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Abstract Since last decades, a considerable development of Time Reversal (TR) based Nonlinear Elas-

tic Wave Spectroscopy (NEWS) methods has been observed. Using symmetry invariance and reciprocity,

classical NEWS methods are improved by TR-NEWS method whichis recognized as a useful tool for non-

destructive testing of various complex samples. Procedureis now used in aeronautic industry in order to

detect nonlinear scatterers and recently in NDT for biologic materials. Coded excitations have been gen-

eralized using ESAM (Excitation Symmetry Analysis Method), including chirp-coded excitations. This

symbiosis has been completed with DORT (Décomposition de l’Opérateur Retournement Temporel) anal-

ysis and the ESAM-DORT approach constitutes further improvement of crack identification with intrinsic

calibration. The proposed NDT application is implemented on a composite specimen with adhesive joints.

Chirp-coded excitations with a 500 kHz bandwidth ultrasound excitation device is used. The calibrated

chirp-coded TR-NEWS imaging of scatterers and cracks are obtained with signal processing and sym-

metrized excitations.

Key words: nonlinear elastic wave spectroscopy (NEWS), ESAM, time reversal (TR), TR-NEWS

imaging, tomography, DORT

1 Introduction

Modern structures and material technology require reliable nondestructive techniques to
detect and quantify micro-scale damage both during their production and their life. Very
effective methods used for nondestructive testing (NDT), evaluation (NDE) and inspection
(NDI) in both material science and industrial applicationsare those based on elastic wave
propagation. Over the last decades, the objective to detectthe earlier degradation process
at a sub-wavelength scale (below the acoustic wavelength) has increased the interest in
using nonlinear wave propagation effects which have the intrinsic property of increasing
frequency bandwidth of the analysis. Methods based on analysis of nonlinear effects
are today referenced as Nonlinear Elastic Wave Spectroscopy (NEWS). Their advantages
reside in their capacity to detect smaller defects below thewavelength limit, so their
sensitivity is much greater than traditional imaging methods based on measurements of
wave velocity and attenuation [1].
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Pulse inversion (PI) technics are one of the most successfulsignal processing tool in
second harmonic imaging due to its ability to separate second order harmonic compo-
nents regardless of the transmitted bandwidth[2]. The PI success is not only restricted
to Doppler imaging where multiple pulses are transmitted whereby adjacent pulses are
inverted relative to their neighboring pulses, but also to any characterization in the time
domain, of second order nonlinear systems. During last decades, higher order nonlinear-
ities seems to bring additional informations in various applications such as biomedical
engineering where improvement of contrast to tissue signalis done with contrast agent
associated to chirp-coded signal processing[3].

The objective to conduct to imaging has increased the mathods based on spatio-
temporal focusing approaches such as soliton or Time Reversal (TR) techniques. The
understanding of wave propagation in microstructured materials opens the possibility to
be applied for Nondestructive evaluation (NDE) of layered materials with the objective
of imaging. The microstructure introduce dispersion effects in wave propagation, and
can be associated to nonlinearity (induced by defects and degradation) in order to pro-
duce solitary waves. Stationarity properties of soliton propagation could be associated to
stationarity properties of dispersion and nonlinearity. Consequently, if degradation pro-
cess of the material occurs, the disequilibrium between nonlinearity and dispersion can
be observed and the quality of soliton propagation could be used as a signature of the
degradation of microstructural properties. Spatio-temporal focusing using Time Reversal
(TR), reciprocity combined with PI is practically elaborated as the well-known TR-NEWS
methods [4] which supplement and improve classical NEWS methods.

2 Systemic Analysis of complex medium

The increasing complexity of structural material of NDT industry need the use of adapted
analysis which is able to take into account the maximum of element of complexity : it
could be complexity in physical properties, complexity in the geometrical shape, com-
plexity in the maco, micro and mesoscopic scales.

(a) (b)

Figure 1: (a) Damaged aeronautic complex structure studied in NDT with a complex
distribution of cracks. (b) Images of the third molar human tooth surface with a Scanning
Electron Microscope (ESM) showing in the middle of image, the complex distribution of
the cracks which connect the 1-5µm cylindrical tubules

As shown in Figure 1, the complexity of a damaged aeronautic structure (a) can be
compared to the complexity of a damage third molar human tooth (b). The objective is



to propose the same systemic analysis for studying NDT of these both systems. Nonli-
near properties yielding to hysteretic behavior, memory effects should be also taken into
account for the specific analysis of cracked materials. At last but not the least, the com-
plexity of experimental set-up including excitation device, response analysis set-up and
signal processing give to the whole investigation of the whole structure a huge complexity
which need the use of the concept of systemic analysis. Systemic analysis is a systems-
based framework devoted to the structured analysis of complex systems understanding.
With a systemic view, complex systems can be described with succinct parameters which
are intrinsically linked to its generalized symmetries. For example, fractal and multi-
fractal concepts (usually used in the analysis of nonlinearsystems) provide a systemic
description of complex dynamic phenomena which include forexample CNN and allow
the study and the definition of new concepts in all area of the science of engineering. As
an interesting example, we can speak about the most promising example in the concept
of the 37-year mystery of the memory resistor, the missing 4th circuit element memristor,
initially predicted by Leon O Chua and finally discovered andmanufactured by an HP
team in 2008[5]. Such concept which uses the idea to complexify a system in order to
study it has been also proposed in the field of nonlinear acoustics[6] in order to study the
complexity of nonlinear effects in materials.

2.1 Concepts

Invariance with respect to time is one of the property of a more general algebraic approach
that is applied in physics which uses intrinsic symmetries for the simplification and the
analysis of complex systems. This framework, known as Symmetry Analysis (SA) based
on continuous Lie groups and discrete symmetries as used in ESAM approach [7], consti-
tutes the basis of a systemic approach with the objective to exploit absolute invariants like
Time Reversal (TR), reciprocity between emitters and receivers, and other nonlinear pro-
perties for optimization of the coded excitations, such as pulse-inversion or chirp-coded
processes. Improvement of the local imaging of complex medium has been conducted
(practically in medical imaging) using the powerful tool ofTime Reversal Acoustics
(TRA) which uses the invariance property (with respect to time) of constitutive equa-
tions of acoustic propagation in a linear medium. These methods, already adapted as a
powerful tool for several applications (NDT and medicine),are efficient approaches for
focusing acoustic energy in a complex propagation medium: noisy, scattering medium,
complex shape medium, etc. Various signal processing methods, including high order
Fourier and wavelet analysis, which mix time and frequency domains have shown their
interest in such systems. All of them use the concept of specific representations of signals
in suitable spaces, which are intrinsically linked to symmetries and where invariants have
to be extracted.

Invariance properties at the heart of TRA methods, mathematically formulated using
linear algebra and DORT analysis (Décomposition de l’Opérateur Retournement Tem-
porel) has been developed in order to localize scatterers and acoustic sources in a linear
medium using the concept of the Time Reversal Operator and Green’s functions.



2.2 Theory

As an example of the use of these concepts, a tentative approach has been developed for
the specific application of nonlinear acoustics applied to the NDT of complex medium.
It uses continuous Lie groups and discrete symmetries whichare applied for the opti-
mization of excitations of the nonlinear device or medium under test. Medium with tiny
cracks generally shows an enhanced generation of the 3rd order nonlinearity which could
be extracted with the signal processing approach ESAM (Excitation Symmetry Analy-
sis Method) by using optimized excitations [7]. As a pre-processing tool for extraction,
ESAM uses the nonlinear signature coming from the direct acoustic response of scatter-
ers. If scatterers responses are supposed to be cubic in the strain, the nonlinear response
y(t) can be written as

y(t) = NL[x(t)] = N1x(t) + N2x2(t) + N3x3(t), (1)

whereN1, N2 andN3 are intrinsic parameters. With the use of the properties of point group
C3 and its irreducible representations, ESAM permits the extraction of these parameters,
and particularly the quadraticN2 and cubicN3 terms.

The classical Pulse Inversion (PI) method described in introduction can be also in-
terpreted in terms of Symmetry Analysis. The excitationXE = x(t) andXI = −x(t) can
be associated to neutral elementE and inversion elementI of theC2 group of inversion.
And if N3 = 0, signaturesN1 andN2 can be extracted with PI. Properties of the scatterers
response with respect to group inversionC2 allow the separation between linear and non-
linear parts. The concept of symmetrization of excitation is then defined if we consider
that extraction of the nonlinear signatureN2 has been obtained thanks to the action of the
group elementsE andI acting on the excitationx(t).

C3 E ǫ ǫ∗ C3 E ǫ ǫ∗

E E ǫ ǫ∗ A1 1 1 1
ǫ ǫ ǫ∗ E A2 1 1 -1
ǫ∗ ǫ∗ E ǫ E1 2 -1 0

Table 1:Multiplication table (left) and character table (right) for the point group C3. E
is the identity,ǫ = e

2iπ
3 denotes rotation by an angle2π3 , ǫ∗ = e−

2iπ
3 denotes rotation by

an angle−2π
3 . The first column of the right table labels the irreducible representations

(A1,A2,E1) and the top row labels the group elements (E ,ǫ , ǫ∗)

If N3 , 0, TheC3 group (Table 1) is used. The eigen-responsesyE, yǫ , yǫ∗ correspond-
ing to eigen-excitationsxE = x(t), xǫ = x(t)e

2iπ
3 , xǫ∗ = x(t)e−

2iπ
3 allow the extraction of the

3rd order nonlinear parameterN3. Responses corresponding to the excitations can be ob-
tained by linear combination ofyE, yǫ , yǫ∗ . For example, acoustic eigen-response gives the
3rd order nonlinear termN3 thanks toN3x3(t) = 1

3 (yE + yǫ + yǫ∗). The simplified SA ap-
proach used for the simplified nonlinear response given by Eq.1 should be extended to the
generalized convolution equation which link the impulse responseh(t) of a linear system
and its excitationx(t). As explained in introduction, coded excitation usually developed
in medical imaging has been recently extended to NDT application[8].

In order to increase the acoustic energy generated to a complex medium, chirp ex-
citation is associated to correlation process in order to obtain the impulse response of



the medium. The chirp-coded coda responsey(t) coming from a chirp excitationc(t) =
Acos(2π f (t)t) where f (t) = At+ f0 is given by

y(t) = h(t) ∗ c(t) =
∫

R

h(t − t′)c(t′)dt′, (2)

whereh(t) is the impulse response of the medium. The correlationΓ(t), computed during
∆t, given by

Γ(t) =
∫

∆t
y(t − t′)c(t′)dt′ ≃ h(t) ∗ c(t) ∗ c(−t) (3)

and called the pseudo-impulse response is also proportional to the impulse responseh(t)
if

Γc(t) = c(t) ∗ c(−t) = δ(t), (4)

which is approximately the case for a chirp excitation likec(t) if the bandwidth∆ f of
time varying f (t) frequency is broadband enough. Under these hypothesis,Γ(t) ∼ h(t) can
be considered proportional to the impulse response (referred as the coda) of the medium
and used for enhancing the TR-NEWS focusing. IfΓ(t) is time reversed and used as a
new excitation, the response of the medium (called chirp-coded TR-NEWS coda) is then
given by

yTR(t) = Γ(−t) ∗ h(t) = Γh(t), (5)

and provides the linear autocorrelation of the system, independent of the excitation if
Eq.(4) is verified. All this theory is valid under linear behavior of the medium represented
by its impulse responseh(t). Any source of nonlinearity in the system will conduct to
a perturbation of this method, and will induce additional terms in Eqs.(2-5). In order
to evaluate this source of nonlinearity, we can use the advantage that this analysis is
invariant with respect to the changec(t) → −c(t) which describes inversion symmetry of
point groupC2 (ESAM analysis described in [7]). This property allows us toextract the
nonlinear signature by substraction of responses coming from c(t) and−c(t) instead of
addition in the case of classical PI method[8].

2.3 Experimental feasibility

As the excitations required by the 3rd order ESAM analysis are not real, signals with
amplitude variation and post-treatment is practically preferred. Taking into account that
practically real excitations should be used, it can be shownthat the corresponding nonli-
near coefficientsN2 andN3 are picked out with
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, (6)

whereyE, yA, yB1 andyB2 areyi(t) = NL[xi(t)] responses withxE(t) = x(t), xA(t) = −1
2x(t),

xB1(t) =
√

3
2 x(t), xB2(t) = −

√
3

2 x(t). Thus, ESAM Analysis allows extraction of the terms
N1, N2 andN3 corresponding to the nonlinear behavior generated by the scatterers.

The idea to include in NEWS analysis the powerful advantage of Time Reversal (TR)
and reciprocity invariance, completed with ESAM in its trivial Pulse-Inversion aspect has



(a) (b)

Figure 2: Experimental set-up for the absolute calibration of TR-NEWS experiment with a 20 mm/s/V

sensitivity Polytec PI vibrometer and a 14 bits NI PXI-5122 device

been motivated by the first experimental results conducted in bubbly liquids [9]. Local
nonlinearity evaluation has been experimentally observedusing TR explorer system de-
veloped by Artann Laboratories which is the key component ofthe method and which
exploits experimentally reciprocity of ESAM signal processing. Since these preliminary
experimental results, TR-NEWS which include all concepts using symbiosis of Symme-
try Analysis (TR, Reciprocity, ESAM, chirp-coded ESAM, etc.) and NEWS has been
recognized as a powerful and promising methods [10] where industrial applications is
now observed for crack detection in complex medium.

Since the key component for nonlinear characterization of cracks is the TR explorer
system (Figure 2a), it was necessary to define a calibration process in order to extract ab-
solute measurements of acoustic properties of the medium from PI and ESAM. The first
step was to perform the calibration of electrical measurements of the TR system using a
complex experimental set-up described in figure 2b with a Polytec PI vibrometer where
sensitivity is around 20 mm/s/V. The arbitrary waveform generator and acquisition de-
vice (fs=10 MHz), manufactured by Artann Laboratories (http://www.artannlabs.com/tra-
electronic.html ) was calibrated and adjusted with a 14 bit NI PXI-5122 device. The sec-
ond step was to calibrate the ESAM method it-self with the DORT method as published
recently[? ]. With these calibrations of the spatio-temporal focusingprocesses, the lo-
cal nonlinear properties can be evaluated absolutely. In order to include this constrain,
energiesE0i =

∫ ∞
−∞ |x

i(t)|2dt related to the signalxi(t) is include in this calibration process.
Furthermore, energiesE j corresponding to the nonlinear responsessj(t) given by Eq.6

extracted from the acoustic response are then given by

E j =

∫ ∞

−∞
|sj(t)|2dt = N2

j E0 j , (7)

and finally the nonlinear coefficientsN1, N2 andN3 can be extracted by:

N1 =

√

E1

E01
; N2 =

√

E2

E02
; N3 =

√

E3

E03
. (8)

The second preliminary experiment of spatio-temporal focusing excitation was con-
ducted using acoustic solitons which are also a promising method for NDT application.



(a) (b)

Figure 3: TR-NEWS spatio-temporal focusing approach for the soliton-based NDT characterization of

the dispersion properties (b) of a complex shape aeronauticcomposite sample

Preliminary experiments have been conducted on a 144 plies composite sample coming
from aeronautic industry, having a complex geometry (Figure 3a). Acoustic properties of
the composite sample have been evaluated with an experimental set-up built with a pulse-
echo ultrasonic device running at frequency between 150 kHzand 2.6 MHz. A power
amplifier 150A100B device allows the propagation of nonlinear acoustic waves emitted
with a Panametrics 1 MHz NDE transducer with a complex shape (Gaussian broadband
solitons, chirp-coded, pulse inverted and Time Reversed) where received signals were
analyzed with the 14 bits acquisition system at 10 MHz sampling frequency (Figure 2).
Accurate post and pre processing, using arbitrary waveformgenerating devices allowing
the possibility to perform TR-NEWS analysis in the composite sample, has conducted
to the measurement of dispersion effects of the longitudinal bulk celerity (around 2700
m/s) versus amplitude of acoustic waves emitted in the composite sample at frequencies
between 400 and 700 kHz (Figure 3a). Furthermore, the virtual transducer concept has
been tested experimentally in the sample with the use of a bi-solitons excitation (Figure
2a) with the objective to measure the variation of the time delay in the bi-soliton shape
versus microstructural properties of the dispersive composite.

3 Future Trend for NDT: TR-NEWS localization of defects

3.1 ESAM-DORT localization with calibration

Since the preliminary results are extremely positive in terms of localization of defects, it
was necessary to include calibration process of the localization constraint which has been
recently suggested using the ESAM-DORT concept[11]. The spatial localization of non-
linear scatterers withN1, N2 andN3 parameters is suggested with the use of an enhance-
ment of ESAM using DORT (Décomposition de l’Opérateur Retournement Temporel)
analysis. Completely compatible within TR-NEWS methods, DORT is an approximative
method which substitutes the iterative time-reversal process. With use of this method, it
is possible to extract echoes corresponding to well-separated defects present in the media
(their Green’s functions), which can be used to focus on these defects. Moreover, for each
defect, we obtain information about its frequency dependant apparent reflectivity, which
is associated to its nonlinear behavior extracted with ESAM. DORT is implemented by



(a) (b)

Figure 4:TR-NEWS experimental set-up (a), chirp-coded coda yTR(t), and the associate
2D plot imaging showing the presence os scatterers

transmit-receive scheme between two different transducer arrays where the number of
transmitters does not necessarily have to be equal to the number of receivers. With this

approach, nonlinear parametersNi are extracted withNi =

√

Ei

E0i
, where energy is given by

E(d,km)
i =

∫ ∞
−∞ |e

(i)
d,km(t)|2dt, with e(i)

d,km(t) extracted with DORT, its associated singular values
σ(i)( f ) and Green fonctionsg(i)( f ) :

e(i)(t) = F −1
[

σ(i)( f ) · g(T,i)( f ) · g(R,i)( f )
]

. (9)

The normalization energyE0i represents energy of initial excitations which is also used
with ESAM. EnergyE0i can be considered as the signature of a calibration process neces-
sary for extraction of absolute nonlinear parametersN2 andN3. This link between ESAM
and DORT is a real advantage because ESAM produces an interesting tool for taking into
account calibration necessity for normalization of DORT singular values.

3.2 Experimental feasibility of symbiosis of TR-NEWS and ESAM-DORT

Several experiments were considered in various complex samples with scatterers in order
to evaluate the feasibility of the TR-NEWS approach and the ESAM-DORT calibrated
localization of scatterers. An interesting experiment wasdone by using TR-NEWS set-
up for the epoxy adhesive joint (Figure 4). The specimen under test is analyzed thanks
to an acoustic transducer which is conditioned in order to apply high level excitations
with a 150A100B Scientific Research 150W amplifier. In the first step, a chirp frequency
signalx(t), with frequency from 400 to 600 kHz, was broadcast from the 500 kHz NDT
Panametrics transducer laid in contact to the specimen. Theresulting ultrasonic wave was
recorded from the 16-element NDT Vermon probe. Then, the cross-correlationΓ(t) was
calculated between the chirp-coded responsey(t) and the initial chirp frequency excitation
x(t). This cross-correlation is proportional to the system impulse response measured in
the frequency bandwidth 300-600 kHz.

As shown previously, this pseudo-impulse response can be used in the TR-NEWS
method for focusing ultrasound at the location of the receiver (spatial focusing). Nev-
ertheless, the expected focused signal will contain additional echoes coming from the
nonlinear signature which induce perturbation in the focusing process. For each element
of the 16-element NDT probe, TR-NEWS focusing is performed and focusing is present
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Figure 5: TR-NEWS experimental set-up (a) for ultrasonic imaging of the third molar
human tooth. The Polytec laser pick up, at the surface of the tooth, the normal velocity
of acoustic vibration for various angles of rotationθ between 160˚and 80˚. (b) Polar
chirp-coded imaging of the tooth. (c) Normalized TR-NEWS imaging of the tooth. The
maximum of amplitude is localized around the circle r= 230 (independent with respect
to θ) which correspond to the spatio-temporal focusing of ultrasound at the surface of the
tooth.

at the same timet = 1.65 ms for all elements as shown in figure 4b. As usual for TR-
NEWS, the additional echoes are coming from additional nonlinear scatterers which could
be spatially identified in the range [1.65; 1.85] ms after theTR-NEWS focusing. With a
2D plot, localization of the scatterer is possible in a grey-level colormap scale (Figure 4c),
which could be associated to the experimental configurationset-up. Complementary to
previous experiments with single scatterers, ESAM-DORT analysis and its normalisation
approach was also tested to a 25×10×120mm cracked steel sample coming from aero-
nautic industry where the same TR-NEWS methods was applied.As shown in [11], the
nonlinear parameter can also be extracted and associated toscatterers where localization
need to be computed.

These preliminary NDT experiments demonstrates that ESAM-DORT in symbiosis
with TR-NEWS process is an effective tool for measuring and imaging scatterer nonlin-
earity.

4 Conclusions and Perspectives

Since the NDT community used to exploit the new developmentsin the field of medical
ultrasonic imaging, we propose, as a interesting and promising perspective, to export TR-
NEWS for NDT of biological materials. One of the proposed application is the ultrasonic
imaging of the complex human tooth. As described in introduction, tooth internal struc-
ture is known to be characterized by its complex heterogeneous properties like anisotropy
and hierarchical structure present in composite or bone. The aging properties of the tooth
is determined by its fraction of occluded tubules extented from the pulp to the tubules.
The TR-NEWS experimental set-up is used for performing the TR-NEWS imaging of the
tooth (figure 5). A chirp-coded excitationx(t) in the 300-600 kHz bandwidth is applied
with a contact NDT transducer and the chirp-coded codaΓ(t) given by Eq.3 is recorded
for various angleθ giving figure 5b. After TR process, the spatio-temporal localization of
energy is performed at the surface of the tooth leading to thenormalized TR-NEWS fo-



cusing of ultrasound (Figure 5c). Again, and as observed formost composite materials in
the NDT community[1], fatigue and degradation of human tooth needs to be correlated to
the presence of cracks and weakening of adhesive bonds in theenamel-dentine interface

References

[1] K. E.-A. Van Den Abeele, A. Sutin, J. Carmeliet, P. A. Johnson, Micro-damage
diagnostics using nonlinear elastic wave spectroscopy (news), NDT E International
34 (2001) 239–248.

[2] D. Simpson, C. T. Chin, P. Burns, Pulse inversion doppler: a new method for detect-
ing nonlinear echoes from microbubble contrast agents, Ultrasonics, Ferroelectrics
and Frequency Control, IEEE Transactions on 46 (2) (1999) 372–382.

[3] M. H. Pedersen, T. X. Misaridis, J. A. Jensen, Clinical evaluation of chirp-coded
excitation in medical ultrasound, Ultrasound in Medicine &Biology 29 (6) (2003)
895 – 905.

[4] T. Ulrich, A. Sutin, R. Guyer, P. Johnson, Time reversal and non-linear elastic wave
spectroscopy (tr-news) techniques, International Journal of Non-Linear Mechanics
43 (3) (2008) 209 – 216.

[5] L. O. Chua, CNN: A Paradigm for Complexity, Vol. 31, WorldScientific Series on
Nonlinear Science (Series A), Singapore, 1998; L. O. Chua, Memristor-the missing
circuit element, IEEE Transactions on Circuit Theory 18 (1971) 507–519.; D. B.
Strukov, G. S. Snider, D. R. Stewart, R. S. Williams, The missing memristor found,
Nature 453 (2008) 80–83.

[6] N. H. Ibragimov, O. V. Rudenko, Principle of an a priori use of symmetries in the
theory of nonlinear waves, Acoustical Physics 50 (2004) 406–419.

[7] S. Dos Santos, C. Plag, Excitation symmetry analysis method (esam) for calculation
of higher order nonlinearities, International Journal of Non-Linear Mechanics 43
(2008) 164–169.
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