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Abstract: The ever-increasing use of composite materials in the industry has resulted in the need for 
new, intricate approaches to not only properly characterize their anisotropic mechanical properties 
(i.e., the visco-elastic tensor), but also to detect various types of internal flaws. Both goals can be 
achieved by the Ultrasonic Polar Scan (UPS). During an UPS experiment, a material spot is 
insonified at many oblique incidence angles Ψ(θ,φ), with θ the vertical incident angle and φ the in-
plane polar angle, after which the reflected or transmitted ultrasound signal is recorded. The 
resulting dataset provides an integral view of the angle-dependent reflection (R) and transmission 
(T) scatter coefficients, and can be employed to infer the material properties. Although the current 
UPS scanner provides highly accurate experimental data, it is impractical for in-situ measurements. 
In order to create a more compact and practical measuring device, we propose the use of a 
hemispherical phased array, consisting of small piezoelectric elements, to generate a broadband, 
quasi plane wave signal. It will be shown, based on simulations, that a circular phased array concept 
allows for the determination of the reflection coefficients in θ − f space, from which the dispersion 
curves can be immediately inferred. Comparison of these results with the plane wave theoretical 
results show an excellent agreement. 
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1. Introduction 

As contemporary industries need to innovate on a regular basis, there has been an increasing 
interest in the development and characterization of new types of materials. Composite materials in 
particular are very interesting due to their high stiffness-to-weight ratio along specific directions. 
Unfortunately, the addition of fibers to the material matrix leads to a higher level of anisotropy, which 
makes the full characterization of the stiffness tensor a very challenging task. In order to accurately 
determine the stiffness parameters of the material under study, advanced approaches are needed. 
While the state-of-the art offers several possibilities (e.g., C-scan [1], bulk and Lamb wave based 
approaches [2]), none of the current methods can fully determine the stiffness tensor as they are 
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limited by several constraints, such as an accurate knowledge of the orientation of the symmetry axes 
which is often not available. 

The Ultrasonic Polar Scan [3,4] (UPS) is a relatively recent technique which can bypass the 
former problem. Figure 1a illustrates the basic working principle of the UPS setup. A first transducer 
sends out an ultrasonic broadband pulse, with a center frequency fc between 1 and 5 MHz, towards 
a specific material spot from several incidence angles Ψ(θ,ϕ). This signal interacts with the plate after 
which its reflection or transmission signal is measured by a second transducer. Polar plots of the 
amplitude or the Time-of-Flight (TOF) of these signals then show characteristic contours which offer 
a local fingerprint of the stiffness parameters of the material, which can be extracted by means of an 
inversion algorithm [5–7]. For harmonic excitation signals, the extrema in the polar plots correspond 
to the conditions for efficient Lamb wave stimulation, which offer a similar relation to the stiffness 
parameters. Applying this harmonic UPS procedure for different frequencies (individually or at once 
using a spectroscopic analysis of a pulse) offers more information to be used in the inversion 
algorithm, leading to potentially better parameter estimations. 

  
(a) (b) 

Figure 1. Conceptual drawing of the current UPS setup which is fully water immersed (a) and a 
handheld UPS device based on a circular phased array (b). The blue arrows in (a) indicate the pulse 
trajectory and the highlighted blue and orange transducer elements in (b) are the emitting and 
receiving elements respectively. 

Unfortunately, the full potential of the UPS technique is currently limited due to some practical 
issues with the experimental setup. The positioning of the transducers is mechanically controlled, 
leading to relative long measurement times (~15 min) and a bulky, non-portable scanning system. 
Additionally, the finite aperture transducers produce bounded beams such that no pure Lamb modes 
[8] are induced. Finally, non-specular phenomena are not recorded although they contain 
supplementary information on the response of the insonified plate [9]. 

Therefore, we propose to replace the current mechanical scanner by a phased array consisting 
of small piezoelectric elements. As such, a portable and much faster device can be created which does 
not rely on any mechanical movements. Figure 1b present such a device based on a circular array in 
which the incident angle θ is defined by activating a specific subset of elements. By applying 
appropriate element-specific time delays and apodization weights, the beam can be tuned such that 
a quasi-plane wave can be created [10] and specific Lamb modes can be activated. The synthetic plane 
wave technique can be used to eliminate compulsory bounded beam effects such that the dispersion 
curves can be found in an accurate manner. 

This present contribution deals with the simulation of such an (idealized) circular array and the 
illustration of its use to determine the dispersion behaviour of aluminum and carbon epoxy plates. 

2. Simulation Model 

In order to explore the capabilities of the phased array, a Finite Element simulation model (2D) 
was created within COMSOL Multiphysics. A representation of this model can be seen in Figure 2 
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(left). The model consists (from top to bottom) of a damped water domain, a regular water domain, 
the plate under investigation, and a bottom layer of water to fully capture the water loading 
conditions of the plate. The outer circular boundary actually consists of small (width = 0.3 mm, see 
inset), discrete pressure boundaries which represent the array elements. By activating a subset of 
these elements, an ultrasound beam can be created at a specific incident angle ߠ. Taking into account 
the curvature of the array, phase shifts and apodization factors can be imposed to create a bounded 
beam with a central plane phase [10]. Figure 2a shows an example of such a beam profile. Absorbing 
boundary conditions are used at the bottom boundary to avoid the transmitted beam to be reflected 
back towards the plate. A damping layer is used to eliminate additional reflections from the upper 
boundaries (pressure boundaries). 

To simulate the incident pulses, it was chosen to work in the frequency domain instead of 
working in the time domain, and to reconstruct the time signal afterwards. This is done by 
multiplying the frequency domain results by the spectral content of the incident pulse used in the 
study, and by subsequently applying an Inverse Fourier Transform. For each separate incident angle, 
370 different frequencies between 0 and 2 MHz have been simulated. This procedure has the added 
flexibility that multiple studies with different pulses, and hence different spectral contents (limited 
to the simulated frequencies), can be performed with a single dataset. The complex pressure values 
which are to be used in the Inverse Fourier Transform are collected on points near the array elements. 
Note that at small angles, the complex pressure values will contain the information of both the 
incident and reflected pulse. In order to find accurate results in the subsequent steps, the incident 
pulse must be filtered out of the time signals. 

As mentioned before, pure Lamb modes can only be excited under the input of an infinite plane 
wave. Although the operation parameters of the array can be tuned to create a bounded beam with 
plane wave characteristics, the beam is still composed of a range of incident ߠ  angles which 
individually might lead to the excitation of Lamb modes. Therefore, it is essential to eliminate these 
unwanted bounded beam effects. This can be done by applying the synthetic plane wave technique, 
first introduced in transmission experiments [11] and later adapted for the reflection regime by Jocker 
and Smeulders [12]. In the present paper, their procedure has been adapted for a curved phased array 
and is illustrated in Figure 2b. Using all phased array elements on the circle, the complete reflection 
field can be captured. This field is composed of a specular contribution which is due to a direct 
reflection from the plate, and a non-specular contribution which is attributed to the leakage of the 
energy of the Lamb wave travelling through the plate into the surrounding medium. Each element 
measures an individual time trace, but the complete trace ܶ(ݐ) can be found by adding these traces 
together. Following the notation of Jocker and Smeulders ܶ(ݐ) is given by: 

(ݐ)ܶ = 	෍ ௝ܶ(ݐ)|ܵ଴

ே

௝ୀ଴

=	෍ ଴ܶ(ݐ)| ௝ܵ

ே

௝ୀ଴

, (1)

where ௝ܶ(ݐ)|ܵ଴ represents the time trace measured by array element ݆ sent out by the finite aperture 
source ܵ଴  (comprised of a subset of emitting array elements). The second equality is due to the 
principle of reciprocity of sound waves which essentially means that the source and receiver can be 
swapped in positions. 

Equation (1) thus shows that the total time signal can be reconstructed by creating the 
appropriate conditions in which each of the receiving array elements emits the incident signal 
instead, and vice versa. Due to the large receiving surface and the principle of reciprocity, a large 
emitting surface can effectively be approximated. However, as this surface of the phased array is 
curved, there will be no plane wave created. This issue can be solved by applying time shifts (see 
Figure 2b) to align the time traces as if they would be collected by a planar array. These time delays 
can easily be calculated based on the geometry of the array, and the knowledge of the speed of sound 
in the propagating medium. Eventually, this procedure allows to approximate plane wave results 
based on an incident bounded beam. The time traces found via this approach can then be further 
processed by using a Fourier Transform. After division by the reflection values of the reference 
measurement, this immediately results in the reflection coefficients of interest which can then be 
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plotted as separate slices of the frequency and thickness product ݂݀, or combined in order to retrieve 
the full dispersion behaviour. 

  
(a) (b) 

Figure 2. (a) Used FEM geometry in the simulations together with an example of the incident beam 
and its reflection; (b) A schematic representation of the synthetic plane wave technique and the 
correction needed to account for the curved nature of the array. 

3. Results and Discussion 

The simulation model described in the previous section has been used for the case of aluminum 
(C11 = C22 = C33 = 110.5-2.2i GPa, C12 = C13 = C23 = 58.5-1.17i GPa, C44 = C55 = C66 = 26.5-0.52i GPa, 
d = 3 mm). The calculated reflection coefficients in ߠ − ݂ space can be seen in Figure 3a. The minima 
in this plot correspond to the conditions for efficient Lamb wave excitation in the material, and as 
such represent the dispersive behaviour of the material. The black stars correspond to the 
theoretically calculated dispersion curves in which the water loading of the plate was taken into 
account. It is clear that an excellent match is found between theory and simulation. While the 
dispersion curves are nicely recovered, there are still some minor inconsistencies in the simulation 
model. First, oscillatory variations of the reflection coefficient as function of the frequency are 
apparent for the lowest frequencies. These are due to the damping layer in the model which 
introduces some additional spurious reflections and to the limited size of the calculation model. 
Indeed, as the two water media in the simulations are not identical, part of the incident wave will 
naturally be reflected. Furthermore, irregularities occurring at ݂݀-values between 0.5 and 2 MHz.mm 
and ߠ  angles between 10 and 25° produce oscillations around the S0 mode as a function of the 
incident angle. In this case, the wavelength of the wave traveling through the plate is so large that 
the non-specular field extents outside the computational domain. This results in a loss of information 
for the reconstruction of the plane wave leading to oscillations around the fundamental mode. 

A second case study involves a 3 mm thick unidirectional Carbon Epoxy plate of which the 
viscoelastic parameters are listed in Table 1. Orthotropic materials have a much more elaborate 
dispersive behaviour as their response depends on the in-plane polar angle ߶. Moreover, when this 
in-plane angle does not coincide with one of the symmetry axes of the material, the wave energy in 
the plate will skew. As the non-specular reflection field is composed of the energy which is leaked by 
the wave modes in the plate, this field will experience the same skewing [8]. For obvious reasons, the 
2D model under consideration cannot capture this effect, and we restrict ourselves in Figure 4a to 
only showing the solution for ߶ = 0. The dispersion curves are again coupled to the minima in the 
reflection landscape. Even the sharp variations around 8° = ߠ are nicely resolved. The quality of the 
obtained dispersion curves is also apparent in the difference plot shown in Figure 4b. Overall the 
difference between the simulation and theory remains small (note the color bar), and one can only 
see a clear disagreement for the lower frequencies. Additionally, between 1 and 2 MHz and for 
incident angles of approximately 8°, some oscillatory behaviour can be seen. Both discrepancies are 
believed to have the similar origin as discussed in the aluminum case. Nevertheless, the presented 
results show that the determination of the dispersion curves with the new UPS device should be 
possible with a high accuracy. 
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Table 1. Viscoelastic parameters of the simulated Carbon Epoxy plate (3 mm). Each of the parameters 
is of the form ࢐࢏࡯ = 	ज൫࢐࢏࡯൯ −  .(࢐࢏࡯)ओ	࢐

Viscoelastic Parameters (GPa) 
 ૟૟࡯ ૞૞࡯ ૝૝࡯ ૜૜࡯ ૛૜࡯ ૛૛࡯ ૚૜࡯ ૚૛࡯ ૚૚࡯ 

ज(࡯) 6.2500 5.8600 3.3980 13.465 6.5542 13.465 6.5664 6.5664 122.73 
ओ(࡯) 0.4375 0.4102 0.2379 0.9426 0.4588 0.9426 0.4596 0.4596 8.5909 

 
Figure 3. The reflection coefficients (for aluminum) in ߠ − ݂ space calculated by the FEM model. The 
black starts indicate the theoretically expected dispersion curves. A good match is found between 
both results. 

  
(a) (b) 

Figure 4. Figure (a) shows the reflection coefficients (for Carbon Epoxy) in ߠ − ݂ space calculated by 
the FEM model. Figure (b) shows a difference plot to make a comparison with theory. Overall a very 
good match is found between both results. 

Author Contributions: J.D. created the simulation model and wrote the paper. A.M. provided the theoretical 
model. M.K., E.V., S.D., W.V.P. and K.V.D.A. provided analysis support and reviewed the text. 

Acknowledgments: Support from the Fund for Scientific Research-Flanders (FWO Vlaanderen, grant 
G0B9515N, 1S45216N and 12T5418N), and the NVIDIA corporation is gratefully acknowledged. 

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design 
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the 
decision to publish the results. 
  



Proceedings 2018, 2, 435 6 of 6 

 

References 

1. Tsao, C.C.; Hocheng, H. Taguchi analysis of delamination associated with various drill bits in drilling of 
composite material. Int. J. Mach. Tools Manuf. 2004, 44, 1085–1090, doi:10.1016/j.ijmachtools.2004.02.019. 

2. Siva Shashidhara Reddy, S.; Balasubramaniam, K.; Krishnamurthy, C.V.; Shankar, M. Ultrasonic 
goniometry immersion techniques for the measurement of elastic moduli. Compos. Struct. 2005, 67, 3–17, 
doi:10.1016/j.compstruct.2004.01.008. 

3. Dreumel, V. Nondestructive composite laminate characterization by means of ultrasonic polar-scan. Mater. 
Eval. 1981, 39, 922–925. 

4. Kersemans, M.; Martens, A.; Degrieck, J.; Van Den Abeele, K.; Delrue, S.; Pyl, L.; Zastavnik, F.; Sol, H.; Van 
Paepegem, W. The Ultrasonic Polar Scan for Composite Characterization and Damage Assessment: Past, 
Present and Future. Appl. Sci. 2016, 6, 58, doi:10.3390/app6020058. 

5. Kersemans, M.; Lammens, N.; Degrieck, J.; Van Den Abeele, K.; Pyl, L.; Zastavnik, F.; Sol, H.; Van 
Paepegem, W. Extraction of bulk wave characteristics from a pulsed ultrasonic polar scan. Wave Motion 
2014, 51, 1071–1081, doi:10.1016/j.wavemoti.2014.05.001. 

6. Kersemans, M.; Martens, A.; Lammens, N.; Abeele, K.V.D.; Degrieck, J.; Zastavnik, F.; Pyl, L.; Sol, H.; 
Paepegem, W.V. Identification of the Elastic Properties of Isotropic and Orthotropic Thin-Plate Materials 
with the Pulsed Ultrasonic Polar Scan. Exp. Mech. 2014, 54, 1121–1132, doi:10.1007/s11340-014-9861-7. 

7. Martens, A.; Kersemans, M.; Daemen, J.; Verboven, E.; Van Paepegem, W.; Degrieck, J.; Delrue, S.; Van Den 
Abeele, K. Numerical study of the Time-of-Flight Pulsed Ultrasonic Polar Scan for the determination of the 
full elasticity tensor of orthotropic plates. Compos. Struct. 2017, 180, 29–40, doi:10.1016/j.compstruct.2017.07.083. 

8. Nayfeh, A.H. Wave Propagation in Layered Anisotropic Media: With Application to Composites; Elsevier: North 
Holland, the Netherlands, 1995; ISBN: 978-0-08-054373-4. 

9. Kersemans, M. Combined Experimental-Numerical Study to the Ultrasonic Polar Scan for Inspection and 
Characterization of (Damaged) Anisotropic Materials; Universiteit Gent: Ghent, Belgium, 2014. 

10. Daemen, J.; Kersemans, M.; Martens, A.; Verboven, E.; Delrue, S.; Van Paepegem, W.; Degrieck, J.; Van Den 
Abeele, K. Simulation of a circular phased array for a portable ultrasonic polar scan. AIP Conf. Proc. 2018, 
1949, 200002, doi:10.1063/1.5031638. 

11. Hosten, B.; Castaings, M. Transfer matrix of multilayered absorbing and anisotropic media. Measurements 
and simulations of ultrasonic wave propagation through composite materials. J. Acoust. Soc. Am. 1993, 94, 
1488–1495, doi:10.1121/1.408152. 

12. Jocker, J.; Smeulders, D. Minimization of finite beam effects in the determination of reflection and 
transmission coefficients of an elastic layer. Ultrasonics 2007, 46, 42–50, doi:10.1016/j.ultras.2006.10.001. 

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


