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Academia meeting : Moscow 2010 !
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Academia meeting : Munich 2016 !
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ERD Gothenburg: ECNDT 2018 !
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ENDTCM 2021 keynote : October 2021
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Outline
 Introduction 

 The growing interest for nondestructive testing (NDT) methods based on nonlinear acoustic effects 

 nonlinear ultrasonic (US) has become increasingly important due to the increase of higher sensitivity of electronic 

instrumentation and its associate signal processing algorithms

 Instrumentation for NDT Integrity Engineering needs basics from applied physics and will concern all disciplines of engineering, 

including applied mathematics, computer science, modern automation and robotics, big data and artificial intelligence for 

Industry 4.0

 Methodology

 One of the strategic plan of the international NDT community is to define standards for developing nonlinear NDT for automated 

set-up in mass production

 The objective of this workshop is to define the future of NDT 4.0 including modern signal processing tools such as big 

data reduction performed with an Artificial Intelligence (AI) and mapping of reduced data for modern NDT

 The objective of this workshop will be used to prepare a guideline for application of nonlinear techniques. The working plan is to 

analyze strengths, weaknesses, opportunities and threats (SWOT) within the area of experimental nonlinear NDT.

 Conclusions, Discussion and Perspective
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Damaged structures : macroscopic aspects
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Serge Dos Santos, 12th European conference on Non-Destructive Testing in Gothenburg ECNDT 2018, Sweden, June 11-15, 2018

degradation ---> cracks

Linear region Linear regionNonlinear region
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Advantage of ultrasonic nonlinear waves

 How to detect smaller cracks :  

 Increase the frequency of ultrasound …

 consequence : increase of  attenuation  … 

 Solution : 

 … increase the ultrasonic power …

 consequence : nonlinear effets are created (harmonics)

 Advantage :

 « Natural » increase of the frequency thanks to harmonics

http://www.upv.es/entidades/EPSG/menu_urli.html?http://www.upv.es/miw/infoweb/po/mas/56/index2005i.html
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 What is the link between complex cracked structure from aeronautic industry, a 
human damaged tooth, the ancient stones, or skin …

 The internal complex structure …

The (old) problem of aging !
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Medical applications of ultrasonic nonlinear waves

• Harmonic Imaging 

Fréquence

E - Fondamental R - Harmonique

HarmonicFondamental
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Nonlinear signature
Signal processing

 harmonics generation

 intermodulation 

 modulation, auto-modulation

 amplitude dependance of “classical linear signatures”
 resonance frequency

 attenuation

 sub-harmonics with arithmetical skeleton

 low frequency effects  <-> slow dynamics

 chaos...

 generic signature in various physical systems 
 Mechanics, optics, electronics, acoustics, control

 Lots of data !  ---- BIG DATA ! 

nonlinearity level
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Aging, memory, nonlinearity
and hysteresis networks

Memristor 

networks : 

T. Chang, Y. Yang, 

W. Lu, IEEE 

Circuits and 

Systems Magazine 

13, 56 (2013)

Plasticity and 

memory properties
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Excitation of Nonlinear Systems : concept

 Linear systems

 output spectrum properties are « invariant » with respect to excitation

 lots of invariants including scaling effects, reciprocity and time reversal

 Nonlinear systems
 spectrum is modified : spectrum representation in not an « invariant »

 is it still interesting to look at frequency components ?

 what is the next  “invariant” candidate instead of sine wave excitation?

 time evolution of frequency representation : wavelets and second order 
tools …

)().()(

)()()(

fEfRfS

tEtRtS





R(t) not dependant of amplitude A

)2cos()( tfAtE  R(t) S(t)

 It depends on the system

 how to find such invariant ?
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Excitation of Nonlinear Systems : 
experiments

 Linear systems (amplitude is not critical)
 time domain : pulse 

 frequency domain : sine waves are eigen-functions

 Nonlinear systems (amplitude is critical)
 time domain : pulse amplitude must be known (calibration)

 frequency domain : sine waves are not eigen-functions (modulation)

 attenuation and frequency are time-dependant (slow dynamic)

 scaling effects : how to take into account them systematically

 It depends on the system

 how to find such excitations ?
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Basic Results (2002)



Nonlinear Ultrasonic Phased Array (2007-present)
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 FAD (Fundamental wave

Amplitude Difference)

• Y. Ohara, et al., J. Acoust. Soc. Am., 

146 (2019) 266.

 GPLC (Global Preheating 

and Local Cooling)

• Y. Ohara, et al., Appl. Phys. Lett., 

103 (2013) 031917.

Cooling 

area

Array transducer

Tensile 

thermal stress

Closed 

crack
Imaging 

area

 SPACE (Subharmonic Phased 

Array for Crack Evaluation)

Crack tip

f/2f

Bottom

Crack tip

• Y. Ohara, et al., Appl. Phys. Lett., 

90 (2007) 011902.

 Ultrafast imaging with 

pump excitation

• Y. Ohara, et al., Appl. Phys. Express, 

14 (2021) 126505.

Nonlinear ultrasonics utilizing 

crack opening/closing behavior

Phased array (PA) 

for internal imaging

＋

Nonlinear ultrasonic phased array

for closed-crack imaging

Linear 
image

Nonlinear 
image

Accurate measurement of closed-crack depth
https://www.linkedin.com/feed/update/urn:li:activity:6986694457895051265?utm_source=share&utm_medium=member_desktop

https://www.linkedin.com/feed/update/urn:li:activity:6986694457895051265?utm_source=share&utm_medium=member_desktop


Toward 3D ultrasonic imaging

(Averaging within 
the elevation width)

1D array transducer

Power plants Welds in automobile 
components

CFRP

Hook crack

Delamination

Branched SCC
Crack

Many defects generated in various industrial fields 
have complicated 3D geometries
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If we can achieve 3D imaging, 

Efficient and reliable evaluation 

based on 3D defect geometries
CarEnergy Airplane

Other academic fields
Bonding 

engineering
Self healing 

material
Fracture 

mechanics



Receiving points

1000∼10000

Transmitter
Piezoelectric 
transducer

Receiver
Ultra-multiple 2D scan of 

laser Doppler vibrometer (LDV)

High-resolution 
3D imageCrack

Piezoelectric and Laser Ultrasonic System (PLUS)

Branched SCC

3600 receiving points (100×36)

Y. Ohara, et al., Appl. Phys. Lett. 117 (2020) 111902. 

Fatigue carck

4118 receiving points (71×57)
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Y. Ohara, et al., Jpn. J. Appl. Phys., 61 (2022) SG1043. [Best Paper Award]

Y. Ohara, et al., Sci. Rep., 12 (2022) 8291.

Slit
(40 mm height, 
1 mm width)

Contact-type piezoelectric 
transmitter
(350 kHz)

Ultra-multiple 2D LDV scan 
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（Ne-Ne laser）
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Imaging 
area

XZYZ

XY
Slit

Bottom

-90

10

110
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210
-50

Slit in concrete

6300 receiving points (70×90)

Y. Ohara, et al., IEEE IUS@Venice, Italy (2022). 

In future, PLUS can be extended to nonlinear version for 3D closed-crack imaging
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Nonlinear Signal Processing for
characterization of aeronautic structures

Nonlinear ultrasonic time reversal mirrors in NDT, Zdenek Prevorovsky, Czech Academy of Science, Academia NDT lecture at WCNDT, Durban (2012)
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TR-NEWS : the physical meaning
of the autocorrelation function

Convolution equation Correlation fonction

TR-NEWS process is a way to understand the physical interpretation 

(energetically) of the autocorrelation function of a complex medium 

TR-NEWS

http://www.academia-ndt.org/admin/Downloads/Topo_Academia-Munich2016-V2.pdf
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Signal Processing 4.0
Implementation

Signal Processing 4.0 

BIG DATA
S. Dos Santos et al., "Optimization of memristor based ultrasonic transducers for mesoscopic characterization of biomaterials," 

2022 IEEE International Symposium on Applications of Ferroelectrics (ISAF), 2022

http://www.upv.es/entidades/EPSG/menu_urli.html?http://www.upv.es/miw/infoweb/po/mas/56/index2005i.html
http://www.upv.es/entidades/EPSG/menu_urli.html?http://www.upv.es/miw/infoweb/po/mas/56/index2005i.html
https://ieeexplore.ieee.org/document/9870130/authors#authors
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Standardisation with
the V3 calibration block

Download ECNDT 2018 papers under

session Nonlinear Ultrasonics 1 :  

http://www.ecndt2018.com/abstract/acousto-

mechanical-evaluation-of-multiscale-hysteretic-

parameters-of-complex-material-with-nonlinear-

time-reversal-imaging/

http://www.ecndt2018.com/abstract/acousto-

mechanical-evaluation-of-multiscale-

hysteretic-parameters-of-complex-material-

with-nonlinear-time-reversal-imaging/

http://www.upv.es/entidades/EPSG/menu_urli.html?http://www.upv.es/miw/infoweb/po/mas/56/index2005i.html
http://www.upv.es/entidades/EPSG/menu_urli.html?http://www.upv.es/miw/infoweb/po/mas/56/index2005i.html
http://www.ecndt2018.com/abstract/acousto-mechanical-evaluation-of-multiscale-hysteretic-parameters-of-complex-material-with-nonlinear-time-reversal-imaging/
http://www.ecndt2018.com/abstract/acousto-mechanical-evaluation-of-multiscale-hysteretic-parameters-of-complex-material-with-nonlinear-time-reversal-imaging/
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ECNDT 2018, Gothenburg
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45 150 300 

V1

V2

V3

PAUT

ISO 2400

ISO 7963

No standard

ISO 19675

5070 g

212 g

< 2500? g

4660 g

100 x 25

26 x 12.5

90 x 25

100 x 25

length(mm)

weight  (St)ISO standardname
Other dim.
(mm)

> UT calibration blocks comparison 

Several t values:
20, 25 mm … 
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> V3 – main functions
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V3 – main functions



30

V3 – main functions
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V3 – other possible functions
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>  Why a calibration is needed ?

The calibration is based on the selection of uncertain 
model parameters and the data that form the 
calibration metric together with an efficient 
optimization routine based on measurements

To obtain informative data, the excitation signal is 
designed to be optimized (sinusoidal, multisinusoidal, 
frequency chirp, etc.) and the resulting steady-state 
(linear and nonlinear) response data are measured
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Advanced Signal Processing
during the Gothenburg European Research Day

Peter Trampus Victor Udintsev
Christian Boller

Joachim Frank, Nobel Prize in Chemistry, 2017
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Conclusion and perspectives

 One of the strategic plan of the international NDT community is to define 

standards for developing nonlinear NDT for automated set-up in mass 

production

 The objective of this Academia Chapter is to define the future of NDT 4.0 

including modern signal processing tools such as big data reduction 

performed with an Artificial Intelligence (AI) and mapping of reduced 

data for modern NDT

 The objective Academia Chapter will be to prepare a guideline for 

application of nonlinear techniques. The working plan is to analyze 

strengths, weaknesses, opportunities and threats (SWOT) within the area 

of experimental nonlinear NDT

http://www.upv.es/entidades/EPSG/menu_urli.html?http://www.upv.es/miw/infoweb/po/mas/56/index2005i.html
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Academia NDT Signal Processing Chapter

Chapter supported by 

• V. Vengrinovich

• B. Raj

• Z. Prevorovsky

• W. Rummel

• and new members …

Signal processing : a « new » area (Shannon, 1948) compared
to mathematics, physics, medicine, chemistry, …
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Thank you !  Questions ?
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