
1 INTRODUCTION 
The conventional characterization methods like the 
pulse echo method, the pulse transference method 
and the resonance testing methods are avoided for 
characterization of thin layers, whose thickness are 
comparable or smaller than the wavelength (Zhang 
et al. 2001). High frequency ultrasonic waves can be 
used but they are also averted due to very high at-
tenuation of the traveling wave and the methods 
continue to be quite expensive. Taking care of these 
difficulties, a low frequency ultrasonic transmission 
test is proposed in which a P-wave is transmitted 
through the layered sub-wavelength specimen and 
recorded (Cespedes et al. 1995, Nicholson et al. 
2002, Wanner et al. 1998, Wear et al. 2000 & Zhao 
et al. 2004). Numerical simulation of the system is 
done by using a linear FEM model (Mackerle et al. 
2004). The mechanical constants (thickness, elastic 
modulus, Poisson ratio, density and attenuation) of 
the different layers are identified by minimizing the 
discrepancy between the real and numerically pre-
dicted waveform which is done by regularly updat-
ing the FEM model throughout the iterative algo-
rithm (Bonnet et al. 2005). A sensitivity study to the 
uncertainties of the parameters is performed for es-
tablishing the feasibility of this technique. To inves-
tigate the effect of noise, Gaussian noise is added as 
the percentage of the input signal (Rus et al. 2006); 
technique experimentally proved to be highly robust 
to this noise. 

 
Similar work was done by Kinra et al. 1995, Lau-
wagie et al. 2004 & Zhang et al. 2001 to identify 
acoustical properties. However, the present tech-
nique is capable of identifying three parameters as 
thickness, attenuation and elastic modulus or density 
or poisson ratio at the same time assuming material 
to be isotropic. Anisotropic media is studied by 
Balasubramaniam et al. 1996, Balasubramaniam et 
al. 1998, Bruno et al. 2002, Reddy et al. 2005 & 
Rokhlin et al. 2002. Delaminations and cracks in 
multi-layered solid are studied by Bucur et al. 2005, 
Chona et al. 2003, Coulette et al. 1998, Panet et al. 
2002 & Liu et al. 2002. Longitudinal and shear wave 
velocity (which is related to the elastic properties) 
are extracted by Bouhadjera et al. 2005; the data are 
correlated with the curing of concrete. 
 
The influence of bonding layer thickness on the sur-
face wave dispersion is clear and could be applied to 
the NDE of bonding properties. Tsai et al. 2001, Wu 
et al. 1999 & Zhang et al. 2005 have devised meth-
ods to calibrate the bonding layer thickness. The ex-
perimental setup used admits improvement for the 
thickness measurement of the bounding layer. As 
thickness of the bounding Vaseline layers used is as-
sumed to be same at all interfaces for a particular 
specimen and hence is obtained just by measuring 
the full thickness of the specimen and subtracting 
the thickness of the material layers. 
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2 METHODOLOGY 

2.1 Ultrasonics 
Instead of the echogenic principle that is the base for 
most current techniques, a transmission setup (using 
a separate transmitter and receiver) is proposed 
where the complete waveform is recorded for its in-
version in order to find out the elastic constants of 
the traversed media. The attenuation variation and 
velocity is dependent on the frequency and elastic 
constants of the layers that the wave travels through. 
These parameters are combined for the different lay-
ers and generate a waveform that needs to be proc-
essed by a complete inversion scheme. For best 
measuring the velocity and attenuation, a transmis-
sion setup with a low frequency (below the mega-
hertz) ultrasonic pulse containing a wide range of 
frequencies and a high power of penetration is 
adopted. 

2.2 Forward problem 
To synthesize the RF recordings, a numerical simu-
lation of the experiment is proposed using a linear 
FEM model of the ultrasonic propagation of the 
waves on the multilayered solid which is composed 
by the scheme in Figure 1. It is constructed using the 
research academic code FEAP by Taylor et al. 2003. 

                  
Figure 1. Scheme of the set-up for the experiments 

            
Figure 2. Scheme of the set-up for the FEM model 
 
A 2D plain strain model is assumed, since the 3D ef-
fects are expected to be limited, at least for the pur-
pose of this feasibility study. The transmitter is mod-
eled by a prescribed displacement boundary 
condition by a normal displacement varying only 
with time which is uniform over the transducer con-
tact area. The receiver is modeled by the integral of 
the normal pressure fields using a constant weight-

ing function over the transducer contact area. The 
recorded output waveform is compared with the 
waveform computed by FEM model. 

2.3 Inverse problem 
The characterization of inverse problem (search for 
the mechanical parameters) is carried out with an it-
erative strategy based on the minimization of some 
discrepancy between the measured and numerically 
predicted waveforms Φx(t) and Φ(t) respectively. 
The discrepancy is a vector of values or a function 
that can be discretized (represented by a vector).  

Discrepancy,                (1) 
Since two vectors cannot be compared directly, a 
scalar number (called cost functional) is derived 
from them, in order to be able to minimize that dis-
crepancy. 

Cost functional,       (2) 
The parameterization can be defined within the con-
text of inverse problems as a description or charac-
terization of the sought information (i.e. elastic con-
stants characterization) with a reduced set of 
variables. The choice of parameters has crucial im-
plications in the convergence, the sensitivity of the 
result and the decoupling of their dependence to the 
measurements. In this work parameters are adopted 
as the basic mechanical constants as well as number 
and thickness of the set of unknown layers. The in-
verse problem of mechanical constants evaluation 
can be therefore stated as a minimization problem of 
finding p such that, 

                                (3) 

2.4 Description of Benchmark Problems 
Different specimens have been used in this study 
with various combinations of the layers of materials, 
according to the number and thickness of layers, as 
well as their combination and sequence. All layers 
used in the specimens were square shaped 
(15cm×15cm) and of different thicknesses. Normal 
vaseline was used as the interfacial couplant. The 
values of the parameters were normalized using a 
logarithmic scale, in order to obtain a linear behav-
iour. For example, normalized value 1 will mean 
mechanical constant*e1. But for cost functional in 
inverse problem initial normalized value which is 1, 
corresponds to initial value of cost functional. 
 
Table 1: The properties of different materials used 
Material Y.M. 

E(GPa) 
Density 
ρ(kg/m3) 

R.Damping 
α (s-1) 

Poisson  
ratio ν 

Couplant 
S. Steel 
Plastic 
Aluminium 

000.001 
190.000 
003.700 
085.000 

0870 
7850 
1190 
2600 

100000 
150000 
300000 
800000 

0.4999 
0.2307 
0.4084 
0.3535 



3 RESULTS 

3.1 Forward problem 
Comparison of Signals: Experimental & Simulated 
signals have been compared up to the time for which 
there is no reflection from the boundaries of speci-
mens and a fairly good matching was obtained. The 
time at which the waveform starts, shows the time of 
arrival (time taken by the wave to reach the re-
ceiver). After time of arrival the signal obtained is 
superposition of direct waves and reflected waves 
from the interfaces. 
 
Comparison of Energy Spectra: For all specimens, 
the highest peak corresponds to the central fre-
quency of transducer which was 420 kHz. Small 
peaks in Energy spectrums correspond to natural 
frequencies & their higher order harmonics. 

 

 
Figure 3. Signals for single plastic layer of thickness 9.95 mm 

 
Table 2. Resonant frequencies for different layers 
Material Velocity of 

wave (m/s) 
Thickness of 
layer (mm) 

Natural fre-
quency (kHz) 

S. Steel (I) 
Plastic (P) 
Al (A) 

5300 
2600 
7300 

8.20 
9.95 
9.90 

323 
130 
368 

 
Even though the time of arrival is identical (which is 
the standard observation in ultrasonics), using this 

approach, we can distinguish exchange of materials 
without exchange of time thickness (time of arrival), 
just because the relative amplitudes of different ech-
oes will change. This means that materials with the 
same velocity (equal elasticity/density ratios) but 
different densities, will be distinguishable based on 
different acoustic impedance and hence transmission 
and reflection coefficients between layers. This is 
shown computationally in Figure 4, which compares 
the case of two configurations: S.Steel+Plastic 
(Original) versus Plastic+S.Steel (Interchange) 
modified to provide the same time of arrival of 
bangs. 

 
Figure 4. Comparison of signals for two specimens with the 
same time of arrival but different acoustic impedances. 

3.2 Sensitivity study 
For determining the feasibility of the above tech-
nique for finding out the parameters, sensitivity of 
Young modulus against Central frequency, Meas-
urement noise, Rayleigh error, Thickness error, 
Elasticity error, Density error and Poisson error is 
simulated numerically. For studying the sensitivity, 
Cost functional f is plotted against Young modulus 
for different values of deviation in different parame-
ters; hence this sensitivity study gives an idea about 
which parameters are predicted with more precision 
and which with less precision. For space restrictions, 
only the AIA sample results are reproduced in this 
paper. 
 
Sensitivity to Central Frequency: The choice of cen-
tral frequency of the signal should provide a balance 
between the penetration associated with low fre-
quency, and the spatial resolution at high frequency. 
The proposed technique allows studying at a sub-
wavelength resolution (lower frequency). The first 
plot shows the sensitivity of the algorithm for a 
range of frequencies. For this, the Cost functional f 
is plotted against the values of the input parameter 
Young modulus E, for an increasing frequency. The 
sensitivity is measured by observing the smoothness 
of the overall cost functional as well as the clarity of 
the minimum, as it should be found by an optimiza-



tion algorithm. As a conclusion, no major drawbacks 
are observed by varying the choice of frequency. 

 
Figure 5. 
 
Sensitivity to Measurement Noise: The sensitivity is 
measured by observing the capacity of the algorithm 
to show a minimum, and verifying its shifting from 
the true value. For this purpose, the cost functional f 
is plotted against the values of the input parameter 
Young modulus E, for an increasing level of noise. 
The Gaussian noise is simulated with zero mean and 
standard deviation as a percentage of the RMS of the 
measurement signal. The plot shows that the tech-
nique is highly robust against a high noise level. 

 
Figure 6. 

 
Figure 7. 

 

Sensitivity to Rayleigh error: The plot below shows 
that the procedure appears to be robust to a wide 
range of uncertainty in Rayleigh damping value. 

 
Sensitivity to Thickness, Elasticity, Density & Pois-
son error: The next three plots (density plot is omit-
ted due to its relationship with elasticity) show that 
the procedure appears to be sensitive to these errors. 

 

 

 
Figure 8. 
 
Different combinations of materials have shown dif-
ferent sensitivities for various errors. For instance, 
the first plot of Figure 8 shows that for a 5% error in 
thickness convergence would be obtained for about -
14% variation in Young modulus (e-.15=.86). In a 
similar way rest of the figures can be observed for 



the sensitivity of errors in Elasticity, Poisson ratio & 
Rayleigh damping. 

3.3 Inverse problem 
For solving inverse problem with only 1 parameter, 
curves for comparison between experimental & 
simulated measurements are plotted, where the cost 
functional is represented against normalized values 
of young modulus. These plots verify the final value 
of parameter computed by the optimization algo-
rithm. In the figures showing iteration, the cost func-
tional approaches zero, but due to limitations of the 
method it is unable to converge to exact zero. In 
every case, the optimization algorithm tends to 
match the signal from the initial guess towards the 
experimental signal. 
 
Table 3. Inverse Problems elaborated in this paper 
Specimen Parameters Initial guess 
P 
P 
AIA 

e 
e + t + r 
e(I) + e(A) 

0.7 
0.05 
AAA 

 

 
Figure 9. Comparison between Experimental & Simulated 
measurements of Fitness function by changing normalized 
value of Young modulus for Specimen-P. 
 

 
Figure 10. Inverse problem solution (with 1 parameter) for 
Specimen-P.  

 
Figure 11. Inverse problem solution (with 3 parameters) for 
Specimen-P 

 

 
Figure 12. Inverse problem solution and signal (with 2 parame-
ters) for Specimen-AIA. This figure shows how inverse prob-
lem try to approach from AAA to AIA. Note: ln(85/190)=-
0.8044; thicknesses 9.90+8.20+9.90mm, and couplant of thick-
ness 0.08mm. 

 
Nevertheless, the technique has shown some limita-
tions, due to incoherence in signal phase after inter-
face reflections matching of signals are poor after 
some time. Also, from the Figure 9 it can be con-
cluded that due to local minima, the inverse problem 
cannot converge to absolute minima for normalized 
initial guess beyond the range [-.5 .7]. Figure 12 
shows how the approach allows determining correct 



values (to 5% error) of different layer properties by 
starting from a uniform material as the initial guess. 

4 CONCLUSIONS 

A technique is proposed to determine elastic proper-
ties, attenuation and thickness of different layers of 
layered materials, which involves solving the recon-
struction inverse problem based on a FEM model of 
the ultrasound propagation and using as input data 
the experimental waveforms obtained from a trans-
mission setup at low frequency (in comparison with 
the natural frequencies of the layers). This technique 
is proved experimentally consistent, but is still lim-
ited in that results are sensitive to uncertainties of in-
terfacial couplant, transducer response & transducer 
coupling with specimen (boundary conditions: free 
or fixed), as well as a priori information that pro-
vides the initial guess. 
 
An extension of this work may be applicable to de-
tect damaged layers or delaminations in composites 
by stiffness reduction, or for medical diagnosis of 
layered tissue, whose stiffness variations (nodules) 
can be correlated with their pathological conditions. 

5 REFERENCES 

Balasubramaniam, K. & Rao, N.S. 1998. Inversion of compos-
ite material elastic constants from ultrasonic bulk wave 
phase velocity data using genetic algorithms. Composites 
Part B 29B:171-180. 

Balasubramaniam, K. & Whitney, S.C. 1996. Ultrasonic 
through-transmission characterization of thick fibre-
reinforced composites. NDT&E International 29(4): 225-
236. 

Bonnet, M. & Constantinescu, A. 2005. Inverse problems in 
elasticity. Inverse Problems 21(2):R1–R50. 

Bouhadjera, A. & Bouzrira, C. 2005. High-frequency ultra-
sonic testing of young cement-based materials using the 
"prismtechnique". NDT&E International 38:135–142. 

Bruno, L., Furgiuele, F.M., Pagnotta, L. & Poggialini, A. 2002. 
A full-field approach for the elastic characterization of ani-
sotropic materials. Optics and Lasers in Engineering 
37:417–431. 

Bucur, V. 2005. Ultrasonic techniques for nondestructive test-
ing of standing trees. Ultrasonics 43: 237-239. 

Céspedes, I., Huang, Y., Ophir, J. & Spratt, S. 1995. Methods 
for estimation of subsample time delays of digitized echo 
signals. Ultrasonic imaging 17:142–171. 

Chona, R., Suh, C.S. & Rabroker, G.A. 2003. Characterizing 
defects in multilayer materials using guided ultrasonic 
waves. Optics and Lasers in Engineering 40:371–378. 

Coulette, R., Lafond, E., Nadal, M.-H., Gondard, C., Lepoutre, 
F. & Pettillon, O. 1998. Laser-generated ultrasound applied 
to two-layered materials characterization: semi-analytical 
model and experimental validation. Ultrasonics 36: 239-
243. 

Kinra, V.K. & Lyer, V.R. 1995. Ultrasonic measurement of the 
thickness, phase velocity, density or attenuation of a thin 
viscoelastic plate. Part I: the forward problem. Ultrasonics 
33(2):95–109. 

Lauwagie, T., Sol, H., Heylen, W. & Roebben, G. 2004. De-
termination of the in-plane elastic properties of the different 

layers of laminated plates by means of vibration testing and 
model updating. Journal of Sound and Vibration 274: 529-
546. 

Liu, S.W., Huang, J.H., Sung, J.C. & Lee, C.C. 2002. Detec-
tion of cracks using neural networks and computational 
mechanics. Computer methods in applied mechanics and 
engineering 191: 2831-2845. 

Mackerle, J. 2004. Finite-element modelling of non-destructive 
material evaluation, an addendum: a bibliography (1997-
2003). Modelling and Simulation in Materials Science and 
Engineering 12:799–834. 

Nicholson, P.H.F. & Bousxein, M.L. 2002. Bone marrow in-
fluences quantitative ultrasound measurements in human 
cancellous bone. Ultrasound in Med. & Biol. 28(3):369–
375. 

Panet, M., Cheng, C., Deschamps, M., Poncelet, O. & Audoin, 
B. 2002. Microconcrete ageing ultrasonic identification. 
Cement and Concrete Research 32:1831–1838. 

Reddy, S.S.S., Balasubramaniam, K., Krishnamurthy, C.V. & 
Shankar, M. 2005. Ultrasonic goniometry immersion tech-
niques for the measurement of elastic moduli. Composite 
Structures 67: 3-17. 

Rokhlin, S.I. & Wang, L. 2002. Ultrasonic waves in layered 
anisotropic media: characterization of multidirectional 
composites. International Journal of Solids and Structures 
39:5529-5545. 

Rus, G. & Martinez, J.G. 2006. Nanostructured TiO2 for in-
duced bone growth: an ultrasonic elastography study. 1st 
International Conference on Chemistry, Budapest. 

Taylor, R.L. 2003. FEAP - Finite Element Analysis Program. 
Version 7.5. rlt@cs.berkeley.edu. 

Tsai, C.D., Wu, T.T., & Liu, Y.H. 2001. Application of neural 
networks to laser ultrasonic NDE of bonded structures. 
NDT&E International 34:537-546. 

Wanner, A. 1998. Elastic modulus measurements of extremely 
porous ceramic materials by ultrasonic phase spectroscopy. 
Materials Science and Engineering A248:35–43. 

Wear, K.A. 1998. Measurements of phase velocity and group 
velocity in human calcaneus. Ultrasound in Med. & Biol. 
26(4):641–646. 

Wu, T.T. & Liu, Y.H. 1999. Inverse determinations of thick-
ness and elastic properties of a bonding layer using laser-
generated surface waves. Ultrasonics 37:23–30. 

Zhang, J., Drinkwater, B.W. & Dwyer-Joyce, R.S. 2005. Cali-
bration of the ultrasonic lubricant-film thickness measure-
ment technique. Measurement Science and Technology 
16:1784-1791. 

Zhang, R., Wan, M. & Cao, W. 2001. Parameter measurement 
of thin elastic layers using low-frequency multi-mode ultra-
sonic lamb waves. IEEE transactions on instrumentation 
and measurement 50(5):1397–1403. 

Zhao, B., Basir, O.A. & Mittal, G.S. 2004. Estimation of ultra-
sound attenuation and dispersion using short time Fourier 
transform. Ultrasonics 43:375–381. 


