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Abstract

:

In the framework of non-destructive testing and imaging, ultrasound tomography can have an important role in several applications, especially in the biomedical field. The motivation beyond the use of this imaging technique lies in the possibility of obtaining quantitative imaging which is also operator-independent, conversely to conventional approaches. Thus, the need for public data sets for testing inverse scattering approaches is always persisting. To this aim, this paper introduces an experimental multiple-input-multiple-output ultrasound tomographic database whose acquisitions were performed by an air-matched in-house system designed and built by the Authors. The proposed database provides several cases with single and multiple objects of different shapes, sizes, and materials, to be imaged in laboratory-controlled conditions. Therefore, these scenarios can represent interesting options for the preliminary testing of tomographic ultrasound imaging approaches.
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1. Introduction


Ultrasound imaging is one of the most adopted imaging modalities for non-destructive testing and diagnostics [1]. Nevertheless, conventional approaches suffer from some limitations, such as the operator-dependent feature and the presence of speckles which degrades the quality of the images, thus requiring the use of proper filtering strategies [2,3,4]. In this framework and to provide a quantitative, operator-independent imaging modality, ultrasound tomography has achieved significant interest.



Ultrasound tomography (UST) represents an imaging modality that exploits ultrasound waves to retrieve information about the mechanical properties of objects of interest (OIs). In UST, the pressure fields are measured by ultrasound (US) transducers located outside the OIs to locate and eventually characterize them in terms of density, compressibility and attenuation [5,6,7]. Due to the fact that the data acquisition measures the received voltage at the port of one or more of the receiving transducers to infer the pressure field impinging directly on the sensor, a proper calibration procedure that takes into account the radiation factor, implicitly or explicitly, is required to perform the imaging.



More in detail, the idea of arranging ultrasound transducers around the imaged objects in a fixed setup goes back to the early 1980s [8]. Since then, several scientists have been working on UST [9,10,11,12,13], and most of this work is focused on noninvasive medical imaging, especially for breast cancer applications [14,15,16,17], in which field considerable tumor detection and characterization improvements can be appreciated if UST is applied in combination with other imaging approaches [18,19,20,21].



To perform the data acquisition in UST, two main options are available: the first one exploits the use of a single transmitter-receiver pair that mechanically moves around the investigation region, while the second option carries out the data collection via adopting more transmitters and receivers physically located around the area of interest. This latter option, which is also known in communication technologies as the multiple-input-multiple-output (MIMO) configuration, represents the case considered in the proposed manuscript. The aim of the work is to face the common issue in the inverse scattering community of the lack of experimental US tomographic scattering data. The quest for experimental data was already partially satisfied in different contexts [22,23,24,25], in which cases the angular diversity information is collected via mechanical movements of the bistatic pair of transmitter and receiver around the OIs. However, there are several applications for which scattering data are better collected with mechanically static systems, such as biomedical imaging and nondestructive testing.



Despite the experimental data sets available for ultrasound systems, most of them focus on complex scenarios more suitable for denoising and image processing purposes rather than for testing tomographic coherent imaging approaches in relatively simple laboratory-controlled conditions.



Thus, with the goal of stimulating the research for both imaging and calibration issues, this work presents a tomographic database of ultrasound scattering measurements. The acquisitions were performed by adopting an in-house imaging system which is described in Section 2. In the following, different scenarios are considered with an increased level of complexity to allow the performance testing of both image formation and detection algorithms.



The remainder of the paper is the following. Section 2 describes the proposed experimental US system, Section 3 illustrates the acquisition protocol, and Section 4 focuses on the data set description. Some conclusions close the paper.




2. Experimental Ultrasound System


In this section, the proposed UST system, that was designed, built, and tested at the University of Naples Parthenope, is presented. The overall system, which is shown in Figure 1, was intended for the acquisition of a single slice of the investigation domain and consists of three main components:



	
a circular wooden ring hosting twenty-two US transducers (both transmitters and receivers);



	
a signal generator (Agilent Technologies, model 33220A) for the transmitters excitation;



	
an analog-to-digital converter (National Instrument, 6363 DAQ USB X Series);



	
a standard laptop to control the acquisitions and to perform the processing.






The imaging region is surrounded by twenty-two transducers (i.e., four transmitters and eighteen receivers), approximately equally spaced on a wooden circular ring as shown in Figure 2. The circular wooden ring on which the transducers are located is hung by means of three thin metallic bars (Figure 2a). The height of the imaging plane and the presence of an absorbing element on the floor of the system reduce the presence of clutter considerably, allowing good isolation of the back-scattered signal related to the OIs.



The internal and external radii of the wooden ring are equal to    r  i n t   = 17.5   cm and    r  e x t   = 22.5   cm, respectively, while the distance of each transducer from the centre of the investigation area is approximately    r  t r   = 16.5   cm. The angular distance between two consecutive transducers  θ  is about   16 .   36 ¯  ∘   .



As detailed in Figure 2b, the four transmitters are located at the cardinal points in a slightly asymmetrical position, i.e., two consecutive transmitters might be separated by either 4 or 5 receivers, according to the considered angular sector. The transducers used as transmitters and receivers are, respectively, the 40LT16 and 40LR16 both manufactured by SensComp. Both of these types of sensors have a central working frequency of 40 kHz and narrow bandwidth of approximately 2 kHz. At the central frequency of 40 kHz, the corresponding wavelength is approximately 8.5 mm. The bandwidth was experimentally measured and decreases to a −8 dB power-level difference as proved by Figure 3a. In the following, an operational bandwidth of 4 kHz (  38 , 42   kHz) will be considered for the acquisition protocol. Regarding the beam angle, it extends for approximately   60 ∘   at −3 dB both in the vertical as well as horizontal planes (Figure 3b).



The region of interest (ROI), i.e., the scanning area in which the objects are located, coincides with the central area of the circular array.



The received US waves are converted into electric signals by 40LR16 transducers and then digitalized by an analog-to-digital converter manufactured by National Instruments. Once acquired, the beat signals are computed to demodulate the signals. Both acquisition and beat-signal extraction steps are computed via a Matlab script (available in the Supplementary Material).




3. Data Acquisition Protocol


The proposed work aims to create a database of measured US scattered pressure fields for tomographic inversion purposes and to provide the scientific imaging community the opportunity to test the resolution capability of their approaches in some laboratory-controlled conditions with different levels of complexity.



Therefore, in the present study, both the fields with and without the OIs located in the investigation area are collected, named   u  o b j    and   u  e m p   , respectively. These two types of measures are performed in order to allow the evaluation of the scattered field   u  s c t    by means of a subtraction operation, i.e.,    u  s c t   =  u  o b j   −  u  e m p    .



The acquisition protocol consists of a set of measurements per each scenario. More in detail, a stepped-frequency continuous-wave monochromatic signal was adopted as a source with a total of 41 equally-spaced frequency points in the range   [ 38 , 42 ]   kHz with a sampling frequency of 500 kHz and a sixteen-bit precision. It is worth noting that the frequency step used to sample the considered band is equal to 100 Hz. Thus, adopting this choice guarantees a sufficiently large unambiguous distance, which for the considered settings is approximately equal to 1.71 meters, which is suitable for the proposed setup.



The sinusoidal pulse used as an active signal has a duration of 20 ms per frequency and the procedure is repeated per each of the 4 transmitters of the circular array. Regarding the acquisitions, they are not simultaneous, but sequential, i.e., at each frequency one single transmitter is active and then one receiving channel acquires the data. In order to avoid transitional effects, the acquisition of each frequency includes a pause to ensure the collection of steady-state data. After that, the receiving operation is repeated and carried out sequentially for each receiving transducer, and then per each transmitter. It is worth noting that the use of a 20-ms-length window per frequency ensures that the side lobes of sinc replicas that are in the band of interest are 90 dB lower than the power peak, making any low-pass filter unnecessary. The final time to complete the acquisition of each scenario (i.e., 41 frequency points, 4 views, 18 measures) is about 20 min.



After the acquisition, the signal is filtered in the range   [ 38 , 42 ]   kHz to reduce the effect of noise, and the mean beat signal is computed. Finally, due to the considered static scenes, an average value is determined for the whole observation window. Thus, at each frequency, a single complex value is obtained per transmitter-receiver pair.




4. Data Set Description


The objects which compose the database are homogeneous objects of different sizes (0.7–5.0 cm), shapes (spheres and cubes), and materials (wooden, styrofoam, cork). A picture of the targets adopted for the measurement campaign is shown in Figure 4 with further details reported in Table 1. The reader can refers to [26] for the evaluation of the target strength.



The imaging scenario was obtained by placing the objects inside the imaging plane. As support for the targets, some nylon wires were used to hang them in the central area in the same plane the transducers are. The acquisition of the scenes is static, thus the objects are stable and fixed during the measurements.



Basically, the data set is composed of different scenarios with different targets and arrangements. More in detail, the scenarios are illustrated in Figure 5, Figure 6, Figure 7 and Figure 8 and organized according to the following scheme:




	
Scenario 1: A single object of different shape, size, and material



In this set of measurements, the acquisition of a single object of various shapes, sizes, and materials is considered, as illustrated in Figure 5. The types of objects are briefly summarised in Table 1, which provides the main details. In all these measurements, for a total of 13 acquisitions, the position of the object remains fixed and only its size and material change, as detailed in Table 2.



	
Scenario 2: two wooden spheres of equal size



In this scenario, two wooden spheres of the same size are located closer and closer to the region of interest to test the resolution capabilities. A sketch of the considered acquisition is illustrated in Figure 6, with quantitative details reported in Table 3.



	
Scenario 3: Two objects of different size, shape, and material



Several acquisitions were carried out to consider various arrangements of targets of different shapes, sizes, and materials, as shown in Figure 7. In all these measurements, for a total of 20 acquisitions, two objects were considered as detailed in Table 4.



	
Scenario 4: three objects



In this last scenario, three objects of different sizes, shapes, and materials are arranged in the region of interest. All the details about these acquisitions are provided in Figure 8 and Table 5.








The data are stored in “.mat” format and named with the following criterion: “scenario-X-YY.mat”, with the number “X” referring to the scenario ID and with the number “YY” referring to the acquisition number. Thus, for instance, if the considered file is named “scenario-2-07.mat”, this file contains the data related to scenario 2 and set ID number 07. Each of these files contains different variables, “u-obj” and “u-emp” refer to the acquisition performed with target(s) inside the investigation domain and without any object, respectively. Furthermore, “r” is the radius of the measurement curve, “rx-angles” and “tx-angles” represents the angular position of the receivers and the transmitters, respectively, “f”, contains the values of the operative frequencies. The remaining variables, i.e., “h”, “s” and “objects-type”, are specific per each scenario (see Figure 5, Figure 6, Figure 7 and Figure 8 and Table 2, Table 3, Table 4 and Table 5).



Regarding the data structure, each variable consists of a three-index matrix: the first two dimensions identify the receiver and transmitter ID, respectively, with sorting as reported in Figure 2b, while the last dimension refers to the number of adopted frequencies. Thus, the size of each matrix variable is   18 × 4 × 41  . The data sets and the related acquisition code are available in the Supplementary Material of the paper.



Finally, a numerical validation of the proposed experimental tomographic system is carried out via a comparison with simplified two-dimensional (2D) numerical simulations by using the K-Wave MATLAB toolbox [27]. K-Wave is a framework designed to make realistic photoacoustic analyses. The forward problem is solved via k-space pseudo-spectral time-domain computations for solving coupled first-order acoustic equations for both homogeneous and heterogeneous media in one, two, and three dimensions.



Figure 9 reports a comparison between the signal measured by the proposed system (single view) with a cylindrical 4-mm-diameter metallic target located inside the investigation domain and a simplified 2D numerical simulation performed by the K-Wave toolbox with the sensors’ positions assumed equally-spaced in angle along the measurement circle. It can be noticed that there is a good match between the measured field and the numerical simulation, even though some small differences in amplitude and phase are present. In this regard, it is worth noting that a very good match can be observed for transducers with higher SNR (i.e., from 6 to 14) both in amplitude and phase. Moreover, for these transducers the phase difference is approximately 0.5 radians, which corresponds to a difference in space of about 0.3 mm, to be ascribed to a positioning error for the target. These differences can be ascribed to a few causes, such as the simplified 2D numerical model adopted for the comparison, which is still a full-wave model, as well as the precision in locating the small, simulated target in the right place to agree with the correct location of the metallic bar used for the real measurement, but also the approximation in the radiation pattern which is here assumed 2D for the sake of ease. The Matlab code related to the numerical simulation of Figure 9 is reported in the Supplementary Material.




5. Conclusions


In this paper, an experimental tomographic imaging database for ultrasound tomography designed and built at the University of Naples Parthenope was presented. The proposed US database represents an interesting laboratory-controlled situation for the testing of imaging and localization approaches and their performance, which is paramount prior to their use in complex and realistic scenarios. This work tries to meet the impelling need of the scientific community for testing inverse scattering approaches.



In this work, the acquisition was performed in an air-matched in-house system considering several scenarios with single and multiple objects of different shapes, sizes, and materials. The measures were performed at different equally-spaced frequencies in the range [38, 42] kHz and, per acquisition, both the data collected in the presence and absence of the targets were collected and stored in mat variables which are available in the Supplementary Material of the paper.



Future work will be focused on the extension of the considered system, properly re-designed and re-scaled, to the case of water-matched UST in the framework of biomedical applications.
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Figure 1. Picture of the tomographic ultrasound system. The transmitters are connected to the signal generator (bottom left), while the receivers are connected to a data acquisition device (bottom right). The whole acquisition is controlled via a laptop with Matlab software. 
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Figure 2. (a) Picture of the US transducers circular array and (b) sketch of its arrangement with details about transmitters (in red) and receivers (in grey). The dimensions are:    r  i n t   = 17.5   cm,    r  e x t   = 22.5   cm,    r  t r   = 16.5   cm and   θ = 16 .   36 ¯  ∘   . 
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Figure 3. (a) Transducers frequency response in the band   37 , 44   kHz and (b) radiation pattern at the frequency of 40 kHz. The pattern is approximately the same in both horizontal and vertical planes. 
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Figure 4. Picture of the objects adopted for the measurement campaign. From the top row: circular wooden spheres of different size, styrofoam cubes and spheres, cork cubes. 
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Figure 5. Scenario 1: single object of different shape, size and material. (a) Picture of an acquisition and (b) its sketch in a two-dimensional plane. 
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Figure 6. Scenario 2: two wooden spheres of equal size. (a) Picture of an acquisition and (b) its sketch in a two-dimensional plane. 
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Figure 7. Scenario 3: two objects of different size, shape and material. (a) Picture of an acquisition and (b) its sketch in a two-dimensional plane. 






Figure 7. Scenario 3: two objects of different size, shape and material. (a) Picture of an acquisition and (b) its sketch in a two-dimensional plane.



[image: Applsci 12 05192 g007]







[image: Applsci 12 05192 g008 550] 





Figure 8. Scenario 4: three objects. (a) Picture of an acquisition and (b) its sketch in a two-dimensional plane. 
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Figure 9. Comparison between measured (red line) and simulated (blue line) data by K-Wave Matlab toolbox for the amplitude (a) and phase (b) signals. 
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Table 1. Features of the objects involved in the measurement campaign.
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	Object
	Size (Diameter/Side) [cm]
	Shape
	Material





	 [image: Applsci 12 05192 i001]
	   { 0.7 ,  0.9 ,  1.2 ,  1.6 ,  2.0 ,  2.8 }   
	Sphere
	Wood  



	 [image: Applsci 12 05192 i002]
	   { 2.0 ,  5.0 }   
	Sphere
	Styrofoam  



	 [image: Applsci 12 05192 i003]
	   { 0.5 ,  2.0 }   
	Cube
	Styrofoam  



	 [image: Applsci 12 05192 i004]
	   { 0.5 ,  1.0 ,  2.0 }   
	Cube
	Cork
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Table 2. Scenario 1: single object of different shape, size and material (Figure 5). The quantity s refers to the diameter for spherical objects and to the side for cubes.
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	Set
	Object ( [image: Applsci 12 05192 i005])
	h [cm]
	s [cm]





	1.01
	 [image: Applsci 12 05192 i001]
	11
	   0.7   



	1.02
	 [image: Applsci 12 05192 i001]
	11
	   0.9   



	1.03
	 [image: Applsci 12 05192 i001]
	11
	   1.2   



	1.04
	 [image: Applsci 12 05192 i001]
	11
	   1.6   



	1.05
	 [image: Applsci 12 05192 i001]
	11
	   2.0   



	1.06
	 [image: Applsci 12 05192 i001]
	11
	   2.8   



	1.07
	 [image: Applsci 12 05192 i002]
	   21.7   
	   2.0   



	1.08
	 [image: Applsci 12 05192 i002]
	   21.7   
	   5.0   



	1.09
	 [image: Applsci 12 05192 i003]
	   21.7   
	   0.5   



	1.10
	 [image: Applsci 12 05192 i003]
	   21.7   
	   2.0   



	1.11
	 [image: Applsci 12 05192 i004]
	11
	   0.5   



	1.12
	 [image: Applsci 12 05192 i004]
	11
	   1.0   



	1.13
	 [image: Applsci 12 05192 i004]
	11
	   2.0   
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Table 3. Scenario 2: two wooden spheres of equal size (Figure 6).
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	Set
	Object
	s [cm]
	   h 1    [cm]
	   h 2    [cm]





	2.01
	 [image: Applsci 12 05192 i001]
	   2.8   
	11
	   2.8   



	2.02
	 [image: Applsci 12 05192 i001]
	   2.8   
	11
	   3.3   



	2.03
	 [image: Applsci 12 05192 i001]
	   2.8   
	11
	   3.8   



	2.04
	 [image: Applsci 12 05192 i001]
	   2.8   
	11
	   4.8   



	2.05
	 [image: Applsci 12 05192 i001]
	   0.9   
	11
	   0.9   



	2.06
	 [image: Applsci 12 05192 i001]
	   0.9   
	11
	   1.4   



	2.07
	 [image: Applsci 12 05192 i001]
	   0.9   
	11
	   1.9   



	2.08
	 [image: Applsci 12 05192 i001]
	   0.9   
	11
	   2.5   
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Table 4. Scenario 3: two objects of different size, shape and material (Figure 7). The quantity s refers to the diameter for spherical objects and to the side for cubes.
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	Set
	Object 1 ( [image: Applsci 12 05192 i005])
	   s 1    [cm]
	   h 1    [cm]
	Object 2 ( [image: Applsci 12 05192 i006])
	   s 2    [cm]
	   h 2    [cm]





	3.01
	 [image: Applsci 12 05192 i001]
	   0.9   
	11
	 [image: Applsci 12 05192 i001]
	   1.6   
	   1.8   



	3.02
	 [image: Applsci 12 05192 i001]
	   0.9   
	11
	 [image: Applsci 12 05192 i001]
	   1.6   
	   3.2   



	3.03
	 [image: Applsci 12 05192 i001]
	   2.0   
	11
	 [image: Applsci 12 05192 i003]
	   2.0   
	   2.5   



	3.04
	 [image: Applsci 12 05192 i001]
	   2.0   
	11
	 [image: Applsci 12 05192 i003]
	   2.0   
	   4.0   



	3.05
	 [image: Applsci 12 05192 i001]
	   1.4   
	13
	 [image: Applsci 12 05192 i003]
	   2.0   
	   2.2   



	3.06
	 [image: Applsci 12 05192 i001]
	   1.4   
	13
	 [image: Applsci 12 05192 i003]
	   2.0   
	   3.7   



	3.07
	 [image: Applsci 12 05192 i001]
	   1.4   
	13
	 [image: Applsci 12 05192 i002]
	   2.0   
	   2.2   



	3.08
	 [image: Applsci 12 05192 i001]
	   1.4   
	13
	 [image: Applsci 12 05192 i002]
	   2.0   
	   3.7   



	3.09
	 [image: Applsci 12 05192 i001]
	   2.0   
	   19.2   
	 [image: Applsci 12 05192 i002]
	   2.0   
	   2.5   



	3.10
	 [image: Applsci 12 05192 i001]
	   2.0   
	   17.7   
	 [image: Applsci 12 05192 i002]
	   2.0   
	   4.0   



	3.11
	 [image: Applsci 12 05192 i002]
	   2.0   
	   19.2   
	 [image: Applsci 12 05192 i003]
	   2.0   
	   2.5   



	3.12
	 [image: Applsci 12 05192 i002]
	   2.0   
	   17.7   
	 [image: Applsci 12 05192 i003]
	   2.0   
	   4.0   



	3.13
	 [image: Applsci 12 05192 i002]
	   2.0   
	   22.4   
	 [image: Applsci 12 05192 i003]
	   0.5   
	   1.8   



	3.14
	 [image: Applsci 12 05192 i002]
	   2.0   
	   20.9   
	 [image: Applsci 12 05192 i003]
	   0.5   
	   3.3   



	3.15
	 [image: Applsci 12 05192 i004]
	   2.0   
	11
	 [image: Applsci 12 05192 i003]
	   2.0   
	   2.5   



	3.16
	 [image: Applsci 12 05192 i004]
	   2.0   
	11
	 [image: Applsci 12 05192 i003]
	   2.0   
	   4.0   



	3.17
	 [image: Applsci 12 05192 i004]
	   1.0   
	11
	 [image: Applsci 12 05192 i002]
	   2.0   
	   2.0   



	3.18
	 [image: Applsci 12 05192 i004]
	   1.0   
	11
	 [image: Applsci 12 05192 i002]
	   2.0   
	   3.5   



	3.19
	 [image: Applsci 12 05192 i004]
	   1.0   
	11
	 [image: Applsci 12 05192 i001]
	   0.9   
	   1.5   



	3.20
	 [image: Applsci 12 05192 i004]
	   1.0   
	11
	 [image: Applsci 12 05192 i001]
	   0.9   
	   3.0   










[image: Table] 





Table 5. Scenario 4: three objects of different size, shape and material (Figure 8). The quantity s refers to the diameter for spherical objects and to the side for cubes.
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	Set
	Object 1 ( [image: Applsci 12 05192 i006])
	   s 1    [cm]
	   h 1    [cm]
	Object 2 ( [image: Applsci 12 05192 i005])
	   s 2    [cm]
	   h 2    [cm]
	Object 3 ( [image: Applsci 12 05192 i007])
	   s 3    [cm]
	   h 3    [cm]





	4.01
	 [image: Applsci 12 05192 i004]
	   2.0   
	10
	 [image: Applsci 12 05192 i001]
	   2.0   
	   8.5   
	 [image: Applsci 12 05192 i002]
	   2.0   
	   10.0   



	4.02
	 [image: Applsci 12 05192 i004]
	   1.0   
	   14.5   
	 [image: Applsci 12 05192 i001]
	   1.6   
	   5.0   
	 [image: Applsci 12 05192 i001]
	   2.8   
	   13.5   



	4.03
	 [image: Applsci 12 05192 i001]
	   1.6   
	18
	 [image: Applsci 12 05192 i001]
	   1.6   
	   2.5   
	 [image: Applsci 12 05192 i001]
	   1.6   
	   15.5   



	4.04
	 [image: Applsci 12 05192 i004]
	   2.0   
	14
	 [image: Applsci 12 05192 i001]
	   2.8   
	   6.0   
	 [image: Applsci 12 05192 i001]
	   1.6   
	   13.0   



	4.05
	 [image: Applsci 12 05192 i004]
	   2.0   
	14
	 [image: Applsci 12 05192 i003]
	   2.0   
	   6.0   
	 [image: Applsci 12 05192 i001]
	   1.6   
	   15.5   



	4.06
	 [image: Applsci 12 05192 i004]
	   2.0   
	14
	 [image: Applsci 12 05192 i002]
	   2.0   
	   4.5   
	 [image: Applsci 12 05192 i002]
	   2.0   
	   11.0   
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