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Abstract

:

In this work, materials with potential biomedical applications constituted by fibrous poly(ethylene oxide), PEO, are prepared by solution blow spinning (SBS). The SBS setup has a cylindrical collector for which the rotational speed and size are varied to study its effect on the final morphology of the materials. The morphology is inspected using field emission scanning electron microscopy and studied using image analysis. As a result, many doubts were generated because of the use of different methods of image analysis, therefore a simpler and more conventional method using Image J open-source software was used to ensure the accuracy of the final interpretation. It is shown that fiber size and orientation depend on the linear speed associated with the surface of the collector more than on its rotational speed; therefore, it can be said that the morphology of materials prepared by SBS will depend on the size, shape, and rotational speed of the collector. When the linear speed of the cylindrical collector increases, fibers get thinner, less entangled, and more oriented. It is clear, therefore, that the linear speed of material collection by solution blow spinning is a very important parameter of processing to control the final morphology of materials manufactured by that method. Since morphology can affect the final properties of the materials the simple variation of the linear speed might have important implications on their final performance for different biomedical applications.
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1. Introduction


The morphology and topography of materials can highly influence their final properties. Among others, mechanical properties [1], wettability [2,3], adhesion, and differentiation of cells can be affected. A particular case is constituted by fibrous materials since fibers present a high aspect ratio which leads to a higher impact of the preferential orientation on the final morphology and even topography [4].



Nowadays there exists a great interest in finding materials that are easy to prepare and, if possible, are able to be dispensed on particular sites or in situ (for instance on the skin), to improve tissue regeneration in the case of wound dressings, or tissue engineering in the case of scaffolds. From a clinical point of view, among other characteristics these materials should have: (a) good coupling or direct contact with the surface of the tissue in general or the wound in particular; (b) ease for transporting nutrients; (c) ability of absorption and even extraction of the exudate; (d) biocompatibility and biodegradability and (e) easy to promote correct adhesion of cells, if necessary, differentiation and subsequent tissues development.



To date, there are many techniques for the preparation of supports for tissue growth (scaffolds). Those processing techniques should allow for well-controlled architectures, morphologies, or microstructures to be obtained, so that they can even mimic the structures of the living tissues themselves [5]. Among the most commonly used processing methods are those that involve a selective solution of heterogeneous polymer-based materials, for instance, when water-soluble salts are used to fill polymers [6,7,8,9,10], they can be highlighted. Other kinds of methods involve the preparation of materials constituted by very thin fibers that can mimic the geometry of the extranuclear matrix found in certain tissues, thus they are able to stimulate cell adhesion and growth which are essential to enhance tissue regeneration [11,12]. Among those methods, electrospinning (ES) and solution blow spinning (SBS) are receiving special attention. ES is a technique from which materials are constituted mainly by submicrometric fibers are usually obtained. In this technique, a polymer solution is injected in a capillary by the action of a pump while the capillary is connected to a ground which will act as a collector of the material produced. Once a voltage difference between the capillary and the collector is applied, a high electric field is generated that will interact with the polymer solution coming out from the capillary to stretch it and generate fibers if the proper conditions are chosen. In solution blow spinning, a polymer solution is injected with the aid of a pump and a syringe and then stretched and projected on a collector by the action of a pressurized gas. This process is similar to electrospinning although in this case, however the driving force for stretching the solution is an intense electric field instead of a pressurized gas which makes it less versatile for the preparation of materials. Recently [13,14,15,16], our research group has provided the adaptation of an SBS device initially proposed by Medeiros et al. [17,18]. The main difference introduced is that our device is completely automatized through the use of an Arduino microchip controlled by an Android device and that the nozzle can move from left to right parallel to the long axis of the cylindrical collector to ensure homogeneity of the materials prepared in terms of their thickness.



Although ES and SBS can produce fibers of very small diameters, when compared to each other, both have their advantages and disadvantages. The main advantage of ES is that the fibers generated have greater homogeneity in terms of morphology and size. However, ES seems to present some disadvantages that must be considered for certain applications. ES devices have a very low ability for their adaptation when in situ deposition of materials is required, for example on wounds. In addition, in ES it is usually necessary to apply large electric fields between the material dispenser and the collector along with the need for the solvents and materials used to possess special properties that allow them to properly interact with the electric field. Finally, for proper nanofibrillar material manufacturing, ES requires very low polymer solution feeding rates with the consequence of having low production rates. All these difficulties might be solved with the use of SBS; perhaps with the only difficulty of finding the adequate process conditions to obtain the required fibrillar morphology.



Apart from fibrillar microstructures, there is also a lot of interest in supports with oriented morphology. In particular, it is known that the regeneration of highly ordered structures such as those associated with tendons and ligaments can only be carried out effectively in supports (“scaffolds”) that can provide a topographic guide for cells [19]. In fact, since extracellular matrices are formed by organized collagen fibers, many studies have been carried out on the effect of fiber alignment which were obtained using electrospinning on several types of cells [20,21]. It is evident that the existence of an intense electric field in ES is a factor favoring the preferential orientation; however, as mentioned above the sole feeding rate of the solution might be a disadvantage for scaling up the process. Due to this, other methods such as using SBS to produce fibers, should be investigated for the same purpose. During the last five years, research on materials constituted by submicrometric fibers prepared using solution blow spinning has increased considerably [22,23]. Although, in general, organic polymer-based materials are prepared by SBS, such as neat polymers [24,25] and composites [26,27], inorganic materials can be also obtained, as recent articles show, for instance, carbon nanofibers from poly acrylonitrile, PAN, and lignin [28], and more recently Nb2O5 sub-micrometric fibers from metal oxide precursor nanoparticles [29]. However, a few works have been focused on the use of SBS [30] and ES [31,32] to obtain fibrous materials where their constituted fibers show preferential orientations. However, the distributions of the reported preferred orientations of fibers might be confusing since the analysis is usually based on very complicated methods of image analysis [31,32] in which the results depend on previous preparation of the image and the parameters chosen to carry out the analysis. For this reason, apart from proposing new methods of preparing materials constituted by fibers with tailored orientations, it is necessary to show clear and comprehensive methods of image analysis to yield quantitative and semiquantitative information from parameters that are easy to understand in terms of the particular morphological characteristics of the material.



Among the materials that gather most of the characteristics required for its implementation in biomedical applications, poly(ethylene oxide), PEO, is one of the most known and used. Apart from its biocompatibility, its solubility in water makes it biodegradable and therefore very useful for the controlled release of drugs [33,34]. The PEO can be easily synthesized with different molar masses, allowing in that way to have a wide range of properties. Thanks to its hydrophilicity, it is soluble in water although with different behaviors depending on its molecular weight and crystallinity degree. Besides, it is neither toxic nor sensitive to pH and physiological fluids. On the other hand, PEO presents the ability to be processed using SBS to obtain non-woven mats constituted by submicrometric fibers as it is reflected in other works [1,35,36].



In this study, the method of fabricating poly(ethylene oxide)-based materials via solution blow spinning are described. In order to modify the fibrillar morphology of the materials, the size (smaller and larger collector denoted as S and L, respectively) and rotation speed (ranging from 200 RPM to 1000 RPM) of the cylindrical collector used in the solution blow spinning were varied. To thoroughly investigate the effects of these factors on the morphology of the collected material, a careful analysis of microscopic images was undertaken. This analysis culminated in the derivation of parameters that facilitate the straightforward interpretation of quantitative morphological details. Consequently, these parameters contribute significantly to a deeper comprehension of the material’s microstructural attributes and overall characteristics, which advances the understanding of its potentiality for many properties and applications.




2. Materials and Methods


2.1. Materials


The materials are prepared from poly(ethylene oxide) (PEO) (powder, Mv = 100,000, CAS: 25322-68, density = 1.13 g/mL). Polymeric solutions required for solution blow spinning were prepared by dissolving the PEO in a solvent mixture of acetone, Ac (CAS: 67-64-1, Mw = 58.08 g/mol, bp = 56 °C, density = 0.791 g/mL) and chloroform, Chf (CAS: 67-66-3, Mw = 119.38 g/mol, bp = 61 °C, density = 1.48 g/mL) in a 1:1 volume ratio.




2.2. Samples Preparation


Most of the processing conditions, among others, the solvent system, the concentration of the solution, the dimensions of the nozzle, and the air pressure were chosen based on previous results which demonstrated the feasibility of obtaining PEO fibers by SBS [1]. Polymer solutions were blow spun with a homemade device [1,37]. In this particular work, PEO solutions with a concentration of 10% by weight per unit of volume (w/v) were injected with a syringe at a feeding rate FR of 0.5 mL/min in a capillary (inner and outer diameters of the capillary 0.8 mm and 1.0 mm, respectively) which constitutes the inner channel of a concentric nozzle. Pressurized air at a pressure of 2 atm is simultaneously passed through the outer channel of the nozzle (diameter 2.0 mm). The liquid solution that comes out from the nozzle is stretched by the action of the pressurized air while simultaneously, the solvent evaporates while heading towards the collector, leading to fibers (if adequate SBS conditions are used) that travel a distance of 15 cm (working distance, WD) until they reach a rotating cylindrical collector with a particular rotational speed, RS. In the SBS set-up, the protrusion distance of the capillary with respect to the exit of the concentric nozzle was set at 5 mm, while the collector was a solid cylinder covered with aluminum foil where the material was deposited. To ensure thickness and homogeneity of the mat collected, the collector rotates as the nozzle moves parallelly to the long axis of the cylindrical collector at a constant rate (200 or 1000 rpm). After dispensing at least 20 mL of PEO solution, nonwoven mats of PEO were carefully removed from the aluminum foil and cut to get square specimens to be inspected by microscopy. On the other hand, materials were prepared at room conditions of 20–25 °C, 1 atm of pressure, and a relative humidity of 35–45%. To confirm there was not any trace of solvents remaining in the materials attenuated total reflectance Fourier transformed infrared spectroscopy (ATR-FTIR) was used.



In order to change the preferential orientation of the microconstituents of the materials two variables were considered for the SBS processing conditions, the size of the collector (in terms of its diameter, Dc) and the rotational speed of the collector, RS. Two different collectors were considered, a large cylindrical collector, L, with a diameter of 6.5 cm, and a small cylindrical collector, S, with a diameter of 2.0 cm. On the other hand, two RS were considered: 200 rpm and 1000 rpm. Table 1 shows sample codes depending on the values of the variables considered, Dc and RS respectively. From the size of the cylindrical collector and the rotational speed in revolutions per minute (rpm), the linear speed in m·s−1, v, of the collector when rotating was calculated following Equation (1) and also gathered in Table 1.


  v   m ·  s  − 1     = ω   r a d ·  s  − 1     · r  m   



(1)




where ω is the angular velocity in radians per second, r is the radius of the collector in meters and 1 rpm corresponds to 2π/60 = 0.1047 (rad·s−1).




2.3. Equipments


The morphology of the materials prepared was studied using field emission scanning electron microscopy via a TENEO field emission scanning electron microscope (FESEM-FEI) using an electron acceleration voltage of 5kV. Square specimens were mounted on aluminum stubs using a double adhesive carbon tape and then, to avoid electrostatic charge accumulation, the samples were carbon coated through an evaporation process using a Leica EM ACE200 low-vacuum coater. Digital images were obtained from the data generated by the signal arising from secondary electrons (SE) detected by an Everhart-Thornley (ETD) detector. Before assuming the morphology of the fibers along the thickness of the samples is the same, some experimental evidence should be given. One option can be to analyze cross-section images of the sample and the other one is to use different tilts to obtain the SEM images. In this second case, we can also reach other interesting information that would correspond to the consideration that there is not any optical artifact that might affect the dimensions of the fibers in the case that the images obtained at different tilts would be used to obtain stereoscopic images. Therefore, for a particular specimen, several images were taken at different tilt angles (−5°, 0°, 5° and 10°) to have more (almost 3D) information regarding the morphology.



For ATR-FTIR analysis a Nicolet iS5 (Thermo Scientific, Thermofisher, Waltham, MA, USA) spectrometer equipped with an ATR device with diamond window GladiATR (PIKE Technologies, Fitchburg, WI, USA) was used. The spectra were collected from the average of 32 scans in a wavenumber range from 400 cm−1 to 4000 cm−1 and a resolution of 4 cm−1.




2.4. Digital Image Analysis


The free software ImageJ was used to carry out the image analysis. Digital images obtained by FESEM were imported by the ImageJ 1.53t (Wayne Rasband & contributors, National Institute of Health, Bethesda, MD, USA) and the morphology was analyzed by the tool “measure” and the plugin “Ridge detection” to obtain distributions of fibers diameters and orientations and fibers joins, respectively. In order to avoid any kind of confusion the fiber size, through their diameters, and orientations was manually measured and taken randomly in at least 80 locations for measurment. To ensure a random choice of sites for the measurements, a virtual grid (yellow dashed lines in Figure 1) was positioned over the image and the locations to make the measurements were chosen as the intersections between the virtual lines of the grid and the fibers. As an example, on the SEM image of Figure 1 magenta lines represent the corresponding measurements of diameters, and green lines the directions used to obtain angle orientations of the fibers. For the measurements of orientations, it is important to highlight those lines on the fibers must always be drawn following a particular criterium for instance from left to right. As an example, Figure 2 shows schematically two hypothetical measurements of fiber orientation in terms of angles at 45° and −45° respectively.



Finally, all measurements were represented as a distribution using a bar diagram from which different parameters were obtained: the average of the distribution and the standard deviation. On the other hand, all distributions were fitted by multi-gaussian functions to extract other parameters such as the maxima of the distribution, mainly for comparison purposes.



Fiber joins are considered as the number of intercrossing points between fibers. This parameter was obtained using the plugin “Ridge detection” of the software ImageJ. Since this parameter depends on several initial conditions to make the calculation, certain care should be taken when interpreting results. The Ridge Detection plugin for the software Image J is a tool that allows detecting lines that in our case are associated with fibers, which is based on the algorithm described in reference [38]. When those lines intersect each other, the corresponding breakpoints are stored as joins. There are several parameters to choose in order to make the corresponding calculations and that is the reason why different results might be obtained. They can be divided into mandatory and optional parameters respectively. In the first case, the parameters are (a) Sigma: It depends on the line width and is used to control the scale at which ridges are detected in an image; (b) Lower Threshold: is the minimum intensity threshold for a pixel to be considered part of the line; (c) Upper Threshold: is the maximum intensity threshold for a pixel to be considered part of the line and (d) Darkline (yes/no), this parameter determines whether dark or bright lines are considered for the simulation. For more information, the reader can go to the website of the free software ImageJ 1.53t (https://imagej.net/, accessed on 7 September 2023). Considering the variety of parameters, it is expected to have different results depending on the values chosen. However, if the analysis for all the images were performed following the same path and criteria at least a qualitative interpretation of the results can be done.





3. Results


The morphology of the differently prepared materials was inspected by FESEM. Figure 3 shows the images at several magnifications corresponding to the different materials under study. It can be seen that the materials are very homogeneous with respect to their microstructure, being mainly constituted by fibers with diameters ranging from 50 nm to 1000 nm. Distributions of fiber’s size in terms of their diameters are also shown in Figure 3. From the top to the bottom of the FESEM images of Figure 3, the images were put in order depending on their linear speeds (from lower to higher) used to collect the materials. Apart from the appearance of thinner fibers it can be seen that the higher the collection speed the narrower the size distributions are, pointing out that the diameter or size homogeneity increases as the collection speed increases. On the other hand, it can be clearly seen that the higher the linear velocity of the collector the less twisted or curved the fibers are.



The images were also quantitatively analyzed to obtain the size distribution of fibers in terms of their diameters (see Figure 3). Regarding the quantitative aspect of size distribution, (see Figure 3 on the right) it is important to highlight that this analysis was carried out for the images obtained using different tilt angles in the microscope, obtaining distributions in the form of histograms for each tilt from the measurement of at least 80 diameters per image. This was performed in order to involve as many fibers as possible in the measurement. Considering that the image analysis with ImageJ gives information in only two dimensions, when results arising from the analysis of images obtained are combined from different tilts, a better approximation to the reality is achieved since it is an indirect way of considering the third dimension of the materials i.e., in fact the nanofibrous mats prepared have certain thickness. In each case the average of the distribution was calculated, DT, as well as the corresponding standard deviation, std, being gathered in Table 2 as DT ± std. As can be seen, regardless of the material, there is not any trend with the tilt angle; therefore, all diameters measured per material were incorporated into a unique distribution (distributions shown in Figure 3) from which a global average diameter was obtained, <D>, together with its corresponding standard deviation, σ (Table 2). In this case, a general trend for those values can be seen whereby the average diameter slightly decreases and the width of the distribution (standard deviation) clearly decreases as the linear speed of the collector increases, indicating, as it was mentioned before, that fibers get thinner and more homogeneous the higher the velocity used to collect the material.



On the other hand, using the plugin “Ridge Detection” with the software ImageJ, the number of joins between fibers was estimated (Table 2). Although the use of this plugin highly depends on the image, as well as its quality and level of brightness and contrast, it can be considered a good method to have at least semiquantitative data of joins (interconnections between fibers). In Table 2 it can be seen there is a tendency for the number of joins to decrease as the linear speed to collect the materials increases. This result can give other interesting information about the porosity of the materials since, if there is simultaneously a decrease in the size of fibers and the number of joins, it could be concluded that the porosity must increase with fewer and larger pores.



Another important morphology feature that can highly influence the performance of these fibrous materials is the preferred orientation of the microconstituents, in this particular case, the fibers for the samples under study. In Figure 4, the distributions of fiber orientations for each material are represented in terms of the number of fibers (counts) with a certain orientation expressed in terms of angles between −90° to 90° and their corresponding cumulative plots. In general, a clear alignment of fibers was not observed but this result is simply due to some limitations that the solution blow spinning technique still presents, which is expected to be resolved in the near future with other device designs. With SBS the air can change the flow direction when it reaches the solid collector, which is the reason why some fibers may attach to the surface of the collector in a random manner without following the direction imposed by the rotation of the collector.



However, as can be seen in Figure 4, using the three lowest rotation rates of the collector the fibers are deposited following multimodal distributions while, when the highest rotation rate is used (Material L-1000) fibers are deposited following a monomodal distribution, indicating, at least for this last material, a clearer preferential orientation of fibers.



In principle, a bimodal distribution might be expected considering the way the fibers are collected. In Figure 5, a scheme that explains how bimodal distributions for fiber orientations are obtained is shown. The nozzle moves parallel to the long axis of the cylindrical collector which rotates following a perpendicular direction. Therefore, when the nozzle moves to the right, one range of angles for the fiber deposition on the collector will be favorable while, when the nozzle moves to the left the other range of angles would be favorable.



As the rotation speed increases, less difference should be observed between the two preferential orientations until the rotational speed of the collector (drum) is so fast that it collects fibers with a preferential orientation conditioned exclusively by it. This reason would justify why the fiber’s orientation distributions can be well fitted by two Gaussians (Figure 4) that apparently separate from each other (in fact, the distributions get closer to each other because of the periodical character of the representation) when the rotation speed of the collector increases until in between them it is necessary to add a third Gaussian to fit the distribution. Finally, when the rotational speed of the collector is high enough only one Gaussian is the dominant, leading to a clear and unique preferential orientation of fibers.



In order to better interpret these results, Table 3 gathers some parameters extracted from the distributions. For example, the average orientation angle per sample and tilt used to obtain the FESEM images, θT. As can be seen, regardless of the material, there is not any clear trend with the tilt angle; therefore, all angles measured per material were incorporated into a unique distribution (distributions shown in Figure 3) from which it was obtained a global average angle per sample (all tilts are included for the statistical calculation), <θ>, its corresponding standard deviation, σθ, and the maxima corresponding to the Gaussians, were used to deconvolute the orientation angles distributions, θmax, together with their widths and areas in brackets.



As can be interpreted from Figure 4 and Table 3, as the velocity of collector rotation to collect the fibers increases, the distribution of fiber orientations broadens because the two preferential orientations become more distinguishable from each other. However, considering the periodic character of the representations, what is occurring is just the opposite, this behavior would be easily observed if the distributions corresponding to each material (Figure 4) were represented showing periodicity in the same graph, for instance, repeating the distributions every 180°. In this way, to make the calculations and to obtain the corresponding quantitative parameters (Table 2) the range from 0° to 180° of the periodic representation was used instead of the range from −90° to +90°.




4. Conclusions


In this work, it was shown that the morphology and distribution of nanofibers produced using solution blow spinning are highly dependent on the linear speed of the collector used. It was proven that fiber size and orientation depend on the linear speed associated with the surface of the collector more than its rotational speed. When the linear speed of the cylindrical collector increases, fibers get thinner, less entangled and curly, and more oriented. It is clear therefore, that the linear speed of material collection by solution blow spinning is a very important parameter of processing to control the final morphology of materials and then their final properties and performance regarding their potential for biomedical applications. Moreover, it has been shown that in the case of a nozzle moving parallel to the long axis of the rotation of the collector, a bimodal distribution of fiber orientation is present. If the linear speed of the collector increases, the bimodal distribution of fiber orientations broaden i.e., the two preferential orientations become more distinguishable from each other, and finally, when the linear speed is much faster than the nozzle horizontal movement, the distinguishable bimodal distributions are fused into one broad, which means that preferential orientation is monomodal.



Regarding the way through which the fiber’s size and orientation have been analyzed, it can be said that the method chosen is consistent and provides significant results from the analysis of just a single image of the fibrous material, thus reducing analysis time no matter what way the image is acquired.
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Figure 1. Example of SEM image analysis to measure diameters and orientation of fibers. The whole SEM image (left) and zoomed region are represented by the yellow square in the whole image with measurements (right). Yellow dashed lines represent the grid used to guide in the choice of fibers on which to perform measurements and green and magenta lines are examples of segments drawn to make measurements. 
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Figure 2. Schematical representation of two hypothetical measurements of fiber orientation in terms of angles at 45° and −45°. 
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Figure 3. Diameter distributions and SEM images at different magnifications corresponding to the different materials prepared. (a–d) images and diameters distribution corresponding to the sample S-200; (e–h) images and diameters distribution corresponding to the sample L-200; (i–l) images and diameters distribution corresponding to the sample S-1000 and (m–p) images and diameters distribution corresponding to the sample L-1000. 
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Figure 4. Distributions of fiber orientations for each material: (a) S-200; (b) L-200; (c) S-1000 and (d) L-1000. 
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Figure 5. Representative scheme showing how bimodal distributions of fiber orientations are obtained from the solution blow spinning setup used in this work. 
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Table 1. Sample codes and SBS processing variables.
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	Sample Code
	Collector Diameter, Dc

(cm)
	Rotational Speed, RS

(rpm)
	v

(m·s−1)





	S-200
	2.0
	200
	0.21



	L-200
	6.5
	200
	0.68



	S-1000
	2.0
	1000
	1.05



	L-1000
	6.5
	1000
	3.40










 





Table 2. Values of parameters used to characterize fiber size and mat density for the different PEO-based samples.






Table 2. Values of parameters used to characterize fiber size and mat density for the different PEO-based samples.





	
Sample (Tilt)

	
v

(m/s)

	
Tilt (°)

	
Joins

	
<Joins>

	
DT

(nm)

	
<D>

(nm)

	
σ

(nm)

	
Dmax

(nm)

	
<Dmax>

(nm)






	
S-200 (−5)

	
0.21

	
−5

	
205

	
196 ± 41

	
394 ± 290

	
383

	
223

	
290

	
271




	
S-200 (0)

	
0

	
221

	
351 ± 163

	
253




	
S-200 (5)

	
5

	
135

	
412 ± 279

	
280




	
S-200 (10)

	
10

	
221

	
375 ± 161

	
289




	
L-200 (−5)

	
0.68

	
−5

	
299

	
270 ± 38

	
390 ± 176

	
386

	
160

	
253

	
298




	
L-200 (0)

	
0

	
214

	
394 ± 166

	
271




	
L-200 (5)

	
5

	
278

	
386 ± 139

	
307




	
L-200 (10)

	
10

	
287

	
375 ± 162

	
289




	
S-1000 (−5)

	
1.05

	
−5

	
209

	
206 ± 10

	
337 ± 110

	
316

	
105

	
268

	
256




	
S-1000 (0)

	
0

	
192

	
343 ± 118

	
273




	
S-1000 (5)

	
5

	
211

	
314 ± 106

	
256




	
S-1000 (10)

	
10

	
213

	
314 ± 114

	
246




	
L-1000 (−5)

	
3.40

	
−5

	
67

	
91 ± 25

	
279 ± 75

	
297

	
83

	
239

	
253




	
L-1000 (0)

	
0

	
73

	
300 ± 100

	
230




	
L-1000 (5)

	
5

	
106

	
295 ± 76

	
250




	
L-1000 (10)

	
10

	
117

	
317 ± 97

	
264











 





Table 3. Values of the parameters used to describe the preferential orientation of fibers constituting the different PEO-based samples.
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Sample (Tilt)

	
v

(m/s)

	
Tilt (°)

	
θT

(°)

	
<θ>

(°)

	
σθ

(°)

	
θmax (Width, Area)

(°)






	
S-200 (−5)

	
0.21

	
−5

	
82 ± 56

	
62

	
53

	
143 (29, 1823)

31 (58, 5076)




	
S-200 (0)

	
0

	
77 ± 55




	
S-200 (5)

	
5

	
67 ± 53




	
S-200 (10)

	
10

	
67 ± 57




	
L-200 (−5)

	
0.68

	
−5

	
75 ± 53

	
70

	
50

	
130 (37, 1526)

37 (71, 4692)




	
L-200 (0)

	
0

	
72 ± 51




	
L-200 (5)

	
5

	
68 ± 50




	
L-200 (10)

	
10

	
67 ± 47




	
S-1000 (−5)

	
1.05

	
−5

	
79 ± 63

	
88

	
49

	
117 (34, 1231)

161 (20, 1100)

54 (56, 3739)




	
S-1000 (0)

	
0

	
91 ± 63




	
S-1000 (5)

	
5

	
86 ± 67




	
S-1000 (10)

	
10

	
89 ± 71




	
L-1000 (−5)

	
3.40

	
−5

	
95.9 ± 36

	
95

	
34

	
96 (76, 7577)




	
L-1000 (0)

	
0

	
95.5 ± 37




	
L-1000 (5)

	
5

	
95.2 ± 33




	