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            Abstract
          
        

        
          In this study, the degree of alignment of polymer microfibers produced by electrospinning using a rotating water collector was evaluated. Aligned micro- and nano-fibers are required in various practical applications involving anisotropic properties. The degree of fiber alignment has many significant effects; hence, and accurate quantitative analysis of fiber alignment is necessary. Therefore, this study developed a simple and efficient method based on two-dimensional fast Fourier transform, followed by ellipse fitting. As a demonstrative example, the polymer microfibers were electrospun on the rotating water collector as the alignment of microfibers can be easily controlled. The analysis shows that the flow velocity of the liquid collector significantly affects the electrospun microfiber alignment, that is, the higher the flow velocity of the liquid collector, the greater is the degree of microfiber alignment. This method can be used for analyzing the fiber alignment in various fields such as smart sensors, fibers, composites, and textile engineering.
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      1. INTRODUCTION
      Electrospinning is one of the most common manufacturing technologies for fabricating micro- and nanofibers. In recent decades, electrospinning has been extensively developed and widely used owing to its simplicity and cost-effectiveness [1-4]. Nonwoven fiber mats with a densely packed but randomly oriented structure are usually produced by electrospinning. However, it is difficult to fulfill diverse demands with this primitive structure owing to the increasing applications of electrospun fibers [5]. Therefore, numerous variations of traditional electrospinning have been developed to efficiently produce fibers of diverse structures. One of these forms is the highly aligned electrospun fibers. Products with enhanced performance can be obtained owing to the unique anisotropic properties of the aligned structure. For example, enhanced mechanical properties and directional guidance of cell growth and tissue regeneration can be obtained [6-8]. Therefore, it is necessary to precisely estimate the degree of fiber alignment.

      Fast Fourier transform (FFT) can be used to evaluate the degree of alignment of many fibers [9,10], where the degree of alignment is represented by the peak and contour of the FFT plot. However, owing to the lack of quantitative results, it is difficult to determine the degree of alignment when it varies by a small range. Therefore, it is necessary to develop a new method that can provide reliable results. Hence, this study developed a simple and efficient method to quantify the alignment of electrospun microfibers based on the FFT plot.

    

    

  
    
      2. EXPERIMENTAL
      
        2.1 Materials
        Polystyrene (PS) (STYRON 6500, Hong Kong), tetrahydrofuran (THF, 99%, Daejung, Siheung, Korea), and N, N-dimethylformamide (DMF, 99.5%, Daejung, Korea) were used as received. A PS solution was prepared with a concentration of 20 wt% using a 1:3 weight ratio of THF and DMF as solvents. In all experiments, deionized (DI) water was used as a liquid collector.

      

      
        2.2 Electrospinning of microfiber mat
        Fig. 1 depicts a schematic of the experimental setup used in this study. Unlike conventional electrospinning that uses a solid collector, a liquid collector was used. A magnetic stir bar created a rotating flow in the liquid collector (DI water of 45 mm height in a circular bath of 150 mm diameter). During electrospinning, a high voltage of 18 kV was applied to the nozzle tip, where the PS solution was extruded at a constant flow rate of 0.5 mL/h. The distance between the nozzle tip and liquid surface was 28 cm. By this, the electrospun microfiber was collected on the liquid surface. To investigate the degree of fiber alignment, microfibers with different morphologies were obtained by applying four rotational speeds of the stir bar (0, 300, 600, and 900 rpm). All experiments were performed at room temperature for 30 s with 30 ± 5% RH humidity. After electrospinning, an aluminum foil was used to pick the microfibers floating on the water surface.

        
          
          

          Fig. 1. 
				
          

          
            Electrospinning setup used in this study.
          
          

          

        

      

      
        2.3 Characterization
        The morphology of fabricated microfibers was observed using scanning electron microscopy (SEM, SU-70, HITACHI, Japan). To determine the distribution of microfiber directions, ImageJ was employed to perform a two-dimensional FFT. After representing the obtained directional distribution in a polar coordinate system, ellipse fitting was carried out. The ratio of major and minor axes in the obtained ellipse was evaluated as a measure of the degree of alignment.

        In this study, three concentric regions in the fabricated microfiber mat were defined to analyze the degree of fiber alignment, as shown in Fig. 2. Beginning with 10 mm from the center of the microfiber mat, each region was set at 5 mm intervals. The centermost area was excluded from the analysis because the electrospun fibers in the center were drawn to the vortex during electrospinning, accumulating more fibers in the center region (Fig. 2). The outer regions were stable because the circumferential flow velocity was almost proportional to the applied rotational speed of the liquid collector. By this, the effect of rotational speed on the degree of fiber alignment was investigated.

        
          
          

          Fig. 2. 
				
          

          
            Photograph of the electrospun microfiber mat and three regions defined for the analysis.
          
          

          

        

      

    

    

  
    
      3. RESULTS AND DISCUSSION
      
        3.1 Morphological characteristics of microfibers
        Fig. 3 shows SEM images of the electrospun microfibers obtained at various rotational speeds of the liquid collector in Region A. The rotational speed of the liquid collector, which can be directly correlated with the circumferential flow velocity, significantly affected the morphology. When the rotational speed of the liquid collector was 0 rpm, which corresponds to a stationary state, the microfibers were almost randomly distributed. This random distribution was similar to that of the typical electrospinning. When the rotational speed was increased to 600 rpm, the microfibers began to arrange in a particular direction. At a higher rotational speed of 900 rpm, more aligned microfibers were formed, as shown in Fig. 3(d).

        
          
          

          Fig. 3. 
				
          

          
            SEM images of the electrospun microfibers in Region A at various rotational speeds of the liquid collector: (a) 0, (b) 300, (c) 600, and (d) 900 rpm.
          
          

          

        

        Fig. 4 shows the SEM images of the electrospun microfibers collected at the rotational speed of 900 rpm. The microfiber morphology could be varied depending on the radial position with the same rotational speed. From Region A to Region C, the degree of fiber alignment decreased. This can be attributed to the nature of the rotating flow of the liquid collector. Since the microfibers deposited on the liquid collector surface followed the fluid flow underneath them, the circumferential flow of the liquid collector facilitated the alignment of floating microfibers in that direction. The greater the rotational speed of the collector, the more pronounced the induced fiber orientation was.

        
          
          

          Fig. 4. 
				
          

          
            SEM images of fibers collected at the rotational speed of 900 rpm of liquid collector: (a) Region A, (b) Region B, and (c) Region C.
          
          

          

        

      

      
        3.2 Degree of fiber alignment
        An example of the present analysis of the degree of fiber alignment is demonstrated in Fig. 5. The first step is to obtain the SEM image [Fig. 5(a)]. From the SEM image, the FFT plot showing the distribution of fiber orientation is generated in the second step of the FFT analysis [Fig. 5(b)]. In this example, the normalized intensity has two major peaks at approximately 30 and 210 degrees since the fibers align in this direction. In the third step [Fig. 5(c)], the orientation distribution is changed from the Cartesian coordinate system to the polar coordinate system, followed by an ellipse fitting. In this manner, the alignment direction can be more clearly indicated. A ratio of the lengths of major and minor axes in the fitted ellipse is calculated. A larger ratio indicates that more fibers are oriented in the same direction, corresponding to a higher degree of fiber alignment. Fig. 5(d) shows the FFT analysis of the randomly oriented fibers, corresponding to Fig. 3(a). Because there is no specific fiber alignment, it does not have major peaks, resulting in the nearly circular ellipse-fitting.

        
          
          

          Fig. 5. 
				
          

          
            (a)-(c) Illustration of each step in the present analysis of the degree of fiber alignment and (d) example of randomly distributed fibers.
          
          

          

        

        Table 1 shows the lengths of major and minor axes of the fitted ellipse and their ratios in each case. The ratio, which represents the degree of fiber alignment, is also shown in Fig. 6. There is no noticeable change in the fiber alignment at 0 and 300 rpm. This implies that liquid collector cannot align fibers when its rotational speed is lower than a certain threshold.

        
          Table 1. 
				
          

          
            Result of the degree of fiber alignment analysis for each case.
          
          

        

        
          
            
              	Sample
              	Major axis
              	Minor axis
              	Ratio
            

          
          
            	0 rpm A
            	4.6405
            	3.4808
            	1.3332
          

          
            	0 rpm B
            	5.2323
            	3.3674
            	1.5538
          

          
            	0 rpm C
            	5.1679
            	3.1690
            	1.6308
          

          
            	300 rpm A
            	4.8665
            	3.2978
            	1.4757
          

          
            	300 rpm B
            	4.8517
            	3.2904
            	1.4745
          

          
            	300 rpm C
            	4.1435
            	3.7402
            	1.1078
          

          
            	600 rpm A
            	4.9148
            	3.2929
            	1.4925
          

          
            	600 rpm B
            	5.8552
            	2.9543
            	1.9819
          

          
            	600 rpm C
            	5.4665
            	2.9502
            	1.8529
          

          
            	900 rpm A
            	8.4850
            	2.4024
            	3.5319
          

          
            	900 rpm B
            	6.8696
            	2.7472
            	2.5006
          

          
            	900 rpm C
            	4.4661
            	3.4461
            	1.2960
          

        

        

        
          
          

          Fig. 6. 
				
          

          
            Degree of fiber alignment in terms of the ratio of fitted ellipse axes.
          
          

          

        

        In the inner regions (A and B), when the rotational speed was increased to 600 rpm, the ratio of the major and minor axes began to increase, indicating more aligned fibers. At 900 rpm, the ratio increased significantly. In contrast, in the outer region (Region C), it was difficult to find a regular trend of the ratio. Furthermore, relatively small values were obtained. Thus, the degree of fiber alignment in the outer region was lower than that in the inner regions. It was also consistent with the SEM observation of the microfiber morphologies.

        To further characterize the obtained results, the theoretical circumferential flow velocity in the liquid collector for each case was calculated using the Burgers vortex model [11]. Among the three-dimensional velocity components, only the tangential one, i.e., circumferential flow velocity, was considered the most significant one because of its larger order of magnitude. As shown in Fig. 7, the circumferential flow velocity decreased from the inner to outer regions. This caused higher fiber alignment in the inner region, particularly at 900 rpm. The predicted circumferential flow velocity had a range because each region had a minimum and maximum radius.

        
          
          

          Fig. 7. 
				
          

          
            Calculation of circumferential flow velocities based on the Burgers vortex.
          
          

          

        

        Fig. 8 shows a relationship between the degree of fiber alignment and the theoretical circumferential flow velocity of the liquid collector. It should be noted that the maximum velocity of the predicted velocity range is selected. There is a proportionality between the degree of fiber alignment and circumferential flow velocity. This trend becomes obvious when a high rotational speed, like 900 rpm, is applied. It can also verify the assumption that, there is a strong relationship between the flow velocity and fiber alignment, when the velocity is sufficiently high. It should be noted that, because this study employed the simplified model for the representative flow velocity, there might be limitations in predicting detailed correlations. This can be further improved through a more accurate flow model.

        
          
          

          Fig. 8. 
				
          

          
            Relationship between circumferential flow velocity and degree of fiber alignment.
          
          

          

        

      

    

    

  
    
      4. CONCLUSIONS
      In this study, the degree of alignment of polymer microfibers electrospun on the rotating water collector was investigated. The circumferential flow velocity of the liquid collector was a decisive factor in determining the degree of fiber alignment. A high flow velocity was more favorable to obtain fibers with a high degree of alignment. In addition, this novel method based on the modified FFT analysis was effective for analyzing the degree of fiber alignment. It can be useful in various fields such as smart sensors, fibers, composites, and textile engineering.
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