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Abstract 
In this study, the application of analytically based time-reversal approach for actuator 
and/or damage localization and size estimation in thin-walled metallic and composite 
structures utilizing elastic guided waves is investigated both theoretically and 
experimentally. The main idea of this approach proposed by M. Fink is that an input signal 
can be focused at the excitation point if an output signal recorded at a set of points is 
reversed in the time domain and emitted back to the original source point. Time-reversed 
out-of-plane velocities, acquired with a contactless laser vibrometer at a sparse set of 
measurement points at the specimen surface, serve as input data for the developed algorithm. 
The theoretical modeling of re-emitted guided wave propagation is performed in the context 
of general linear elastodynamics for three-dimensional laminate anisotropic media. It is 
based on the efficient explicit analytical representations for quasi-cylindrical guided waves 
in terms of the Green’s matrix of the multilayered structure considered. The results of 
practical implementation of the developed method are illustrated by the examples of locating 
and sizing of circular surface-bonded piezoactuators and artificial damages both in metallic 
aluminium plates and laminate carbon fiber-reinforced plastic specimens. 

 
1 INTRODUCTION 

Thin-walled engineering structures manufactured from laminate composite materials are 
widely used in aerospace, civil and energy applications. So they are the main non-destructive 
testing (NDT) and structural health monitoring (SHM) objects. Among the approaches to 
structural integrity evaluation, ultrasonic elastic guided waves (GWs) are considered as an 
efficient solution, since they can propagate along the specimen over long distances, allowing 
testing inaccessible regions of complex components, and exhibit considerable sensitivity to 
localized inhomogeneities [1,2]. However, GW propagation in composite laminates is a 
complex phenomenon due to their anisotropy, multi-layered construction, and viscosity. 
Therefore, defect detection and localization in composite structures is a challenging problem, 
which requires advanced experimental techniques and adequate mathematical models for the 
efficient damage characterization.  
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A common solution for GW-based SHM systems is the utilization of a spatially distributed 
array of embedded or permanently attached piezoelectric wafer active sensors (PWAS) being 
able to generate and measure diagnostic GWs signals [2]. In order to perform damage 
characterization with only a few sensors, time reversal (TR) concept [3] may serve as a 
promising solution [4]. According to the TR methodology, the wave signals originating from 
the source are recorded by an array of transducers after going through the media, and then 
they are time reversed and re-emitted into the structure. The re-transmitted signals 
approximately refocus on the source [3-5]. These sources may be either active, representing 
actuators, or passive (reflective), standing for the damage or for the structure’s boundaries.  

In order to localize the source position and evaluate its size, the wave propagation transfer 
function (Green’s matrix) of the structure is necessary. It may be obtained experimentally, 
collecting a wavefield data by mechanically excited multiple points within a target structure 
and measuring the response functions at a set of sensors [6], or using various theoretical 
models [7]. The latter usually relies on mesh-based approaches (e.g., finite element method – 
FEM), which are considered as universal tools for computer simulation. With domains of 
classical form, e.g., for laminate plates, analytically based methods are also suitable. For 
example, explicit analytical representations for quasi-cylindrical GWs in layered anisotropic 
waveguides do not require any spatial discretization, and so they remain practically costless 
irrespective of the sample’s size [8]. In the current contribution this simulation tool is used 
for the development of time-reversal technique of source and/or damage location and size 
estimation using elastic GWs acquired by a rather sparse set of sensors. 

2 EXPERIMENTAL SETUP AND ANALYTICAL BACKGROUND 

In the experiments, isotropic aluminium and anisotropic carbon-fiber-reinforced polymer 
(CFRP) plates with the lay-ups [0o]4  and [0o,90o]s  made from unidirectional prepregs are 
used. The dimensions of the plates are 500×500×2 mm3 for the aluminum specimen and 
1000×1000×1.13 mm3 – for composites. The material properties of the aluminum plate are 
characterized by Young’s modulus E=70 GPa, Poisson ratio  = 0.34, and density ρ = 2700 
kg/m3. The prepregs’s material constants are Ex= 108.7 GPa, Ey = 8.1 GPa (Young’s modulus 
in the directions along and across the fibers), Gyz = 2.48 GPa, Gxy = 3.54 GPa (out-of-plane 
and in-plane shear moduli), xy = 0.25 (Poisson ratio); ρ = 1482 kg/m3. It is assumed that the 
prepreg’s fiber orientation of 0o coincide with the x-axis of the Cartesian coordinate system in 
the mathematical model. 

 

Figure 1: Schematic representation of the realized time-reversal procedure;  
FT stands for the Fourier transform over time variable. 

 
Vertically polarized thin PWASs of circular shape (thickness h = 0.25 mm, radius a = 8 

mm – PWAS1, and a = 3 mm – PWAS2) adhesively bonded to the structure are utilized for 
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guided wave excitation. PWASs are driven by a Tektronix AFG 3022B arbitrary signal 
generator. The generated signal is preamplified to the range ±75 V-pp by a NF HSA4014 
external high-frequency power amplifier before it is applied to the piezoactuator. Two types 
of excitation signals have been used: a typical for GW-based SHM narrow-band Hann-
windowed sine burst, which spectrum is concentrated near its central frequency fc, and a 
broadband square pulse. The out-of-plane velocity field ),( tvz x , ),,( zyxx  of propagating 
waves is measured on the plate surface by means of a Polytec PSV-500 one-dimensional 
scanning laser Doppler vibrometer. 

With a sparce spatially distributed PWAS or fiber-optic-sensor array utilized for damage 
detection, the measurements are performed only at a limited number of points jP , 

Nj ,...,2,1 , on the specimen surface. It yields the velocity signals ),(),(, tPvtv jzjz x , 

],0[ Tt , where T is a truncation time limit user-specified in the vibrometer software. The 
recorded signals are converted then into the frequency domain, where the TR operation is 

equivalent to the complex conjugation of the signal spectrum: )()()( *
,,,  jz

TR

jzjz vvtv  ,   

is dimensionless angular frequency and superscript * indicates the complex conjugate. These 
data serve as an input for the developed computer model (Figure 1). 

The theoretical modeling of GW propagation is performed in the context of general linear 
elastodynamics of three-dimensional laminate anisotropic media. Semi-analytical integral 
approach allows expressing time-harmonic oscillations via the convolution of the Green’s 
matrix ),( xk for the layered structure considered and the surface load vector-function 

},,{),( zyx qqqxq  [9]. This representation is further reduced to the numerically efficient 

far-field GW asymptotics [8], keeping information about the source ),( xq and giving an 
opportunity for a quantitative near- and far-field analysis of the source-generated GWs. In 
order to model the re-emission of time-reversed signals )(*

, jzv  from the measurement points 

jP , it is assumed that the vector-function ),( xq  describes vertical point loads applied at the 

points jP : )()}(,0,0{,),( jjj
j

j Pf  xqqxq  ,  /)()( *
, jzj vf  . 

The spatial focusing of TR GWs is quantified through the directivity pattern of the out-of-
plane displacement field, which should increase in the vicinity the original input source 
location. The directivity pattern is expressed via the function D xxx ,/)()( 10 , 

where |)),(~(|max)(
]0,[

0 xx z
Tt

vIFT , ),(max 01 x
x

 D
 and IFT stands for an inverse 

Fourier transform from frequency to time domain; ),(~ xzv  is  the time-harmonic out-of-
plane velocity field computed with the developed model, and D is a domain of interest on the 
specimen surface [10]. In order to quantify the quality of TR GW spatial focusing, the 
bandwidth of the main lobe at the possible source location corresponding to a half of the 
maximum peak value ( 5.0)(  x ) is taken as an approximation of the source size. 

3 RESULTS AND DISCUSSION 

At the first stage of the research, an isotropic aluminium specimen has been considered in 
order to investigate a principal possibility of the source position location and quantification 
with the developed approach. The influence of the excitation signal type and the amount of 
measurement points N on the directivity pattern )(x  was studied in the beginning. For this 
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purpose, PWAS1 was excited by a Hann-windowed 5-cycle sine toneburst of varying central 
frequency cf  and by a short square pulse of width t . The results for N=4 and N=8 (the 

mutual location of measurement points jP  and the actuator are schematically depicted in 

Figure 2) are summarized in Figure 3 a,c and b,d, respectively. Here the upper plots are for 
the toneburst with 200cf  kHz, while the lower ones correspond to the pulse excitation 

( μs5t ), which covers the frequency range up to 300 kHz; }50||,50|:|),{(  yxyxD  
is a domain where )(x is computed. 

 
Figure 2: Schematic top view of the experimental layout for an aluminium (a) and composite (b) specimen: 

measurement points jP , computational domain D. 

 
Figure 3: Directivity patterns (contour plot) Δ(x) for the PWAS1 excitation (here and below darker regions 

stand for higher values of Δ(x)). Red circle indicates the actual actuator location and size. 
 
In all the subplots of Figure 3, the maximum of )(x  is achieved at the same point xc = (-
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34,-13) mm serving as an estimation for the source center location. It is very close to its 
actual position (-35,-13) mm. However, it is clear that the actuator size cannot be reliably 
reconstructed from the narrow-band toneburst excitation data, though the wavelength of the 
fundamental antisymmetric mode A0, being predominant in the frequency range considered, 
is equal to 8.65 mm at fc = 200 kHz, which is smaller than the PWAS1 diameter. At the same 
time, a pulse-type excitation signal provides more precise size estimation, which is illustrated 
in Figure 4, where the cross-sections of the plot (d) from Figure 3 along x and y axes through 
the point xc are shown. 

 
Figure 4: Cross-sections of the Figure 3,d subplot indicating the estimates of the PWAS1 size: dx = 12 mm and 

dy = 14 mm. 
 
Analogous results have been obtained for the case of PWAS2, which is illustrated in 

Figure 5. Here contour plot of )(x  for N = 8, and μs5  pulse excitation is shown in graph 
(a), while plots (b) and (c) stand for the corresponding cross-sections. The value )(x  is 
achieved here at the point xc = (-23,-20) mm being equal the actual PWAS2 position. It 
should be noted, that the evaluated size of the smaller actuator (dx = 7 mm and dy = 8 mm) is 
clearly distinguishable from the case of PWAS1. The reason for a slight overestimation of the 
reconstructed source size is that the smallest wavelength of the A0 mode in the frequency 
range provided by the selected excitation signal is about 7 mm. 

 
Figure 5. Directivity pattern Δ(x) for the PWAS2 excitation (a); corresponding cross-sections (b,c). 

 
When the piezoactuator and possible damage are located away from the structural 

boundaries, the extraction of the wavefield scattered by the inhomogeneity is rather 
straightforward since it may be clearly separated from the incident wave package. However, 
for small-sized specimens, the detection of the defect-reflected waves may become an issue 
due to their small amplitude, requiring either special alignment of the actuators and sensors 
[11] or a prior knowledge of the baseline signal for a pristine (undamaged) structure [7]. 
Within the current study, the second technique is utilized in order to quantify low-contrast 
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artificial damage (surface-mounted magnets 30×10×5 mm3) with a sparse set of measurement 
points. The geometry of the problem is schematically shown in Figure 6, a. Visualization of 
the GW phenomena performed with the vibrometer has shown that the scattered signal is 
very weak and strongly overlap with the waves reflected from the boundaries for the most of 
possible damage locations except the vicinity of the actuator. Therefore, the baseline signal 
being acquired beforehand is extracted from the data obtained for a damaged plate, and the 
resulting signal serves as an input for the developed TR algorithm. The obtained results for N 
= 4, 8 and 16 measurements points are summarized in Figure 6, b,c,d, respectively, where 
directivity patterns )(x  are depicted. The PWAS is excited with a 5μs square pulse and the 
distance between the neighbor points Pj is about 65 mm. While with four re-emitted signals 
the damage is not localized, the use of eight measurement points provides satisfactory results 
with an approximate estimation of the defect position. Further increase of their amount 
allows quantifying the defect size as well.  

 
Figure 6: Schematic top view of the experimental layout for the aluminium specimen with an artificial defect – 
(a); (b),(c),(d) – corresponding directivity patterns Δ(x) for increasing amount of measurement points P j; green-

coloured rectangular denotes the actual location and size of the defect. 
 
 The application of the developed approach to anisotropic laminates is performed in 
the same way as for the isotropic waveguides, though some peculiarities conditioned by the 
complex mechanical properties of the composites exist. Among them, the viscosity of the 
epoxy matrix plays an important role resulting in considerable signal damping at higher 
frequencies. It is especially pronounced for the propagation paths, which are distinct from the 
fiber alignment directions, e.g., for the direction 90o  in a unidirectional laminate [0o]4. 
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Therefore, the spatial resolution of the TR procedure is expected to be worse than in the 
isotropic case. As an illustration, the directivity patterns )(x  for the PWAS2 excitation and 
corresponding cross-sections along x and y axes for unidirectional and cross-ply laminates are 
shown in Figures 8 and 9, respectively. In the first case, the estimated center of the source is 
xc = (9,-29) mm, while the actual position is (10,-27) mm. For the cross-ply laminate xc = (-
19,-30) mm and the actual center is (-17,-27) mm. 

 
Figure 6: Directivity pattern Δ(x)  for the PWAS2 excitation (a); corresponding cross-sections along x and y 

axes (b,c). Unidirectional laminate [0o]4. 

 
Figure 7: Directivity pattern Δ(x) for the PWAS2 excitation (a); corresponding cross-sections along x and y axes 

(b,c). Cross-ply laminate [0o,90o]s. 
. 

4 CONCLUSIONS 

A non-destructive time-reversal technique for the estimation of actuator and/or damage 
location and sizing has been implemented and investigated. It relies on the analytically based 
numerical simulation of the PWAS induced re-emitted guided wave signals measured with 
laser Doppler vibrometry at a sparse set of points on the specimen surface. The approach 
performance has been experimentally tested on aluminium and composite plates showing 
reliable and adequate results for both active (PWAS) and passive (artificial defects) source 
characterization. 

This work is partly funded by the Ministry of Education and Science of the Russian 
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