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Non-destructive testing and structural health monitorindSHM) techniques using elastic
guided waves are often limited by material inhomogeneity ogeometrical irregularities
of the tested parts. This is a severe restriction in many elgl of engineering such as
aerospace or aeronautics, where typically one needs to motor composite structures

with varying mechanical properties and complex geometriesThis is particularly true in
the case of multiscale composite materials, where anisotfwy and material gradients may
be present. Here, we provide an impact localization algohim based on time reversal
and laser vibrometry to cope with this type of complexity. Té proposed approach

is shown to be insensitive to local elastic wave velocity orepmetrical features. The
technique is based on the correlation of the measured impactesponse and a set of
measured test data acquired at various grid points along thepecimen surface, allowing
high resolution in the determination of the impact point. Wepresent both numerical
nite element simulations and experimental measurementsct support the proposed

procedure, showing successful implementation on an eccemically stiffened aluminum
plate. The technique holds promise for advanced SHM, poterlly in real time, of
geometrically complex composite structures.

Keywords: impact localization, guided waves, numerical simul
laser vibrometer measurements

ations, structural health monitoring, time reversal,

1. INTRODUCTION

Assessment of the integrity of structural components is ebgimportance for aerospace vehicles
and systems, for land and marine transportation, for civitastructures, for the oil industry as well
as for other biological and mechanical applicatioBsgndt, 200J. It is well-known that accidental
impacts may generate hidden damage in structures, which easldp under cyclic loading, until
it endangers the integrity of the whole structure. In somsesa propagation of undetected damage
can be the cause of the structural failure. One of the mostkvellvn cases of this occurred when
the composite tile on the leading edge of the wing of the SpaatlISiColumbia fractured due to
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impact with a piece of foam insulation, leading to a catastrophiused for the collection of the training data, the smaller the
failure of the whole vehicle on February 1, 200B\GA, 2003 variation in the localization performance is, we show that in

In order to prevent this scenario, the capability to identify our case a single piezoelectric transducer is su cient to aghi
impacts and then to monitor potential damage evolution inadequate training data capable of unambiguously providirgy th
the neighborhood of the impact is of crucial importance. Withimpact location with good accuracy. This is possible thanks
this in mind, the use of Structural Health Monitoring (SHM) to the relatively small irregularity of the location surnoding
approaches based on guided elastic waves driven by a netwdhe transducer and to the possibility of thoroughly cleaning
of piezoelectric transducers has attracted the intereseeél the bonding surface and thus properly gluing the transducer to
researchers in recent decad@s(achowicz et al., 20).1 the specimen.

For isotropic plates, several techniques, known as hyperbolic

approaches, have been proposed for impact localization over A TIME-REVERSAL BASED

the years, the majority of which locate the point of impact
after detecting the acoustic emission signal generatedhby IPROCEDURE FOR IMPACT LOCATION

impact event using at least three sensors and applying standa@l1. Time-Reversal Basic Principles
or modi ed triangulation techniquese Marchi et al., 201 The concept of TR applied to Lamb waves is here briey
When the assumption of isotropy is removed, the standardecalled with the support oFigure 1 Elastic guided waves
triangulation technique fails and alternative methods thée  are excited into a plate-like structure by means of a tone
be used. Various approaches for anisotropituifdu et al., purst signalUp(t) at point A (the subscriptD is used to
2019 and inhomogeneous plate-likeH@jzargerbashi et al., distinguish the signal in the direct propagation phase from the
2017 structures have been proposed, including threshold-base@constructed one, namefd, r, in a time reversal experiment).
procedures Kundu et al., 200p peak detection techniques This elastic wave propagates from A to B in the plate where
(Tracy and Chang, 1998; Seydel and Chang, paad cross- it is recorded asUacqt). This signal can be then time
correlation schemes\\(hite, 1969. However, these methods inverted Uac{ t) and used as the input signal in B. The
are predictive on regular geometries whereas the presence phl stage is to acquire the corresponding signidb( t)
sti eners, rivets, and other geometrical irregularitiesduce their  in A again.
diagnostic potential. If the source is point-like, TR allows to focus back to the
To overcome these diculties, other approaches basedource irrespective of the medium complexityassereau and
on direct strategies and inverse methods have recently beemnk, 1992; Fink, 1992; Wu et al., 199Spatial reciprocity is
proposed. While the rst type requiresad-hoc designed not broken by velocity dispersion, multiple scattering, mode
transducers $alamone et al., 2010; Senesi et al., 2010; BaraveBnversion, anisotropy, refraction or attenuation, as lasgthe
et al., 2013; De Marchi et al., 2Q18he second makes use latter is linear with respect to the wave amplitude. This remsai
of a database of responses generated by imp&itss{ewski true even if the propagation medium is inhomogeneous with
et al, 2000; Coverley and Staszewski, 2003; Park J. et wasiations of density and stiness which re ect, scatter,dan
2009; Ciampa and Meo, 2012n this context, Park et. al. refract the acoustic waves. On the contrary, non-lineast&a
recently proposed a new impact localization algorithm based ects may break spatial reciprocity (and therefore focusing
on time reversal (TR) and scanning laser Doppler vibrometethrough TR), as do those e ects that lead to wave velocity
(SLDV) measurements applied to Lamb wavésrk et al., variations along the direct and inverse propagation pathsrk
201). The use of TR in Lamb wave applications was rstH.\. etal., 200 Contrary to the case of bulk waves, TR of Lamb
explored bying and Fink (1988, 1996and later extensively waves is complicated by their dispersion and multi-modal nature
used both for damage detection in plate&/qng et al., 2004; (Park H.W. et al., 2009
Park et al., 2007; Gliozzi et al., 2015; Miniaci et al., p@hd
for impact localization $ohn et al., 2011; Park et al., 2p12 2.2. Procedure Description
Lamb waves are extensively involved in plate-like structfoes In what follows the impact localization algorithm originally
non-invasive inspection because of their guided naturenallg  proposed byPark et al. (2012 brie y recalled.
for large area inspection. However, their dispersion oftemith First, Lamb guided waves are excited in the specimen
their use because of the complex waveform of acquired signalsder test by means of a surface-mounted piezoelectric (PZT)
since pulse distortion occurs due to the variation of modalransducer (red circle inFigure 2A) reproducing an impact-
group velocities. Because of this the received signalsfeae o like time-history (a square signal, for instance). A traigidata
di cult to interpret ( Ostachowicz et al., 20)land TR becomes set of signalgy(t), with i D 1,2,...m (Figure 2B), is then
an attractive tool to overcome the problem of dispersion incollected recording the out-of-plane velocity at the desire
guided elastic waves. This technique only requires minimgboints with a Scanning Laser Vibrometer, denotedrigure 2A
prior knowledge of the monitored structures and no speci cwith black dots within the target scanning area bounded by th
information relative to the properties of the propagating mediu red dashed line.

(Ing and Fink, 1988; Park et al., 2007 Now let us suppose that the structure is subjected to an
In this work, the procedure proposed ifark et al. (2012js  impact within the scanned are&igure 20 and that the guided
applied to locate simulated impacts in a reinforced aluminumwaves responsé(t) is recorded by the same piezoelectric

plate. Although in general, the larger the number of transetgc used to generate the training datasefigure 2D). At this
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FIGURE 1 | (A) Schematic representation of time reversal (TR) procedureifLamb waves in a plate-like structure(B) A tone burst excitationUp(t) is provided at point
A, generating elastic guided waves in the plate that are reeded as Uacq(t) in B. This acquired signal is then time-inverted ablacq( t) and used as the input signal in
B. The acquired signal at point A is the inverted reconstruan Up (( t) of the original signal.
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FIGURE 2 | Schematics of the proposed technique for impact localizatin: (A) scanning area;(B) training data set acquisition;(C) actual impact event;(D) actual
impact Impulse Response Function (IRF).

point, the correlations between the actual impact responstirther details):

f(t) and the responses of the training data sgft) are

computed. Because of the dispersion of Lamb waves, without Zc1

any numerical manipulation the correlation is very poor, €nc (f?9()D f(ho( Ct)dt 1)
the compared signals are completely di erent. However, it can !

be mathematically shown that if the correlation is writtes @
function of inverted signal(T  t) D Rt) (beingT the duration where? denotes the correlation operation. On the other hand, the

of the acquired signal), thg(t) with maximum correlation ~Convolution of two functions is de ned as:

to the actual impact responddt) can be used to identify the Z e
impact location. The correlation correlation betweéft) and
g(t) is de ned as follows (se@ark et al., 2012; Miniaci, 20dr t a()b 1 fg( yt 2)
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FIGURE 3 | A schematic representation of the tested specimen(A) isometric
view and (B) cross-section. The drawings are not to scale, for sake of clety. FIGURE 4 | Three snapshots of the guided wave propagation in terms of
The light gray rectangle indicate the scanning aregC) Time history (top panel) normalized Von Mises stress at different time stepsl D 0.5 ms, t2 D 0.75 ms
and its frequency content (bottom panel) of the excitationignal (chosen as a and t3 D 1 ms after the simulated impact is applied. It is possible to oerve
square pulse to simulate an actual impact event). how the stiffeners con ne and guide much of the energy, and the of the

available information to determine the impact. This is duetthe much higher
rigidity of the stiffeners with respect to the plate.

where is the convolution operation. Comparison between
Equations (1, 2) reveals that the correlation and convolutire

related to each other as follows: domain is transformed into a simple multiplication in the

frequency domain:

z C1l
f?2gDR gD g t)dt (3) Fff ggDFffg Ffgg (4)
1

where F denotes the Fourier transform operator. The
Equation (3) shows that the correlation between two signalgonvolution is reconstructed by taking the inverse Fourier
is mathematically equivalent to the convolution betweenransform of Equation (4):
one and the time-reversed version of the other one. By
applying the Fourier transform, the convolution in the time f gDF YFffg Ffggg (5)
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FIGURE 5 | Numerical results.(A,C,E) Normalized correlation values between the signal registed at each grid point and the signal of the actual impact poirst (1-D
plots). (B,D,F) The estimated points of impact are then derived and highliglkd in a 2-D visualization. The gray dots denote the scanningoints, the red circle the
acquisition point, the green spot the real impact positionsnd the blue crosses the estimated ones.

Since this new expression involves only Fourier and inverseigures 3A,B The specimen is 1,000 mm in length and
Fourier transforms and point-wise multiplications, the 1,000 mm in width. It is composed of a at aluminum 1-mm
correlation or convolution can be computed e ectively: thick plate reinforced by two unidirectional eccentric sthers
with L cross-section. The width of both the web and the ange
of the stieners is 3 mm. The stieners are parallel to the
specimen edges and are attached to the plate along their full
length. Material properties are the following: Young's madgul

E D 68 GPa, Poisson's ratio 0.32 and densit 2,700 kgm?
(Miniaci, 20134.

f2gDf( t) gDF YfFff( t)g Ffggg (6)

The maximum correlation value, obtained using Equationib)
designated as the most likely impact poiRefk et al., 201)2

3. IMPACT LOCALIZATION: NUMERICAL
AND EXPERIMENTAL RESULTS o . :
The reliability of the proposed technique is rst tested

3.1. Description of the Tested Specimen numerically by means of a transient Finite Element (FE)
The reviewed impact localization algorithm is tested onanalysis simulating the propagation of guided waves in the
a reinforced aluminum plate, schematically shown inaforementioned specimen. The implemented model is shown in

3.2. Numerical Application
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FIGURE 6 | Numerical results.(A) Representation of the 2D nite element model under plane stia assumption. The black arrow shows the position where eld&
waves have been excited into the specimen (through an imposeout-of-plane displacement of the corresponding mesh nodgin phase 1. It also represents the
collecting position during phase 2 (i.e., after the actuaimipact has occurred). The location of the acquisition pointeomposing the training data are indicated with red
arrows. (B,C) Normalized correlation values between the signal registed at each grid point and the signal of the actual impact poirgt (1-D plots) for the aluminum Il
and steel cases, respectively. Additional numerical simations showing the effectiveness of the TR-based techniquesgardless of the material properties of

the specimen.

TABLE 1 | Young's modulus, density and Poisson's ratio of the stiffead plate used for additional numerical simulations in ordeo prove the effectiveness of the technique
regardless the material properties of the sample.

Material Young's modulus E [GPa] Density [kg m 3] Actual impact point x-coordinate [mm]  Estimated impact point and x-coordinate [mm]
Aluminum (I1) 70.5 2,750 390 12-387.5
Stainless steel 210 7,850 390 12-387.5

The following case studies are considered: aluminum (with slightlyftérent properties with respect to those initially considered in the manusipt) and stainless steel. The Table also
reports the actual impact point x-coordinate [mm] and the estimated onesalong with the grid point number).

Figure 3A. A full 3D propagation eld is calculated by using the sti eners con ne and guide much of the energy, and thus
linear hexahedral brick elements of C3D8R type for a totabf the available information to determine the impact. This is
number of 2,686,684 nodes. To ensure accuracy to the timekue to the much higher rigidity of the sti eners with respect
transient FE simulations, the plate domain is discretizethwi to the plate.
elements of maximum side lengtbnax D 1 mm and the The following impact cases are considered:
time integration step kept an '1e 8s D?. Marchi (i) Impact location corresponding to a grid point (results are
et al., 201p To reproduce the experimental conditions, wave L )
; . shown inFigures 5A,B;
re ection, generated by both plate edges and sti eners, a$ wel .. . . . -
. . L (i) Impact location corresponding to a random point within

as geometrical attenuation, due to wave radiation, arertake - . .
. . . . the area delimited by the sti eners (results are shown in
into account. Impact is simulated by imposing an out-of-plane Figures 5C.0);
displacement in the form of a sharp square pulse Bgare 30, 9 7 - . .

; . L K (iii) Impact location almost equidistant from two grid points
which reproduces the kind of excitation that may occur in an . .
. . . . - (results are shown ifrigures 5E,F;
impact event. In the FE analysis only 81 scanning points cogeri
a square scanning area of 90®00 mm are considered. Corresponding signals are collected and processed as explaine

Figure 4shows three snapshots of the simulated guided wavie section 2.2. Results are presentedFigure 5 con rming
propagation in terms of normalized Von Mises stress at di erentthe reliability of the methodFigure 5 reports the normalized
time stepstl D 0.5 ms,t2 D 0.75 ms, and3 D 1 ms after correlation values between the signal registered at eadlpgimt
the simulated impact is applied. It is possible to observe hownd the signal of the actual impact points (1-D plots) as well as
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FIGURE 7 | Numerical simulations showing the effectiveness of the TRased technique regardless of the geometrical properties fathe specimen. (A) Representation
of the 2D nite element model under plane strain assumption. fie stiffeners have been replaced by tapers of half the platdickness h = 0.5; H = 0.5 mm. All the other
parameters are left unaltered with respect td=igure 6 . (B) The impact location still is predicted with good accuracy.

the estimated points of impact derived in a 2-D visualization(aluminum Il in Figure 6B and steelFigure 6C respectively).
The gray dots denote the scanning points, the red circle th€igures 6B,Creport the normalized correlation values between
acquisition point, the green spot the real impact positions andhe signal calculated at each grid point and the signal of thesd
the blue crosses the estimated ones. Speci cally, it appeats thmpact points (1-D plots), clearly proving the independence of
when the impact point coincides with an acquisition point the procedure from wave velocity. This is in accordance with
(Figure 5B), the correlation presents a higher valliggure 5A)  a fundamental symmetry principle of TR-ipk et al., 200))
than for a random point Figures 5C,B and the impact location if the geometry and excitation/acquisition conditions aedt
can be predicted extremely accuratehigure 5B). Therefore, unaltered Miniaci et al., 201).

numerical simulations show that the farther the impact point Secondly, the sti eners have been replaced by tapers running
is from a scanning point, the smaller the correlation value isthrough half of the thickness of the plate, as showrrigure 7,
The minimum is achieved when an impact occurs at a locatiorin order to show the e ectiveness of the TR-based technique

equidistant between scanning poin&dures 5E,B. regardless of the geometrical properties of the specimen. i thi
. ) ) ) case, too, the possibility to correctly locating the impadully
3.3. Additional Numerical Considerations supported by the numerical simulations.

In what follows, we verify the e ectiveness of the TR-based Finally, we performed additional numerical simulations to
technique regardless of the material and geometrical progof  check the reliability of the TR-based technique in the cake o
the specimen. To do this, additional numerical simulatio@sé& an impact occurring outside the area delimited by the sti ener
been carried out (without loss of generality and for the saka  (for instance in #23 with respect feigure 8§ and training data
reduction in computation time, a 2D plane strain model has beerollected through a transducer still bonded between the two
implemented sedrigure 6A). First, two additional numerical sti eners (in #15). Here too, without loss of generality aral t
simulations, in which the material properties of the specimerreduce computation time, a 2D plane strain model has been
have been changed by small and large amounts with respectiidplemented, as shown ifrigure 8A. Black and red arrows
those considered initially, have been performed (refefable 1  have the same meaning as in the previous cases. We found
for the adopted properties), in the case of an impact occurringhat the accuracy of the technique in detecting impacts oetsid
inside the area delimited by the sti eners (in #12) and traimi the area delimited by the stieners is strongly correlated to
data collected in #15 (segigure 6A). In order to verify that the quantity of energy the geometrical irregularity (i.the

the TR-based procedure is not dependent on the local elastiti eners) allow to reach the detection point. Indeed, sinbe t
wave velocity, exactly the same con guration is maintainedhickness of the sti eners is three times that of the plate ythe
for the two study cases, but with di erent material propertiescon ne and guide most of the energy (the amplitude of the wave
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FIGURE 8 | (A) Representation of the 2D nite element model under plane stia assumption in the case of an impact occurring outside the gea delimited by the
stiffeners ¢ 23) and transducer for the training data collection bonded btween the stiffeners # 15). The black arrow shows the position where elastic wavesra
excited into the specimen in phase 1. It also represents the diecting positions of the training data during phase 2, i.e after the actual impact has occurred (ir# 23).
The location of the acquisition points composing the traimig data are indicated with red arrows.(B—D) Numerical results show the accuracy of the technique in ters
of normalized correlation values between the signal registed at each grid point and the signal of the actual impact pait (1-D plots) as the ratio of the maximum of
the wave amplitudes registered outsideAqyt) and inside @) the area delimited by the stiffeners increases(B) Agyt=Ain D 0.283, (C) Agut=Ain D 0.415, and (D)
Aout=Ain D 0.511. (E) Calculated and extrapolated values of the grid point errorsaa function of the wave amplitude outside and inside the regh delimited by

the stiffeners.

beyond the sti eners is more than 3 times smaller than thatThus, it emerges that the method can still be applied insofar as
inside the sti eners), strongly limiting the information eehing  su cient wave amplitude is guaranteed beyond the geometrical
the transducer in #15 (in the case of impact occurring outsidérregularities (quantitatively a zero-grid point error isaehed for

the area delimited by the sti eners and training data coltt aratio of 0.5 seBigure 8D).

from a transducer bonded between the sti eners). Therefore,

in this speci c case with huge impedance mismatch, anotheB8.4. Experimental Application

map of training data would be required to correctly identify The tested specimen is shown [igure 9A. The red circle
the impact location (seEigure 8B). This condition corresponds represents the position of both the piezoelectric transduasesl

to a small ratio between the maximum of the wave amplitudeas actuator for the data training acquisition and of the SLDV
calculated outsideAyt) and inside Aj) the area delimited by acquisition point in impact tests. The testing region (76803

the sti eners (0.283). However, if the rigidity of the stiers2  mm), represented as the yellow rectangular box, is composed
is decreased, a larger wave amplitude is allowed to pass beyasfda regular grid with 93 91 acquisition points. Impacts
them and the accuracy of the technique increases, as fariost are simulated in correspondence of the three points shown in
in the case reported iffigures 8C,D corresponding to the cases Figure 9A, that were randomly chosen within the area delimited
of Aout=Ain D 0.415 andAqu=Ain D 0.511, respectively. by the sti eners, and denoted by black stars.
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FIGURE 9 | (A) Photograph of the tested specimen. The red circle represemstthe position of both the PZT transducer used as actuator fothe data training
acquisition and the SLDV acquisition in impact tests. The ylew rectangle represents the scanned portion of the platetésting region) during the training acquisition
phase and consists of a 93 91 grid of acquisition points (green dots) in the horizontalnd vertical directions, respectively. The unknown impagpoints - # 1, # 2, and
# 3 - are represented by means of black stars and chosen withinhte area delimited by the stiffeners(B) SLDV experimental setup.

Elastic guided waves are excited in the specimen usingthe scanning points, the red circle the acquisition point wiaere
ceramic piezoelectric disk of diameter 10 mm made of Sénox the green spot the real impact position and the blue cross the
by CeramTeé€ glued to the surface of the investigated sampleestimated one. It clearly emerges that the algorithm is able t
using commercial super-glue. A scanning measurement hegatecisely identify the impact point for all the three considered
(PSV 400 by Polytet) connected to a data acquisition systemcases. A very good accuracy, within 0.5 cm, is obtained déessar
and a steering circuit Rigure 9B) is used to perform the of the impact positionliniaci, 2014.
out-of-plane measurements of the velocities over the target
area. The pulse excitation is fed from a TGA1241 functiory. CONCLUSIONS
generator by Thurlby Thandar Instruments and amplied
through an EPA-104 ampli er by Piezo Systefn#nc, inducing  This work presents an impact localization algorithm based
a 20 Vyp signal. In order to improve measurements accuracyon TR and laser-vibrometry. The main idea is to locate an
the investigated specimen is covered with self-adesive)-retrimpact event by simply comparing the actual impact response
re ective Im by ORALITE®. This allows to improve the laser with IRFs obtained from a grid of training points. This
vibrometer signal level at each measurement point regardless technique is shown to be very powerful particularly in the case
the incidence angle of the measurement beam on the surfaeg irregular waveguides or complex structures since it does
(Ostachowicz et al., 20).1 not require the knowledge of the local wave velocity or the

The training data collection process is realized using thetructural geometry. Its main advantages over existingrtiegtes
square pulse shown ifrigure 3C applied to the piezoelectric are thus that: (a) it can be applied to complex structures
transducer. For each scanning point, 16,384 samples ay@th additional structural features such as ribs, sti eneasd
collected over 8 ms by the SLDV at a sampling rate of 256 kHzivet connections; (b) only simple correlation calculatoare
and signals are averaged 128 times to improve the signabigen required for impact localization, making it attractive foeal-
ratio. Intervals of 50 ms are provided between two conseeutivtime automated monitoring; (c) high spatial resolution in
pulse excitations to allow signals to decay close to the baokg  impact localization can be achieved. A signi cant advantage
noise level before a new data collection. Measurement dfvadl t of the present approach compared to previous realizations
signals from 8, 463 scanning points takes 8 h. of the technique is the use of a single instead of multiple

The results are shown ifrigure 10 where the normalized transducers, thus simplifying its experimental realizatiom
correlation values between the signal registered at eadlipgint  applications considerably.
and the signal of the actual impact pointEigures 10A,C,E Both numerical and experimental results conrm the
are presented. The estimated point of impact is then derivedapability of the method to identify unknown impact positions
and highlighted inFigures 10B,D,F The gray dots denote all without a priori knowledge of the tested specimen. The desctib

Frontiers in Materials | www.frontiersin.org 9 March 2019 | Volume 6 | Article 30



Miniaci et al. Time-Reversal Algorithm for Impact Localization

FIGURE 10 | Experimental results.(A,C,E) Normalized correlation values between the signal registed at each grid point and the signal of the actual impact poirg
(1-D plots).(B,D,F) The estimated points of impact are then derived and highligkd in a 2-D visualization. The gray dots denote the scanningoints, the red circle the
acquisition point, the green spot the real impact positiongnd the blue crosses the estimated ones.

procedure is here validated using only a single acquisitiontpoi points minimizing their distance (such as for instance

Tests also show that the localization of trial impacts can ba triangular disposition) may reduce the training data

successfully achieved regardless of the impact positionr (hea acquisition time.

sensor, far from the sensor, near a plate edge, near a sti ener) Future developments may include the optimal grid point
Although many methods are already available, the presemtisposition for the training data and additional tests in erd

method is particularly well-suited to impact localization in to examine the robustness of the proposed approach under

complex structures, such as parts fabricated using muléscatemperature variations.

composite materials, thanks to its unique potential to treat

in the same manner dierent kinds of waveguides, both

isotropic and anisotropic, homogeneous and inhomogeneoup ATA AVAILABILITY

with simple or irregular geometries. In this work, the traigi

data was obtained over a grid of square points. Howeveilhe datasets generated for this study are available on sétue

a more complex disposition of the SLDV acquisitionthe corresponding author.
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