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Abstract

:

The fabrication of nanofibers with a mechanical force has attracted increasing attention owing to its facile and easy fabrication. Herein, we demonstrate a novel and facile fabrication technique with the mechanical force, needle spinning, which utilizes a needle tip to draw a polymer solution to form fibrous structures. We studied the effect of the processing parameters to the nanofiber structure, namely, the pulling away speed, pulling away distances, needle size, and polymer concentration, which were systemically controlled. As the needle spinning provides an effective route to adjust those parameters, highly uniform nanofibers can be achieved. There are clear tendencies in the diameter; it was increased as the polymer concentration and needle size were increased, and was decreased as the pulling away distance and pulling away speed were increased. Needle spinning with a precise control of the processing parameter enables us to readily fabricate well-defined nanofibers, with controlled dimensions in diameter and length; plus, single nanofibers also can be easily formed. Those features cannot be realized in common spinning process such as electrospinning. Therefore, this technique will lead to further development of the use of mechanical force for nanofiber fabrication and will expand the range of nanofibers applications.
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1. Introduction


Nanofibers have emerged as one of the promising one-dimensional nanomaterials, owing to their unique physicochemical properties, for example, their exceptionally large surface area to volume ratio and their long length with a small diameter in the nanometer scale [1,2]. Also, nanofibers can be easily engineered to introduce desired properties, for example, a high porosity with excellent pore interconnectivity [3]. Their unique characteristics make them attractive candidates for advanced applications, such as electronic devices [4,5], environmental remediation by filtration [6,7], and biomedical applications [8,9]. The nanofibers are fabricated by various techniques; a popular method is electrospinning. Electrospinning has been regarded as the most widely utilized way to produce nanofibers with a controlled fiber diameter on a large scale [10,11]. In this technique, a strong electrical force is utilized in order to draw a polymer solution into fine filaments. When a sufficiently high voltage is applied to the polymer solution at the tip of the syringe needle, highly charged droplets are ejected from the tip. The droplets are then stretched out to form a nanofiber as a result of the electrostatic repulsion force in the charged droplets, which counteracts the effect of the surface tension. The use of electrical force is beneficial for producing nanofibers on a large scale, however, it also results in several limitations in the nanofiber fabrication. Firstly, the solubility of polymers, in particular solvents, and their low electrical conductivity are known to limit the generalization of electrospinning in order to produce nanofibers [12]. Secondly, the use of the high electrical voltage leads to an excessive use of energy in the process, and therefore, the process can also require a high cost. Thirdly, the electrospun nanofibers are generally randomly placed on the substrate for collection, unless specific fabrication methods and setups are not employed. Thus, positioning the individual nanofibers at desired locations is difficult and, as a result, applying nanofibers into electronic device applications is highly limited [13]. Even the fabrication of single nanofibers is quite challenging as well. There are also many other techniques, such as melt blowing, wet spinning, and co-extrusion techniques. However, most techniques typically result in the fibers in the micrometer range, with low uniformity.



To address the challenges in electrospinning and the other techniques, there have been tremendous efforts to develop novel strategies to effectively fabricate nanofibers without the use of electrical force [14,15]. Mechanical force is a promising and beneficial alternative to the electrical force, when the nanofilament is drawn from the polymer solution. The use of mechanical force can avoid the high cost and excessive use of energy in production. More importantly, a much wider range of polymers and solvents can be applied to the process, because electrical conductivity is not a significant parameter [12]. Also, the orientation of the fibers can be easily controlled along the direction of the applied force, providing a degree of freedom to control the orientation, alignment, and position on a collection substrate. Recently, we reported a novel method for fabricating nanofibers using mechanical force, namely hand spinning, to address the challenges in electrospinning [16]. The hand spinning process was developed by mimicking a finger-pulling motion using highly viscous liquid glue, which forms a microfiber structure from the glue material. The simple pulling-out motion of two plates, where a certain amount of polymer solution is sandwiched in between, generates a mechanical stretching force on the polymer solution. As a result, filaments with a small diameter are formed during the stretching motion. Although this method successfully overcomes the limitations of electrospinning, it also suffered from the issue of nanofiber size control; the handspun nanofibers were not finely controllable and uniform in size (i.e., fiber diameter), because the polymer solution cannot be evenly supplied on the entire surface of the pulling plate. Moreover, the meniscus generated at the initial moment of the pulling-away motion is not uniform.



To achieve a controlled nanofiber size with a high uniformity, while keeping the benefits of hand spinning, we developed a method using needles instead of plates as a tool to draw the polymer solution with mechanical force, namely needle spinning. The schematic illustration of needle spinning and a photograph of a needle spinning apparatus are presented in Figure 1. By needle spinning, a single nanofiber can be readily fabricated by simply dipping a needle in the polymer solution, located at the bottom, and then the needle is drawn out of the solution. This setup makes the shape of the meniscus at the tip of the different needles extremely regular, which cannot be achieved with hand spinning at all. Consequently, highly uniform nanofibers in size and length can be fabricated. This technique could have a drawback regarding the throughput of needle spinning, as it produces a single fiber at once from single needle. However, the current instrument is for a proof of concept for fabricating the nanofiber with a precisely controlled size and high uniformity. The simplicity of this method should provide ready modifications for the design of the spinning setup, leading to an increase of the productivity. In our case, five different needles were equipped.



Herein, we demonstrate the fabrication of poly (ethylene oxide) nanofibers by needle spinning. The fabricated nanofibers exhibited a smooth surface and well-controlled diameter from ~1.4 to ~0.4 μm, by controlling the processing parameters, namely: the pulling away speed (SPA, mm/sec), pulling away distance (dPA, mm), needle size (dN, mm), and polymer concentration (c, wt. %). The size and length of all of the nanofibers were highly uniform, the standard deviation of the nanofiber diameter was typically under 10% of the average diameter, and the length of all of the nanofibers was determined by the pulling away distance. The length of the nanofiber was extended up to 0.5 m with our simple setup, strongly suggesting that an exceptionally high aspect ratio can be achieved. We further found that the diameter of the nanofiber can be systematically controlled by varying the process parameters mentioned above. The following clear tendencies were observed: the nanofiber diameter was increased as the polymer concentration (and viscosity) and needle size were increased, and the diameter was decreased when the pulling away distance and pulling away speed were increased. These studies provide an effective route to obtain well-defined nanofibers with desired dimensional parameters, and also elucidate the fundamental principles for a mechanically driven nanofiber formation process. Our method should be useful for fabricating well-defined single nanofiber or nanofibers, with a high uniformity compared to other conventional methods.




2. Experimental


2.1. Preparation of Polymer Solution


A certain amount of poly (ethylene oxide) ([PEO] Mw ~8000 kg/mol, Sigma Aldrich, Co., St. Louis, MO, USA) was dissolved in deionized water. The concentration of the PEO aqueous solution was varied from 2 wt. % to 3 wt. %. Sodium dodecyl sulfate (SDS, <0.4 wt. %, Nacalai Tesque, Inc., Kyoto, Japan) was added to the prepared solution in order to lower the surface tension. The mixture was further homogenized by sonication for 3 h.




2.2. Nanofiber Fabrication via Needle Spinning


The experimental setup for needle spinning is shown in Figure S1. This homemade needle spinning apparatus consists of five needles on the top, a z-axial motor for the drawing needles, and a chamber on the bottom that contains a polymer solution. The apparatus was designed to control various spinning processing parameters, that is, the pulling away speed (SPA, mm/s), pulling away distance (dPA, mm), and the diameter of needle (dN, mm). The default values of the parameters SPA, dPA, dN, and the concentration of the polymer solution (c, wt. %) were set to 1000 mm/sec, 500 mm, 0.12 mm, and 2 wt. %, respectively. In order to examine the effect of each parameter on the nanofiber formation, we conducted the needle spinning with a variation of SPA from 50 to 1000 mm/sec, and dPA from 100 to 500 mm, dN from 0.12 to 1.22 mm, and a polymer concentration from 2 wt. % to 3 wt. %. The resulting individual nanofibers were collected, and were then subjected to morphological studies using scanning electron microscopy (SEM, JSM-6010LA, JEOL, Tokyo, Japan). The size of the nanofiber was characterized by measuring the diameter of the nanofibers from the SEM micrographs, using image analysis software (ImageJ, version 1.49, National Institutes of Health, Bethesda, Rockville, MD, USA). The nanofibers were taken from the same operation on each of the five needles, and were repeated 10 times. The average diameter and standard variation values were calculated from 50 fibers, and the representative scanning electron microscopy (SEM) images have been presented.





3. Results and Discussion


The most important improvement of the needle spinning, when compared to other nanofiber fabrication techniques, is that it is capable of fabricating highly uniform nanofibers. With our homemade needle spinning apparatus, we aimed to precisely control all of the processing parameters, including the meniscus shape on the needle tip, which is a significant factor in the formation of a nanofiber. The morphology of five different individual nanofibers simultaneously formed by five needles is shown in in Figure 2. The resulting nanofibers exhibit the same morphology with almost same size. The diameters of the fabricated nanofibers extracted from the SEM images in Figure 2 are 493, 494, 499, 501, and 490 nm, respectively (from left to right). The average diameter of the nanofibers was 495.4 ± 4.5 nm, indicating that the size of the nanofibers is highly uniform compared to other nanofiber fabrication methods. The nanofibers formed with simple hand spinning typically have a much broader size distribution due to the unevenness of the meniscus formed during the spinning process. However, needle spinning enables achieving an identical meniscus on each needle when the spinning is carried out repeatedly, leading to an extremely higher uniformity.



The needle spinning process can precisely control the varying processing parameters, that is, the concentration of the polymer solution, size of needle, pulling away distance, and pulling away speed. Firstly, we varied the concentration of the PEO aqueous solution from 2 wt. % to 3 wt. %. The concentration is known to be a significant factor in other spinning process [17]. In electrospinning, the applied voltage should overcome the surface tension of the solution so as to draw nanofiber filaments [18]. To pull out the solution drop with a high viscosity, a high enough force is necessary, which is applied by the strong electric field in the electrospinning process for successful nanofiber formation. Therefore, the increase of the concentration of the solution is limited in electrospinning, as it simultaneously increases the viscosity of the solution. On the contrary, as the needle spinning relies only on a simple mechanical force, the solution with a wide range of viscosity can be utilized for the nanofiber formation process. Figure 3 represents the correlation of the polymer solution concentration to the diameter of the needle-spun nanofiber (D) extracted from representative SEM images. As can be seen from the SEM images, all of the needle-spun nanofibers exhibited a bead-free morphology with a smooth surface. The plot was fitted with an exponential function of the concentration, D (nm) = α·cν (α = 8.94 × 10−2; ν = 2.18). It is known that D of the electrospun nanofiber scales to the solution viscosity with the relationship of D ∝ ηβ [19]. As the viscosity of the aqueous PEO solutions increases when the solution becomes more concentrated [20], it implies that the size of the nanofibers fabricated by needle spinning is also closely related to viscosity, in a similar trend to electrospinning. Thus, controlling the concentration of the polymer solution can adjust the diameter of the needle-spun nanofiber.



Another processing parameter, the diameter of the needle (dN), was found to also significantly affect the diameter of the nanofiber. In the needle spinning, the size of the needle determines the shape of the drawn fiber filament on the tip, when the polymer solution is drawn by the tip. In the spinning process, firstly, the needle tip is slightly immersed in the polymer solution. Then, the needle is pulled out of the solution. Through the drawing of the needle, the polymer fiber filament is formed between the needle tip and the surface of the solution. The diameter of the filament formed at initial moment of needle spinning is likely equal to the size of the needle tip. Subsequently, pulling out the needle from the solution gradually reduces the fiber diameter. Hence, the size of the needle plays a critical role in the control of the nanofiber diameter. In order to examine this aspect, we varied the diameter of the needle tip to carry the needle spinning out. Figure 4 shows the variation of the fiber diameter as a function of the diameter of the needle (0.12–1.22 mm). The concentration, pulling away speed, and pulling away distance were fixed at 2.0 wt. %, 1000 mm/sec, and 500 mm, respectively. Under these processing conditions, all of the resulting nanofibers were well-defined with highly uniform and smooth morphologies. It was observed that the size of the formed nanofiber is systematically increased upon the increase of the needle size. It is worth noting that the nanofiber diameter scales linearly to the needle size. The linear fitting of the experimental data resulted in a simple empirical equation, D (μm) = 0.40 + 0.69 dN (mm). These results strongly suggest that the size of the nanofiber can be precisely controlled by simply changing the needle size.



As mentioned above, the fiber filament is initially formed between the needle tip and the surface of the polymer solution. This initially formed filament is elongated by drawing the needle along the z-axis. In this process, the diameter of the fiber becomes reduced to smaller size as it is pulled further out. To examine the effect of the pulling away distance variation, we fabricated the filaments with the variation of dPA from 100 to 500 mm. The concentration, dN, and SPA were fixed at 2 wt.%, 0.12 mm, and 1000 mm/sec, respectively. Under these conditions, the variation of dPA did not affect the surface morphologies and the uniformity of nanofibers without any beads along the fibers, as shown in the SEM images of Figure 5. The diameter of the nanofiber decreases with the increase of dPA. The highest and lowest diameter values (and length) were found to be 1.94 ± 0.061 μm (100 mm) and 0.43 ± 0.024 μm (500 mm), respectively. A simple linear fitting of the relation between D and dPA results in an empirical equation of D (μm) = 2.398 − 0.004·dPN (mm). It should be noted that the pulling away distance largely affects the size of resulting fiber compared to the other parameters, that is, the concentration and needle size. The increase of the distance by five times, from 100 to 500 mm, led to a decrease of about four times in the diameter, from 1.94 to 0.43 μm. In cases of a variation of the concentration and needle size, the highest diameter can be found to be in the range of two to three times that of the lowest diameter value.



We note that the length of the nanofibers should be equal to dPA, indicating that a careful control of the processing conditions should allow for achieving the pre-selected diameter in the nanometer scale and length in the meter scale. The nanofibers with the diameter from the micro- to nano-meter range and the maximum fiber length of ~50 cm, can be achieved with current needle spinning setup. As the precise control of the fiber length was challenging in electrospinning, it is apparently a significant improvement.



Figure 6 presents the relationship between the pulling away speed and the fiber diameter, which also shows the inverse linear correlation. The pulling away speed was varied from 50 to 1000 mm/sec, and the diameter of the fabricated fibers was controlled from ~0.532 ± 0.03 μm to 0.430 ± 0.024 μm. Interestingly, the diameter is clearly affected by the pulling away speed, although the size change is not dramatic compared to the other processing parameters. This phenomenon can be rationalized by two possible scenarios. Firstly, the fast drawing does not allow enough time for the polymer chains in the filament to diffuse during the needle spinning process. Inevitably, the polymer chains reside in a relatively small volume in the filament, leading to the formation of thinner nanofibers. Secondly, when the polymer solution is quickly pulled out by the needle tip, a strong stretching force is applied along the filament. This stretching force can give more chances for the polymer chains to be more arranged along the z-axis. It is worth noting that the difference of the diameter values of the fibers fabricated with an SPA of 500 and 1000 mm/sec is about 100 nm. That is, the pulling away speed does not significantly affect the fiber size, compared to the other parameters. Similar to other processing parameters, the fiber diameter also linearly scales to the pulling away speed, and the empirical equation generated by a linear fitting analysis was D (μm) = 0.54 − 9.08 × 10−5 SPA (mm/sec). As shown in the equation, the small slope indicates that the drawing speed is not critical for determining the diameter.




4. Conclusions


The simple but innovative method, needle spinning, offers an effective and facile route for fabricating highly uniform nanofibers with a smooth surface morphology and the desired dimensions in diameter and length. The method uses needles as a drawing tool to make the shape of the meniscus at the tip extremely regular, which cannot be realized in hand spinning. The effect of the processing parameters of needle spinning, that is, the pulling away speed, pulling away distance, needle size, and polymer concentration, was carefully investigated. They significantly affect the fiber structure; the nanofiber becomes thicker as the polymer concentration and needle size increase, and becomes thin as the pulling away speed and pulling away distance increase. Those relationships were depicted by four equations, which can be an important and useful tool for designing nanofibers and for achieving the desired property in nanofibers. Those clear tendencies enable us to achieve well-defined nanofibers in diameter and length, with exceptional uniformity. Moreover, this technique is highly advantageous for making a single nanofiber or nanofibers with a higher uniformity than other conventional methods. Plus, it keeps the benefits of hand spinning, for example, wide options for the polymer and the solvent selections, the ability to align the anisotropic particles in the nanofiber, a low cost, and excessive use of energy, by avoiding a high electrical voltage in the production of the nanofibers. We envision that these advantages of needle spinning will enable us to move forward to more advanced micro- and nano-structure fabrication technology.
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Figure 1. (a) Schematic illustration of a needle spinning apparatus and (b) a photograph of a needle spinning apparatus. 
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Figure 2. Schematic illustrations of the nanofiber fabrication process via needle spinning, and corresponding SEM images of a nanofiber fabricated from each needle (SEM scale bar = 2 μm). 
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Figure 3. A plot of diameter as a function of polymer concentration, and corresponding SEM images at each concentration (SEM scale bar = 2 μm). 
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Figure 4. A plot of diameter as a function of needle diameter, and corresponding SEM images at each needle diameter (SEM scale bar = 2 μm). The red line represented a linear fitting. 
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Figure 5. A plot of diameter as a function of distance, and corresponding SEM images at each distance (SEM scale bar = 2 μm). The red line represented a linear fitting. 
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Figure 6. A plot of diameter as a function of the drawing speed, and corresponding SEM images at each drawing speed (SEM scale bar = 2 μm). The red line represented a linear fitting. 
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