.2019.105975

considered, in which the waveguide formed by the structure and its
effect on wave propagation may be leveraged. In particular, a number
of studies in the literature considered using Lamb wave properties to
estimate the characteristics of AE sources. These included the source
mechanism, risetime, and orientation (e.g. in-plane or out-of-plane
mechanisms). For instance, Sato [13] studied the radiation pattern of
the fundamental symmetric Lamb mode emitted from various simulated
cracking mechanisms in metallic plates. On another note, Hamstad [14]
suggested that the source risetime in a plate may be characterized by
extracting modal information across frequency. As regards estimating
source orientation, a variety of researchers have exploited the or-
ientation-dependent nature of Lamb mode waveforms [15-21]. These
included applications of sparse reconstruction [19], pattern recognition
[20], and dynamic time warping [21].

Although various researchers considered estimating source or-
ientation (via modal amplitudes in particular) [15-19], less attention
has been paid to estimating source depth. However, it has recently been
emphasized that an inversion algorithm is needed to convert modal
characteristics to source depth [22,23]. To the best of the authors’
knowledge, there have not been any efforts in the literature made for
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source depth characterization in plate-like structures. Additionally,
only limited work has been carried out on source characterization in
realistic structural components, which may have geometric complex-
ities (e.g. rivets, stringers, etc.). The performance of current approaches
on realistic structures is therefore unclear.

This paper develops an inversion algorithm capable of extracting
and converting modal amplitudes to AE source depth. The main idea is
that the amplitude ratio between the fundamental antisymmetric and
symmetric Lamb modes serves as a dimensionless quantity related to
source depth. The algorithm first uses recorded AE signals and an es-
timated planar source location to generate trial signals with various
amplitude ratios. Afterward, it uses a correlation-based metric to ex-
tract the amplitude ratio from the recorded signals. The conversion
from amplitude ratio to source depth is then made using knowledge
about the given source type. In this case, the forward problem is solved
using finite element method (FEM) modeling, which establishes the
frequency-dependent relation between amplitude ratio and source
depth. The algorithm is evaluated by experimentally simulating con-
trolled AE sources at various depths along the edges of two plate-like
specimens. First, benchmark testing is conducted on an aluminum plate
specimen. Afterward, to evaluate performance on a realistic structure,
the algorithm is tested on a plate-like section of an aircraft fuselage. The
primary assumptions underlying the experiments are: (1) the plate-like
structures are composed of an isotropic elastic material; and (2) the
pencil lead breaks may be considered as point force excitations.

This paper is organized as follows: First, an elastodynamic theory
for Lamb wave motion due to buried point forces is presented in Section
2, from which the FEM model is designed and validated. Subsequently,
the model is used to study edge point forces (representative of con-
trolled AE sources) beyond the limits of the theory. The inversion al-
gorithm is then presented in Section 3. The experiments used to validate
the algorithm under controlled AE sources are detailed in Section 4,
with the results presented and discussed in Section 5. Afterward, con-
clusions and recommendations for future work are made in Section 6.

2. Forward problem: wave motion due to point forces

This section details Lamb wave motion on the surface of a plate due
to buried and edge horizontal point forces. A theoretical analysis is first
overviewed for a buried force, while incorporating sensor tuning ef-
fects. A FEM model is then described and validated for a buried force.
After validation, the model is used to study edge forces, for which only
approximate theoretical formulations are available [24]. For each case,
the use of the amplitude ratio between the fundamental Lamb modes as
a means of inferring source depth is outlined.

2.1. Elastodynamic theory for buried force excitation

Elastodynamic theory has been developed to describe the excitation
of Lamb modes due to a buried horizontal point force in an infinite
isotropic elastic plate [25], as illustrated in Fig. 1(a). Without loss of
generality, let a unit horizontal point force F be located in cylindrical
coordinates at (r, 6, z) = (0, 0, ') and directed along 6 = 0. Further, let
the mid-plane of the plate be z = 0, with the top and bottom surfaces
located at z = +h. A harmonic source with angular frequency w is
considered, so that the force is F = ¢~'*!, Additionally, let an arbitrary
sensor (say, sensor 0) be located on the plate surface with coordinates
(%, 6o, h) as shown in Fig. 1(a).

It is assumed that the sensor only records the scalar z component of
displacement on the top surface of the plate [26]. The displacement u,
of a given Lamb mode due to such a force can be expressed in cylind-
rical coordinates as [25]

1o = Acos(6p)HP (kny)e—t 1)

where A is the amplitude of the mode (see Appendix A), and k is the
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Fig. 1. (a) Schematic of buried force excitation in plate and sensor location on
surface. (b) Top-view illustration of circular-crested wavefronts due to point
force excitation as approximately straight over small sensor area. Note: plate
extends to infinity in (r, 6) plane.

frequency-dependent wavenumber of the mode (determined from the
Rayleigh-Lamb dispersion equations [27]). The Hankel function H{ (-)
incorporates spatial phase propagation and geometric attenuation due
to the resulting circular-crested wavefront. For simplicity, the Hankel
function may be approximated by its far-field asymptote
H® (x) ~ —/2i/7xce*[28], with the asymptote being reached roughly 3
wavelengths from the source [27]. The far-field displacement is then

2i :
Uy = — | —— Acos(6p)elkro—«
0 \ 7k (CH) @

A circular sensor of diameter D is considered to record the surface
displacement u,. For wavelengths on the order of the sensor diameter,
the effects of the finite sensor size must be incorporated. To this aim, it
is assumed that the sensor records an average displacement over its
cross-sectional area [29]. To aid in the calculation, it is also assumed
that the circular-crested wavefronts are locally straight in the far-field
over the small area of a sensor, as depicted in Fig. 1(b). The circular
sensor is then approximated by a rectangle with effective dimensions
b x D, as illustrated in Fig. 2. As shown in the figure, the effective
sensor size b which a straight-crested wave interacts with is obtained
from the following average:

1 /2 1 D
b= D ./_.”/2 [Dcos(q&)] [EDcos(c;b)dqb] = e 3

Moreover, for a sensor centered at 1, = nD from the source, the 1//iy
attenuation from Eq. (2) produces a proportional amplitude difference
of

-1/2
=1-— \j2n—1
2n+1
@

across its diameter. This difference is less than 5% at only n = 10

(nD - %D)fl/2 - (nD + %D)

(nD - %D)_”2
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Fig. 2. Top-view schematic of straight-crested wave interacting with circular
sensor of diameter D, and effective rectangular sensor achieving equivalent
average displacement over the cross-section. Arbitrary differential segment
used to obtain the effective size b is shown by dashed line.

diameters from the source. Therefore, the wavefronts are also assumed
to be locally non-attenuative over the sensor diameter. From these
considerations, the average displacement which the sensor records is
__ | 1 b2 i(kp—wt)
U = N Acos(60), -Lb/z e dp

= — )2: Asinc(kb/z)cos(eo)e*‘“f

where . The sinc(+) factor accounts for how well the sensor size is tuned
to a given mode’s wavelength. It may be noted that the same tuning
factor is also found for excitation (as opposed to reception) of straight-
crested waves from a rectangular sensor of size b[30].

With the mode amplitude A a function of the source depth z'[25],
the depth may be inferred by measuring the amplitude. However, since
absolute measurements of amplitude require sensor calibration [26],
relative amplitude measurements may be more practical. Inspired by
earlier work on classifying AE sources [19], the amplitude ratio be-
tween the Ay and Sy modes is used here as a dimensionless quantity to
infer the source depth. From Eq. (5), the amplitude ratio may be ex-
pressed

Usa _ [k sinc(kab/2) A,
"\ k, sinc(ksb/2) A, ®)

R =

Uos
where subscripts a and s denote Ay and Sy, respectively. It may be seen
that the amplitude ratio is independent of the (%, 6,) sensor co-
ordinates. The same amplitude ratio may therefore apply to any sensor
location (within the far-field).

2.2. FEM model for buried and edge force excitation

As opposed to buried forces in the interior of a plate, it is only
feasible to experimentally generate horizontal point forces on the edge
of a plate. Furthermore, since only approximate theories have been
developed for an edge force [24], it is studied here numerically using
FEM modeling. To this aim, a 2D plane-strain model is designed, with
the 3D solution obtained during post-processing.

The 2D FEM model is designed in Abaqus for straight-crested Lamb
wave motion due to a line force excitation, as illustrated in Fig. 3(a) and
(b) for buried and edge forces, respectively. For each case, the excita-
tion is modeled in a 3.18-mm-thick plate, which extends 3 m from the
excitation point. In order to study the behavior of various narrowband
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frequency regions and make comparisons to the frequency-domain re-
sults from the elastodynamic theory, a nearly harmonic excitation is
adopted in the FEM modeling. Specifically, the time dependence of the
force is set to a 30-cycle Hanning-windowed toneburst (1 N/m ampli-
tude), and the center frequency is chosen between 300 and 500 kHz
(0.95-1.6 MHz-mm). A structured mesh is created from four-node bi-
linear plane-strain quadrilaterial elements (CPE4R), which are roughly
1/15-th of the smallest wavelength considered (5.2mm for A, at
500 kHz), or 0.4 mm X 0.4 mm. To avoid reflections, the z component of
displacement is measured 1 m from the force on each surface of the
plate. The displacements of the Ag and Sp; modes are then separated
using their respective symmetry and antisymmetry over the cross-sec-
tion [31]. Specifically, the displacements are added to isolate Ag and
subtracted to isolate S,

For a Hanning-windowed toneburst with center frequency f,, the
displacement for a given mode recorded at r = 1 m from the force has
the following wavepacket form:

Ufem = AfemH(t)ei(k_wct) @)

where Ay, is the amplitude of the mode, H (¢) denotes the time de-
pendence of the wavepacket’s envelope, w. = 27f, is the angular fre-
quency, and k is the wavenumber of the mode at w,. It has been found
that the Lamb mode amplitude due to a point force excitation is related
to the amplitude due to a corresponding line force as [31]
ik

Apoint = ?Aline (8)
Therefore, the amplitude ratio for a point force (i.e. the 3D solution)
may be obtained from the 2D FEM line force amplitudes as

E sinc(k,b/2)A, fom

Reem = | <ine(k h/OVA .
! \ kg sinc(ksb/2) A fem ©®

where the amplitude decay and sensor tuning factors from Eq. (5) are
also included.

In order to validate the FEM model, the results are first compared to
the elastodynamic theory for a buried force in an aluminum plate, as
shown in Fig. 4. This corresponds to the FEM model in Fig. 3(a), along
with the theoretical amplitude ratio from Eq. (6). The required material
properties for modeling aluminum are listed in Table 1[32]. Results are
shown for quarter- and top-plane source depths, z' = h/2 and h, re-
spectively, with ten FEM runs show for each case at various frequencies.
The trivial case of mid-plane excitation (z' = 0) is not shown, since the
problem is purely symmetric and hence the amplitude ratio is identi-
cally zero. For simplicity, the sensor is taken as a point sensor (i.e.
D = b = 0), so that the sensor tuning factor has no effect. The predic-
tions of the FEM model show good agreement with the theoretical so-
lution for a buried force, indicating that the model may be generalized
to study edge forces as well.

Amplitude ratio predictions using the FEM model in Fig. 3(b) for an
edge force excitation in an aluminum plate are shown in Fig. 5. Like
Fig. 4, the results are shown for a point sensor. To investigate the depth
dependence of the amplitude ratio, three sets of FEM predictions (ten
runs in each) are shown over a range of source depth. Only the top-half
of the plate thickness is shown, since the amplitude ratio is symmetric
with respect to the mid-plane of the plate [25]. The amplitude ratio is
monotonic over one half of the plate thickness, yielding the potential
for source depth characterization from the mid-plane to the surface. As
such, a function may be created which maps amplitude ratio to source
depth at a given center frequency. To this aim, a second-order poly-
nomial function may be fit to the FEM prediction, as shown in Fig. 5.
Since the amplitude ratio is known to be zero at the origin [25], the
polynomial fit is forced to satisfy Rem = 0 at 2’ =0,

’ ’ 2

Z Z

Reem = p— + q|
fem Ph q(h) (10)
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Fig. 3. Schematic of 2D FEM model for (a) buried and (b) edge line force excitation in an aluminum plate (not drawn to scale).
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Fig. 4. Validation of FEM model for buried force excitation in aluminum plate
for different source depths z’, as recorded by point sensor.

Table 1
Material properties for 6061-T6 aluminum:
density p, Lamé constants 4, u.

Property Value

0 2700 kg/m*

A 54.3 GPa
27.2 GPa

where the fitted parameters p, q are functions of frequency-thickness.
Values of these parameters are collected in Table 2 for various cases.

3. Inverse problem: inversion algorithm

Source depth estimation is performed as shown in the flowchart of
Fig. 6. The flowchart details the inversion algorithm (termed AEDep)
for automatically extracting the amplitude ratio from N AE signals and
converting it to source depth. The algorithm is composed of an in-
itialization stage and a depth estimation stage, as described below.

3.1. Initialization stage

To perform depth estimation, the source must first be localized in
the plane of the plate-like structure. The AEDep algorithm is made

10
8 .
S
QL
o
o 6F 1.00 MHz-mm
= 1.25 MHz-mm
2 1.50 MHz-mm
2 4r .
‘s
E
<
2 . 4
O FEM
—— Polynomial Fit
0(, L L L L
0 0.2 0.4 0.6 0.8 1

Source Depth z'/h

Fig. 5. FEM predictions for amplitude ratio due to edge force excitation in
aluminum plate at various frequency-thicknesses, as recorded by point sensor.
Second-order polynomial fit overlain for each.

Table 2
FEM polynomial fitting parameters p, g for amplitude ratio at various fre-
quency-thicknesses [MHz-mm], as recorded by point sensor.

Frequency-thickness p q
1.00 6.75 2.13
1.25 5.16 2.66
1.50 4.36 3.32

sufficiently general so that any user-preferred method may be used for
this initialization step, such as triangulation [33], touch and learn [34],
or sparse reconstruction [35]. For simplicity, as well as to examine the
performance of source depth estimation in a typical scenario, a tradi-
tional triangulation method is implemented here, as described in
Appendix B. The resulting 2D source location in cartesian coordinates is
denoted x* = [x* y*|", where a superscript T indicates transpose.
Although a real excitation typically has a wideband source function
[36,37], bandpass filtering may be used to achieve narrowband con-
ditions in experimental signals, thus simplifying their analysis [19,35].
To approximate the harmonic waveforms modeled in Section 2, a spe-
cific frequency is targeted by processing the signals sy, ...,sy (recorded
by N sensors) through a narrowband filter. To isolate the fundamental
Ap and Sy modes, the center frequency f; is chosen below the first cutoff
frequency (roughly 1.6 MHz-mm for an aluminum plate, as determined
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from dispersion curves). For simplicity, the notation s, ...,sy is used
from here onward to denote the filtered signals.

3.2. Depth estimation stage

Within the AEDep flowchart, information from the initialization
stage is input to an amplitude ratio extraction step, from which the
source depth is estimated. This is the main component of the inversion
algorithm. The amplitude ratio extraction step is based on determining
the maximum correlation between the AE signals and a set of trial
signals (with known amplitude ratios). Let the concatenated AE signal
from N sensors be denoted s = [s; --- s4|". Further, let the trial con-
catenated signals (determined below) be Sy, ...,S;, where each S; has a
unique amplitude ratio R;. Since only the amplitude information within
the signals is relevant, the overbar notations § and §; are used to denote
the envelopes of the recorded and trial signals, respectively. For an
arbitrary signal s, the envelope may be obtained using the Hilbert
transform H{-} as

5 =|s + iH{s}| an

where |-| denotes absolute value. Given a set of trial signals indexed by j,
the index j* achieving the maximum correlation is determined by using
the inner product (-,-) as a correlation metric,

J* = argmax; (5, S)) 12)

To ensure there is no bias associated with the norm of individual trial
signals, each is taken to satisfy IISJ-Hz =1, where [|-||, denotes the
¢,-norm. The extracted amplitude ratio is then

R* = Rj* 13)

thus automating the amplitude ratio extraction.

With the amplitude ratio determined, it may be converted to source
depth using an appropriate model. Since this paper considers char-
acterizing edge forces, the FEM model presented in Section 2.2 is used
for this purpose. In particular, the fitted polynomial in Eq. (10) is used
to estimate the source depth given an extracted amplitude ratio R*,

*_ [P R _p
h 4> q 24 (14)

where the parameters p and q are those associated with the given sensor
diameter D and center frequency f.. Since estimated depth values which
exceed the plate thickness are not meaningful, any cases in which
z*/h > 1 are set to 1.

3.2.1. Trial signal creation

In this paper, a model-based approach is used to create the trial
signals, as outlined in Fig. 6. This involves analytically propagating
narrowband source spectra with various amplitude ratios from the es-
timated source location x* to the sensor locations x;, ...,Xxy. However,
since the source spectra are not known a priori, they are estimated here
using information from the measured signals. This is accomplished by
isolating a propagated waveform within one of the signals and then
backward propagating it to the source location.

To estimate the source spectrum, the first arrival mode wavepacket
U; within the first sensor’s signal is identified, as pictured in Fig. 7. For
this purpose, let the sensor indices be chosen in order of ascending
arrival time, such that the first sensor corresponds to the shortest arrival
time. Although any sensor may be selected here, the first is chosen in
order to maximize the signal-to-noise ratio. To further reduce noise
artifacts, the wavepacket is fitted by a Gaussian modulated wavepacket
with center frequency f, = w./27,

Ui(t) = G(t)eiwet (15)

where G is the Gaussian envelope (see Fig. 7), with mean and variance
denoted ¢, and o, respectively. Since only the amplitude is of interest,
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Fig. 6. Flowchart of inversion algorithm (AEDep) for AE source depth char-
acterization.
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Fig. 7. Illustration for fitting of Gaussian envelope G to the envelope of the first
arrival wavepacket U;. Two points used for fitting indicated by dots.

there is no need to match the phase in the Gaussian wavepacket to that
in U;. The fitting is then completed by measuring two unique points on
the envelope of U;. These are voluntarily taken as the peak A, and half-
peak A,/2, occurring at t, and #,, respectively, as visualized in Fig. 7.
With (t,, Ap/2) and (&, Ap) serving as two known points on the Gaus-
sian, the variance may be found as ¢ = (¢, — t,)?/2In(2), where In(-)
denotes the natural logarithm. The first arrival spectrum U; may then be
approximated by the spectrum of the Gaussian wavepacket, denoted G.
With G being Gaussian, this may be found explicitly as [19]

’G\ — /27T02AP ei(w—wc)tp—(w—wc)zcz/z (1 6)

The source spectrum o* may then be estimated by backward propa-
gating the first arrival spectrum (as approximated through G). From Eq.
(2), this may be written

0* = /K Geon an
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where k, is the wavenumber of the first arrival mode (i.e. Sy for the
considered frequency range), and r, = ||x* — X||, is the distance from
the estimated source x* to sensor 1. Since the cos(6,) and — /2i/7r,
terms in Eq. (2) do not affect the final amplitude ratio, those terms are
not included in the above backward propagation. The frequency spec-
trum [A]j,,m of mode m at sensor n, for a given amplitude ratio R;, may
then be obtained by scaling and propagating the source spectrum to
that sensor,

~ Ajm ~x
Uj,n,m - %U*elkmrn (18)
m

where m = {a, s} denotes A, and S, respectively, A; ,, is the amplitude
for mode m given the trial ratio R), k,, is the wavenumber for mode m,
and r, is the distance from the estimated source to sensor n. Since the
measured response implicitly contains the sensor tuning factor, the trial
amplitudes A; ,, are related to the ratio R; as
R

ka Ajs (19)
By voluntarily setting the S amplitude to unity (i.e. Ajs = 1), the A
amplitude is then determined from the amplitude ratio,
Aja = Jka/ksR;. The trial signal at sensor n with amplitude ratio R; is
found by superposing the two modes and transforming to the time
domain as

S},n = ‘7—-1{2 fjjnm}

m

(20)

where 7 {-} denotes the inverse Fourier transform. The trial con-
catenated signal for a source with amplitude ratio R; is then formed as

§; = [Sfl " SJTN]T 21

It should be noted that the model defined through Eq. (20) only
considers the first arrivals at each sensor. The inversion algorithm
therefore extracts the amplitude ratio best describing the first arrivals in
the measured signals. In this way, no knowledge of the boundaries of
the plate-like structure are necessary.

4. Experiment
4.1. Aluminum plate

The inversion algorithm AEDep was first tested on a square
2h = 3.18 mm (0.125 in.) thick 6061-T6 aluminum plate of length
L = 0.914 m (3 ft). A schematic of the experiment may be seen in Fig. 8.
The surface of the plate was instrumented (using hot glue) with N = 4
Physical Acoustics Corp. (PAC) PICO sensors, denoted Pi,...,P4. The
sensor diameter was D = 4.78 mm (0.188 in.), which yielded an effec-
tive sensor size of b = 3.75 mm (0.148 in.) from Eq. (3). The peak re-
sponse of the sensors was near 470 kHz.

Acoustic emission due to horizontal edge forces was obtained using
Hsu-Nielsen pencil lead breaks (PLBs) at 16 locations along the plate
edge, as seen in Fig. 8. The PLBs (with 0.5 mm lead) were considered to
be equivalent to point forces [38]. Due to the symmetry of the plate and
the sensor locations, PLBs were only carried out within the lower
righthand quarter of the plate. For each location, PLBs were performed
at three source depths: mid-plane (z’ = 0), quarter-plane (z’ = h/2),
and top-plane (z' = h). Since the amplitude ratio is symmetric with
respect to the mid-plane [25], AE was only simulated over one half of
the plate thickness. For each depth, the PLB was performed twice, re-
sulting in 32 PLBs for each.

Recorded AE signals were preamplified at 40 dB (PAC 2/4/6 pre-
amplifiers), sampled at 5 MHz, and stored on a Mistras Micro-Express
data acquisition system (DAQ). The DAQ also had an on-board band-
pass analog filter, with the cutoff frequencies set to 100 kHz and 1 MHz.
The recorded signals were then post-processed through the inversion
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Fig. 8. Schematic of experimental setup and data acquisition for recording si-
mulated acoustic emission in a square aluminum plate (L = 0.914 m, 2h = 3.18
mm). Pencil lead break acoustic emission source locations indicated by crosses,
with four sensors indicated as Pq,...,P4.

algorithm using a PC. The algorithm was implemented with J = 100
trial amplitude ratios. The range of trial ratios was taken between 0.1
and 10, yielding (R, R, ...,R;) = (0.1, 0.2, ...,10). The recorded signals
were then further bandpass filtered during post-processing using a
fourth-order Butterworth filter. The center frequency f, was selected as
the sensor’s peak response at 470 kHz, with cutoff frequencies set at 445
and 495 kHz.

4.2. Fuselage panel

To investigate the performance of the inversion algorithm on a more
realistic structure, analogous experiments were also conducted on a
1.3m X 1.1 m (50 in. X 44 in.) fuselage panel (2025-T6 aluminum) from
a civilian aircraft, as shown in Fig. 9. It may be seen that the fuselage
was composed of rounded rectangular segments which were locally
homogeneous, at 2.0 mm (0.079 in.) in thickness, spanning an area of
roughly 45cm X 15cm (18 in. X 6 in.). Near the riveted areas, the
thickness of the fuselage panel roughly doubled, as indicated by the
rounded lines in Fig. 9. Four PICO sensors were installed on the back
side of the fuselage panel, and arranged semi-randomly. The goal of the
sensor arrangement was to investigate the performance of the inversion
algorithm with only two sensors installed per segment. For simplicity,
only the lower right segments were instrumented.

Like the test on the aluminum plate, AE with different source depth
was generated at various locations along the edge of the fuselage panel.
Due to the smaller size of the investigated segments, only five locations
were tested. Moreover, due to the smaller thickness of the fuselage, only
two planes (top- and mid-plane) could be reliably used to tested. The
recorded signals were preamplified, sampled, and filtered under the
same conditions used in the aluminum plate. In addition, the trial
amplitude ratios for the inversion algorithm were also the same.

5. Localization and depth estimation results

This section presents the experimental results obtained for the alu-
minum plate and fuselage panel. Results are discussed for planar lo-
calization using the triangulation technique, as well as source depth
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Fig. 9. Schematic of experimental setup and data acquisition for recording controlled acoustic emission sources in fuselage panel (L = 0.50 m, 2k = 2.0 mm). Source

locations indicated by crosses, with four sensors denoted Pj,...,P.
characterization using the inversion algorithm.

5.1. Aluminum plate

The results of planar localization using the iterative triangulation
technique may be seen in Fig. 10(a)-(c) for the top-, quarter-, and mid-
plane source depths, respectively. The results show good agreement
with the true locations, with an average error of less than 1 cm (roughly
1% of plate length). It may be seen that the localization accuracy de-
creased slightly as the sources approached the plate corner. This may be
due to reflections within the corner, poor location with respect to the
sensors, or boundary conditions from the corner supports of the plate,
for instance. Although the accuracy decreased in these cases, the ab-
solute error never exceeded 2 cm.

In order to illustrate the recorded and trial signals, an example is
shown in Fig. 11 for the concatenated recorded signal s from a ran-
domly selected AE location (x = 55 cm, y = 0 cm) along the top-plane
of the aluminum plate. Overlain is the concatenated trial signal S
whose amplitude ratio (R* = 3.6) achieved the greatest correlation with
the recorded signal. Only the signal envelopes § and Sx are shown,
with dashed lines distinguishing the signals from each of the four sen-
sors. It may be seen that trial signal captures the first arrivals and
amplitudes of the fundamental Lamb modes, demonstrating the

effectiveness of the automated amplitude ratio extraction.

To visualize the results as a whole, the extracted amplitude ratios
R* for each source depth may be seen in Fig. 12. For verification, the
results are overlain with predictions from the FEM model at 1.5 MHz-
mm (i.e. 470 kHz in the 3.18 mm plate). The data points shown for the
extracted ratios are an average of the 32 simulations at each source
depth, with two standard deviations shown as vertical error bars. It
should be noted that the width of the pencil lead (0.5 mm) was not
entirely negligible with respect to the plate thickness. This width is
therefore shown as horizontal error bars in Fig. 12, in order to visualize
the uncertainty in the tested depth. The results in Fig. 12 closely match
the FEM predictions, demonstrating that the PLBs well approximate
edge point forces, and suggesting the potential for depth characteriza-
tion. If there is any systematic error, it appears that there is a slight
underestimation of the measured amplitude ratio. This may be due to
the fact that if there is any small vertical component in a PLB, it will
disproportionately favor Ao, thus artificially increasing the measured
amplitude ratio. Inspecting the vertical error bars, it may be noted that
the uncertainty of the amplitude ratio increased monotonically from
mid-plane to top-plane. This may be explained by considering that the
measurement uncertainty for amplitude ratio will increase when the
amplitudes become more different (i.e. as the source approaches the
top-plane).

(a) 50 i

Top-plane > Quarter-plane ® (c) Mid-plane @
40 ] L] @
] L] []
—30 [] ] ]
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Fig. 10. Aluminum plate: Planar localization results overlain with true locations for acoustic emission sources along the (a) top-plane z’ = h, (b) quarter-plane
Z' = h/2, and (c) mid-plane z’ = 0. Note: only lower right quadrant of plate shown.
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Fig. 12. Aluminum plate: Average amplitude ratios and associated uncertainty
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Fig. 13. Aluminum plate: Source depth estimation z*/h for each depth plane
shown over a half-thickness of the plate, with pencil lead break areas shaded.
Error bars represent 95% confidence interval.

Source depth estimation using the extracted amplitude ratios may
be seen in Fig. 13. In particular, the FEM prediction was used to per-
form the conversion from amplitude ratio R* to source depth z* using
Eq. 14. For an effective sensor size of 3.75 mm, the fitted parameters in
the equation at 1.5 MHz-mm were found to be p = 2.42 and q = 1.64,
with the resulting polynomial function shown in Fig. 12. The results in
Fig. 13 are overlain with the true source depth, represented by a dashed

line within the shaded PLB area. The PLB area is then used to represent
the uncertainty in the true depth. Good agreement is shown between
the true source depth and that estimated using the inversion algorithm.
As in Fig. 12, the uncertainty increased from mid- to quarter-plane.
However, the uncertainty in the top-plane was relatively less, due to the
fact that source depths estimated beyond z*/h = 1 were set to 1. The
overestimation of source depth noted previously (potentially due to
systematic experimental error) may also be seen here in the mid- and
quarter-plane cases. For the top-plane, however, the depth is under-
estimated since no estimations will exceed the plate thickness. Lastly, it
may be noted that the computation time required for the entire inver-
sion algorithm was 0.8 s on average, demonstrating the potential for
real-time monitoring.

5.2. Fuselage panel

Planar localization results for each of the tested source depths in the
fuselage panel are shown in Fig. 14. As in Section 5.1, the triangulation
technique was performed with all four sensors, and therefore included
some wave paths passing through the riveted stringers (see Fig. 9).
However, the good agreement between the true and estimated locations
verifies that the S, velocity was not detrimentally affected by the rivets
and stringer. As with localization for the aluminum plate, the estimated
source locations were nearly identical between the tested source
depths. The average error among all simulated sources was 1.2 cm, with
the largest error being 3 cm (slightly larger than for the aluminum
plate).

The amplitude ratio was extracted in an analogous manner to the
aluminum plate study, and the source depth was estimated as shown in
Fig. 15. Although the S, velocity was not significantly affected by the
riveted stringer, it is possible that the amplitudes of the two funda-
mental modes may be affected to different extents. Therefore, only
those sensors which were not separated from the source by a stringer
(i.e. P; and P,) were used to perform depth estimation. To convert the
amplitude ratio to source depth z*, the parameters in Eq. (14) were
found to be p = 2.44 and q = 0.699. These were derived from the FEM

‘ x True © Estimated‘ ‘ x True © Estimated‘

(@) 50
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Fig. 14. Fuselage panel: Planar localization results for simulated acoustic
emission along the (a) top-plane z’ = h, and (b) mid-plane z’ = 0.
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Fig. 15. Fuselage panel: Source depth estimation z*/h for each simulation
plane, with pencil lead break areas shaded. Error bars represent 95% con-
fidence interval.

prediction with b = 3.75 mm at 0.94 MHz-mm (i.e. 470 kHz in 2.0 mm
plate). It may be seen that the estimated depths show comparably good
agreement in accuracy and uncertainty between the mid- and top-plane
cases. Considering Fig. 13, the error and uncertainty in both cases were
comparable to that found previously. The fact that good agreement was
achieved with only two sensors highlights the potential for gathering
rich source information in realistic structures with a relatively low-
density sensor network. Similar to the aluminum plate study, the re-
quired computation time was 0.7 s, further demonstrating the algo-
rithm’s real-time monitoring potential.

6. Conclusions

This paper proposed an inversion algorithm (AEDep) for the esti-
mation of AE source depth in plate-like structural components. The
algorithm was tested on an aluminum plate and a fuselage panel from a
Appendix A. Lamb mode amplitudes

The amplitude of a Lamb mode due to a buried force is [25]

_ikvw
aM

where, for symmetric modes, the parameters in the above are defined:

V  =acos(az’) + axcos(Bz')

W = assin(ah) + ausin(Bh)

M = ufcicos?(ah) + cycos?(Bh)]
a; = 2cos(Bh)

2_p2
K kzﬁ cos(ah)

@ = -

a = — Zcos(gh)

a, = — kzs—kﬁ 2cos(och)

o = k;;s;g [28h(k* — B2 — (k* + 78%)sin(2Bh)]
K2+

o =3 [4ahk? + 2(k* — 2a?)sin(2ah)]
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Boeing 777 aircraft, in order to evaluate ideal and realistic components,
respectively. The algorithm was validated for characterizing controlled
horizontal edge forces, obtained via Hsu-Nielsen pencil lead breaks.

Good agreement was found between the true depths of AE sources in
the aluminum plate and those estimated using the proposed algorithm.
The fact that good agreement was found for sources originating outside
the convex hull of the sensors demonstrates its versatility for various
source locations. Good performance for such locations will be required
if the algorithm is applied in the field, where important events like
fatigue cracks emanating from rivet holes may be present. However, the
fact that different source depths were also able to be distinguished in
the fuselage shows promise for implementing the algorithm in realistic
plate-like structures. From the observed uncertainties, the algorithm
has the potential to distinguish sources near the surfaces and the mid-
plane in such thin plate-like structures (roughly 2mm thick). Since
there was some overlap in the uncertainties between surface and
quarter-plane sources, it may prove challenging to achieve resolution
on the order of quarter-planes within depth characterization. Along
with the fast computation demonstrated in both experimental cases, the
results demonstrate the potential to monitor crack growth through the
thickness of plate-like structures in real-time. Lastly, due to the sym-
metry of the amplitude ratio with respect to the thickness of a plate,
whether a source originates from the top or bottom half of the thickness
cannot strictly be determined.

With the algorithm validated against controlled sources, further
research should focus on Lamb waves generated from cracking me-
chanisms to enable source depth characterization under real cracking
scenarios. Future work may also further investigate the effect of the
number of sensors used, while potentially determining the minimum
number required.
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with the wavenumber-like terms o and § defined as «® = w?/V? — k2, and 82 = w?/V? — k2. The bulk wave velocities are defined in terms of the Lamé
constants A, u and density p as pVZ = 1 + 2u and pV? = y. For antisymmetric modes, the parameters are instead defined:
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Appendix B. Triangulation technique

The iterative triangulation technique adopted here is an adapted version of that presented in [33]. The inputs to the iterative technique are the
differential arrival times (voluntarily referenced against sensor 1). These are collected in the vector T = [T, --- Tin]’, where Tj, = t, — t; is the
differential arrival time between sensors 1 and n, and a superscript T denotes transpose. For convenience, let the signals s, ...,sy be sorted such that
the arrival times 4, ...ty are in ascending order; thus, Ty > ..>T, > 0. The technique then iteratively updates an initial location estimate
x% = [x? y°] in the plane of the plate until some convergence criterion is reached. The update from the i to the i + 1 estimate is obtained by adding
an update term Ax! = [Ax! Ay!]", scaled by a small rate term e,

xitl = xi 4 e AX! (B.1)

The update term is determined from the residual r' = T — T' between the measured differential arrival times and those estimated from the current
location x! (denoted T),

Axt = (GY)*r! (B.2)

where a superscript + denotes the pseudo-inverse. For N sensors, the matrix G' has dimension (N — 1) X 2, and is defined as

orf, 0Ty,
oxt oy
Gi=|: .
oTiy OTin
oxt oyt (B.3)

where the spatial derivatives are expressed

T, _1fx-x _ xx

ax! Vs ri m

T, _ 1(Y-n _ V-

a wl A " (B.4)

with V; the S, group velocity at the given center frequency (determined from dispersion curves), and r\ = |[x' — X,||, the distance between the i-th
estimated location and sensor n. Once the given convergence criterion is reached, the superscript % is used to denote the final estimate of source
location as x*. For the experiments conducted in this paper, the initial location estimate x° for the iterative technique was taken as the center of a
specimen, while the rate term € was set to 1 x 1073, The iteration was considered to converge when the &,-norm of the update term Ax‘ was less than
1 mm.
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