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Abstract: Currently, advanced new materials such as fibre reinforced plastics (FRP) are 

being developed for the inclusion in load bearing components of modern industries. In 

order to select the most suited material for each specific component, accurate knowledge 

of its mechanical parameters is required. However, the complex nature of these FRPs, 

primarily expressed by a high degree of anisotropy, makes it difficult to determine their 

detailed mechanical behaviour. As a means to resolve this difficulty, the Pulsed Ultrasonic 

Polar Scan (P-UPS) has been developed. In this study, we propose and extend a recently 

developed two-stage characterization procedure based on amplitude and time-of-flight 

UPS recordings. This procedure has been tested on both virtual experiments, to show its 

effectiveness and robustness, as well as on real experimental measurements performed on 

unidirectional carbon-epoxy composites. 

Keywords: Ultrasonic Polar Scan; Characterization; Viscoelasticity; Orthotropy; 

Composites 

 

Introduction 

During the search of companies to develop stronger and lighter components for their 

machineries and products, new materials have been developed. Some of these materials, 

such as carbon fibre reinforced plastics (CFRP), combine the benefits of stiff and strong 

carbon fibres with the low density of a polymer matrix to achieve a material which is both 

very light and resilient. However, the internal layering and orientation of the carbon fibres 

in the composites creates a high degree of mechanical anisotropy, which adds complexity to 

both efficient damage detection and characterization of their viscoelastic properties. Indeed, 

anisotropic materials require 9 complex valued constants (the real part representing the 

elasticity, while the imaginary part symbolizes the viscosity) to describe their viscoelastic 

behaviour.  

Several solutions to the characterization problem of anisotropic materials have been put 

forward. These methodologies, which are often ultrasound based, due to the non-destructive 

behaviour and ease of deployment of ultrasonic waves, have found relatively good success 

in inferring the relevant information on the elastic properties of materials when making use 

of bulk-wave approximations
1–6

. The effectiveness of these technique is obviously 

attributed to the close relation between the elasticity constants and the phase velocity 
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(linked to the time-of-flight) of a transmitted ultrasonic pulse. Furthermore, extensions of 

the bulk wave technique showed to be capable of determining information on the viscous 

properties by comparing amplitude recordings of the signals. However, as mentioned in 

previous studies of the current authors, the techniques based on bulk-wave approximations 

suffer from inherent limitations
7,8

. Bulk-wave approximations require that the plate can be 

considered as an infinite medium, hence the wavelength of the incident wave should be 

small compared to the thickness of the plate. On the other hand, as most studies 

homogenise all material layers of the laminate structure into a single material layer, the 

applied techniques are also bounded with an upper limit on the frequency of the ultrasonic 

waves. Indeed, high frequency waves are	 scattered	 and	 diffracted	 by	 fiber	 bundles,	 and	

consequently	compromising the principle of homogenisation. Further limitations are the fact 

that the material plates are bounded by external media (e.g. air, water) which introduces a 

phase shift and a corresponding time-delay on the TOF measurements. During the 

calculation of the bulk phase velocity using the traditional bulk wave methodology, no 

time-delay is added as one discards the bounding media and perceives the plate as infinite.  

A solution to these limitations and to the characterization of the material viscosity is offered 

by the Ultrasonic Polar Scan (UPS). This technique, although introduced in the 1980’s and 

considered promising in the field of NDT, has only recently been established as a useful 

method for the characterization of the material stiffness tensor and for the detection of 

internal damage phenomena
7,9–12

. During a typical pulsed UPS (P-UPS) recording, the 

reflected/transmitted signal of an ultrasonic broadband pulse at a certain material spot is 

measured for many (~10
6
) oblique incidence angles Ψ(θ,φ), with θ and φ corresponding to 

the familiar spherical coordinate angles (Figure 1a). The recorded signals are subsequently 

analysed by extracting the maximum amplitude (amplitude P-UPS) and the associated time-

of-flight (TOF P-UPS), resulting in a fingerprint of the local viscoelastic properties that is 

represented in a polar diagram where θ corresponds to the radial direction and φ to the 

angular direction (Figure 1b). 

  

Figure 1. Scheme of the UPS operating principle (a). Transmission amplitude P-UPS experiment 

(colorbar is normalized to the input amplitude) for a [0°]8 C/E composite at a frequency-thickness product 

fcd = 5 MHz.mm (b). Remark that the non-circular characteristic contours in the P-UPS image reveal the 

anisotropic nature of the [0]8 C/E composite.  

	

a	 b	
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The contours seen on the P-UPS measurements are characteristic for the underlying 

symmetry of the investigated material
11,13

. For isotropic media,  one observes circular 

contours in the P-UPS image. An anisotropic material, such as the one used to create figure 

1b, exhibits non-circular patterns which are clearly discerned 	in the polar plot. The data of 

the UPS fingerprint can be further analysed and used as input for an inverse algorithm to 

determine the local viscoelastic stiffness tensor of the material, i.e. extracting the 18 

material constants (9 for elasticity and 9 for viscosity) of a material with general orthotropic 

symmetry.  

In the present study, we propose an advanced inversion algorithm that uses the outcome of 

a P-UPS experiment in a two-stage inversion approach, in which the TOF data is first used 

to determine the elastic tensor while the amplitude data is applied in as second step to infer 

the full viscoelastic tensor of the investigated material spot. The first part of this approach 

has already been successfully applied in the past, both numerically and experimentally, for 

the inversion of the elastic tensor of unidirectional carbon-epoxy composites. This one-

stage inversion is thus now extended with a second stage in order to extract the 

corresponding viscosity values.  First, the correctness and the robustness of the developed 

inversion technique is demonstrated for synthetic data (which is simulation data for an 

orthotropic composite). Subsequently, the data of an actual P-UPS experiment on a 

unidirectional carbon-epoxy composite is considered as input in order to fully test the 

effectiveness and performance of the new two-stage inversion procedure. 

 

Theoretical Background 

Wave propagation in generally anisotropic media 

The modelling of linear waves in anisotropic media starts by solving the Christoffel 

equation (eq. 1) for a specific wave characteristic (e.g. the wave vector component). This 

equation is a result of introducing the general expression of a harmonic wave in Hooke’s 

law and Newton’s second law of motion. 

 

 0)( ,

2
=− llikjijkl UkkC δρω  (1) 

 

Here, Cijkl denote the viscoelastic tensor components linking the kl component of the 

deformation εkl to the ij component of the stress σij. Further, ki (for i=1,2,3) represent the 

components of the wave vector (3 cartesian components), ρ is the density of the material, ω 

the angular frequency of the incident wave, Ui the components of the polarization vector 

and δ is the Dirac-delta with  ! δ = 1. Einstein summation notation is assumed. In our 

case, the only unknown wave characteristic is the wave vector component ( ) as the other 

two are determined by Snell’s law. As such, the Christoffel equation can be transformed in 

a sixth order polynomial (eq. 2), which can further be simplified when considering that the 

investigated material has at least monoclinic symmetry. 
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This assumption is reasonable as almost no materials known to mankind have symmetries 

lower than monoclinic. The result of this simplification is that the sixth order polynomial 

reduces to in a third order polynomial in  which can be solved analytically. The three 

solutions  of the third order polynomial correspond to three waves going upward in the 

plate, and three mirrored waves going downwards. The total wave field inside the plates is 

subsequently found by making a linear combination of these waves. Next, the 

transmission/reflection coefficients can be determined by assuming the plate to be 

immersed in water and applying the appropriate boundary conditions on the plate surfaces, 

which are expressed by the continuity of the normal displacement and the normal stresses. 

Finally, an expression is obtained for the harmonic reflection and transmission coefficients 

at frequency ω, and under a specific incidence angle
14,15

. 
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where A and S respectively correspond to the anti-symmetric and symmetric guided wave 

modes propagating in the plate, while Y represents the coupling of the immersion fluid with 

the material plate. 

The spectrum of a transmitted wave signal can now be constructed by multiplying the 

spectrum of the incident wave with the corresponding transmission coefficient for each 

frequency. Applying the inverse Fourier transform yields the transmitted time signal. In 

case of an incident broadband pulse, the UPS transmission amplitude which is plotted in the 

polar plots is defined by the maximum amplitude of the transmitted pulse in the time 

domain, while for the TOF based UPS polar plots the arrival time of this maximum 

transmission is selected as the TOF measure. However, when comparing TOF P-UPS 

experiments with simulations, the current team of authors noticed that a small correction 

factor (eq. 5) has to be accounted for in the simulated TOF to fully comply with the 

experiments resulting from the different manners in which the TOF is determined in the 

model and in the experiment. Whereas an experiment determines the TOF as the time lag 

between emission and reception of an ultrasonic wave, the model determines it as the time 

the wave takes to travel from the reference origin on the plate’s upper surface to the point 

directly beneath on the plate’s bottom surface. This results in a small additional water path 

that needs to be compensated for, and consequently a difference in arrival time which is 

given by: 

 

 )cos1( θ−=Δ

fV

d
t  (5) 

where θ is the incident angle, d the thickness of the plate and Vf  the (longitudinal) wave 

velocity of the bounding fluid. 
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Two-stage viscoelastic characterization procedure 

The forward wave propagation model introduced in the previous section can now be 

employed in an inverse model to obtain the viscoelastic properties of a sample. Here we 

propose a two stage inversion approach based on TOF and transmission amplitude data 

(Figure 2). The first stage of the approach defines a procedure to extract the elastic 

properties of a material by exploiting the fact that the TOF of a transmitted ultrasonic beam 

is strongly linked to the elasticity, and to a large extent decoupled from the viscosity. The 

inversion of the elastic properties was achieved by minimizing a least-squares function on 

the TOF P-UPS data using a genetic algorithm (GA) provided by MathWorks
7,8,12

. 

Assuming a general orthotropic material, a search space for nine independent variables is 

required for the elasticity tensor. The GA approach was chosen as it allows to efficiently 

explore this high dimensional search space within a reasonable time frame by relying on the 

principle of ‘survival of the fittest’. In the case of the elastic constant determination for an 

orthotropic material from TOF P-UPS data, the minimization function is a least-squares 

function measuring the deviation between the simulated and the experimental TOF 

landscape along multiple in-plane directions (i.e. considering several polar angles (spokes) 

in the polar plot simultaneously). Doing so, important complementary information on the 

in-plane dependency of the nine elastic constants that are searched for is incorporated. 

Furthermore, it also provides the opportunity to include an additional parameter (φe) 

representing the angle between the experimental reference frame and the actual material 

symmetry frame. Hence, this adaptation to the first stage approach relaxes the requirement 

to have a priori knowledge on the symmetry of the investigated material. 

 

In the second stage of the inversion procedure, the amplitude landscape of the P-UPS is 

used as input for a second GA calculation to determine the viscosity in a similar fashion. 

Figure 2. Graphical representation of the two-stage inversion procedure. The first stage matches the 

simulated and targeted TOF landscape to infer information on the elastic constants. The second 

stage subsequently fits the amplitude landscapes to determine the viscous properties of the material.  
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Amplitude P-UPS recordings are ideal for the determination of viscous properties as the 

amplitude of a scattered wave is linked to the energy dissipation, hence the damping 

(viscosity) of the material. The elastic parameters and deviation angle found in stage one 

are used as ‘best guess’ inputs, although we allow marginal variations for better inversion 

results of the viscous parameters. The second stage GA inversion therefore explores a 19 (9 

for elasticity, 9 for viscosity and one for the deviation angle) dimensional search space. 

  

Results and discussion 
Inversion of synthetic data 

In a first attempt to quantify the correctness of our developed two-stage approach, we 

applied the procedure on a numerical UPS simulation (Figure 3a and 3b) for a viscoelastic 

orthotropic material of 1.00 mm material thickness and a density of 1528 kg/m³. In addition 

to the viscoelastic properties (targeted values are listed in column 2 of Table 1), we also 

introduced an artificial in-plane deviation angle of 8° between the reference and material 

symmetry frame. For the simulations, an incidence angle grid Ψ(θ,φ) is chosen with θ 

ranging from 0° to 75° in steps of 0.1° and φ ranging from 0° to 360° in steps of 0.5°. The 

emitted time signal is modelled by a Gaussian damped cosine with a center frequency of 5 

MHz and a pulse length of 10 µs, as illustrated in Figure 4a and 4b. The sampling 

frequency is 400 Msps. During the inversion procedure 200 inversions are performed to 

achieve information for a statistical analysis. 

 

Stage I: elastic characterization 

In the first stage of the inversion procedure the search bounds were set to ± 50% of the 

input values of the simulation. Furthermore, the inversion grid was composed of a set of 20 

equidistant in-plane angles between 0° and 90° and 300 θ angles between 0° and 50°. 

  

Figure 3. Synthetic TOF P-UPS (a) and amplitude P-UPS (b) images for an unidirectional C/E plate 

(d = 1.00 mm) with viscoelastic material parameters given in Table 1. The TOF colorbar is 

expressed in µs, the amplitude colorbar is normalized to the amplitude of the input signal. 
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Viscosity was introduced in this first stage to incorporate to some extent its slight influence 

on the TOF values and was arbitrarily chosen in the range of 0.2 and 10% of the elastic 

constants. Inversion results for the elastic constants after this first inversion step are 

presented in Table 1 and show that the inverted values are in close agreement (error ~1%) 

with the targeted input parameters. In addition, the inverted deviation angle resulted in a 

value of 7.91° ± 0.59°, which is in good agreement with the targeted input value of 8°. 

 

Stage II: viscoelastic characterization 

In the second stage of the inversion procedure, we will use the amplitude P-UPS data to 

extract the viscosity properties of the material (imaginary parts of the tensor components). 

The optimized elastic constants resulting from the first stage are used as ‘best guess’ input 

for the real parts of the tensor components. However, in contrast to what was assumed in 

stage 1, elasticity and viscosity are not completely uncoupled in the TOF P-UPS data. 

Therefore, small corrections on the elasticity constants of stage 1 need to be allowed while 

determining the viscous parameters. In the present study, a small region of variability (± 

  

Figure 4. Time signal used to perform the forward simulation of the synthetic experiment (a). Frequency 

spectrum of the ultrasonic pulse (b) 

 
Table 1. Elastic constants determined by the first stage of the inversion procedure using only the TOF 

P-UPS data for an artificial C/E material. Statistics are obtained after repeating the inversion 

procedure 200 times. 

Elastic	constant	 Actual	Cij	[GPa]	 Inverted	Cij	[GPa]	 Deviation	[%]	

C11 122.73	–	8.591i	 124.06±7.05	 1.09	

C12 6.57	–	0.460i	 6.54±0.44	 0.39	

C13 6.57	–	0.460i	 6.47±0.46	 1.44	

C22 13.47	–	0.943i	 13.48±0.50	 0.13	

C23 6.55	–	0.459i	 6.50±0.34	 0.79	

C33 13.47	–	0.943i	 13.67±0.53	 1.50	

C44 3.40	–	0.238i	 3.34±0.23	 1.84	

C55 5.86	–	0.410i	 5.81±0.30	 0.84	

C66 6.25	–	0.438i	 6.26±0.19	 0.23	
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5%) is admitted for the nine elasticity outputs of stage 1, and an inversion for both viscosity 

and elasticity is performed. For the viscosity parameters, the bounds are taken ± 50% of the 

actual viscosity parameters used in the forward numerical model.  

The results of the second stage inversion for the numerical experiment are listed in Table 2 

and the corresponding agreement with the targeted virtual experimental data is visualized in 

figures 5a and 5b. The agreement between targeted and inverted values is excellent for both 

elasticity (<1.8%) and viscosity (<2.9%). Likewise, an excellent agreement is found 

between the input (8°) and inverted reference frame misalignment (7.91° ± 0.20°). In figure 

5a, a cross-section of the amplitude P-UPS simulation at φ = 60° for the inverted 

viscoelastic tensor is compared with the simulation based on the actual viscoelastic tensor, 

showing an excellent agreement. Considering the entire polar plot data, figure 5b shows the 

difference (expressed in %) between the amplitude UPS data resulting from the simulation 

Table 2. Inversion results of the viscoelastic tensor for the synthetic experiment. The statistics were 

obtained after 200 characterization runs 

  Elastic part of tensor Viscous part of tensor 

Tensor	constant	 Actual	Cij	[GPa]	 Inverted	Cij	[GPa]	 Deviation	[%]	 Inverted	Cij	[GPa]	 Deviation	[%]	

C11 122.73	–	8.591i	 124.05±1.43	 1.08	 8.837±0.512	 2.870	

C12 6.57	–	0.460i	 6.55±0.09	 0.29	 0.457±0.033	 0.637	

C13 6.57	–	0.460i	 6.47±0.09	 1.48	 0.459±0.029	 0.129	

C22 13.47	–	0.943i	 13.47±0.14	 0.06	 0.944±0.044	 0.125	

C23 6.55	–	0.459i	 6.51±0.09	 0.75	 0.457±0.022	 0.395	

C33 13.47	–	0.943i	 13.62±0.16	 1.16	 0.955±0.025	 1.362	

C44 3.40	–	0.238i	 3.34±0.04	 1.81	 0.238±0.015	 0.029	

C55 5.86	–	0.410i	 5.82±0.07	 0.68	 0.411±0.015	 0.095	

C66 6.25	–	0.438i	 6.25±0.07	 0.07	 0.441±0.027	 0.687	

	

  

Figure 5. Cross-section of the forward amplitude P-UPS simulation at φ = 60° based on the inverted 

viscoelastic constants (blue) and the numerical experiment (red) (a). Difference amplitude polar scan 

(colorbar expressed in %) between simulation and numerical experiment (b). 
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based on the final values of the inverted constants and from the original numerical 

experiment. 

Inversion of P-UPS experiment on carbon-epoxy late 

In this last section, an attempt is undertaken to determine the viscoelastic properties of a 

carbon-epoxy plate [0]4. The plate has a thickness of 1.200 ± 0.006 mm. The ultrasonic 

time signal used during the actual P-UPS recording corresponds to the impulse response of 

the transmitting transducer as presented in Figure 6 along with its frequency spectrum. The 

amplitude and TOF P-UPS recording of the experiments are presented in Figure 7a and 7b. 

The figures clearly show a deviation between reference and material symmetry frame. It is 

thus essential to include the orientation angle as one of the unknown parameters in the 

inversion search. Here, we allow bounds between -80° and +80°. 

 

  

Figure 6. Time signal used to during the P-UPS recording of the [0]4 C/E material (a). Frequency 

spectrum of the ultrasonic pulse (b) 

 

  

Figure 7. TOF P-UPS (a) and amplitude P-UPS (b) images for an [0]4 unidirectional C/E plate (d = 1.00 

mm) experiment. The TOF colorbar in µs, the amplitude colorbar is normalized to the amplitude of the 

input signal. 
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Stage I: elastic characterization 

The inverted elasticity constants resulting from the first stage of the inversion procedure 

(based on TOF P-UPS data) can be found in Table 3. During the inversion procedure 

bounds for the elastic parameters are chosen between ±50% of an initial guess (values of 

table 1), the deviation angle has a range of ± 80°. The difference polar scan between the 

experiment and the optimized simulation is illustrated alongside a cross-sectional view for 

an in-plane angle φ = 0° in Figure 8a and 8b. From these figures it can be concluded that a 

good reconstruction of the experimental data has been achieved and that the in-plane 

deviation angle (determined at -28.71° ± 0.80°)) has been found with good accuracy. 

Moreover, the elastic values found in Table 3 are reasonable for the investigated C/E 

material. Although, the agreement between experiment and simulation is good, some small 

deviations are present, especially in the regions of the characteristic contours. The 

explanation can be due to both numerical and physical effects. On the one hand, the 

discontinuities found at the contours in the TOF landscape are numerically hard to fit 

exactly. On the other hand, the applied forward model is for plane waves whilst in reality 

actual transducers have a finite size and do not generate a single infinite plane wave front. 

Including the actual boundedness of the transducer introduces an integrating effect on the 

P-UPS landscape which is mainly visible in the region of the contours.  

Stage II: viscoelastic characterization 

The second stage of the inversion approach uses the elasticity constants determined in the 

first stage as input for the viscosity characterization. The bounds for the elasticity constants 

in the second stage were individually set to two times the standard deviation of the results 

found at stage 1. The results of 18 the visco-elastic constants derived from the second stage 

are shown in Table 4 whereas a difference polar scan and cross-sectional view for φ = 0° 

are shown in figures 9a and 9b. The inverted in-plane deviation angle was found to be -

29.32° ± 0.56°, which is in qualitative agreement with the symmetry in the UPS image of 

figure 7a and 7b. Looking at figure 9a and 9b we notice that the overall shape of the 

landscape is in close agreement with the actual P-UPS experiment apart from the fact that 

the amplitude level is shifted downwards. At this moment, we believe that the shift is 

attributed to a too broad search bound on the viscosity of the C33 parameters. Again, certain 

Table 3. Elastic constants determined by the first stage of the inversion 

procedure using only the TOF P-UPS data for the [0]4 C/E material. 

Statistics are obtained after performing the inversion procedure 100 

times. 

Elastic	constant	 Inverted	Cij	[GPa]	

C11 124.89 ± 15.41	

C12 6.87 ± 1.02	

C13 6.89 ± 0.99	

C22 13.17 ± 0.61	

C23 6.98 ± 0.45	

C33 14.20 ± 0.32	

C44 3.41 ± 0.56	

C55 5.62 ± 0.86	

C66 5.45 ± 0.55	
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deviations can be observed in the regions of the characteristic contours, consistent with the 

same problems the stage 1 experienced in these regions. Nevertheless, these results, apart 

from the overall amplitude shift, reveal that it is feasible to infer the full viscoelastic tensor 

of anisotropic media using a two stage inversion approach on the P-UPS data. 

 
 

  

Figure 8. Cross-section of the forward TOF P-UPS simulation at φ = 0° based on the inverted elastic 

constants (blue) and the [0]4 experiment (red) (a). Difference TOF polar scan (colorbar is in µs) 

between simulation and experiment (b). 
	

  

Figure 9. Cross-section of the forward amplitude P-UPS simulation at φ = 0° based on the inverted 

viscoelastic constants (blue) and the [0]4 experiment (red) (a). Difference amplitude polar scan (colorbar is 

in %) between simulation and experiment (b). 
	

Table 4. Inversion results of the viscoelastic tensor for the [0]4 C/E 

material. The statistics were obtained after 100 characterization runs 

 Elastic part Viscous part 

Tensor	constant	 Inverted	Cij	[GPa]	 Inverted	Cij	[GPa]	

C11 122.64	±	9.17	 9.45	±	2.50	

C12 6.89	±	0.65	 0.56	±	0.16	

C13 7.04	±	0.72	 0.57	±	0.14	

C22 13.23	±	0.38	 0.85	±	0.26	

C23 6.93	±	0.29	 0.41	±	0.13	

C33 14.25	±	0.21	 0.55	±	0.11	

C44 3.16	±	0.21	 0.23	±	0.06	

C55 5.30	±	0.44	 0.35	±	0.10	

C66 5.41	±	0.36	 0.37	±	0.11	
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Conclusion 

In this study, we have introduced a two-stage inversion procedure for the viscoelastic 

characterization of anisotropic media based on the ultrasonic polar scan principle. In stage 1 

of the procedure TOF recordings are used to determine the 9 elastic properties. The second 

stage uses the inferred elastic properties of stage 1 and the amplitude UPS data to determine 

the 9 viscous parameters.  

Excellent inversion results obtained on synthetic data make us confident that our technique 

is  capable of analyzing actual P-UPS experiments.  

The two-stage approach has also been validated on an actual P-UPS recording of a [0]4 

carbon-epoxy plate. The results show that the obtained elastic constants are very realistic 

for this material. During the amplitude inversion, on the other hand, an overall vertical shift 

of the data was noticed which is potentially due to the bounds on the viscosity of C33 being 

too broad. 

Future efforts will be focused on resolving the amplitude shift and on investigating the 

influence of the finite transducer size on the predictions from the forward model. 
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